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Sensorless Control of Synchronous Machines Based
on Direct Speed and Position Estimation in Polar
Stator-Current Coordinates
Dirk Paulus, Jean-François Stumper, and Ralph Kennel, Senior Member, IEEE

Abstract—This paper proposes a sensorless control scheme
for a surface-mounted permanent-magnet synchronous machine
(PMSM) based on the back-electromotive force voltage. It is a
direct estimation method, meaning the rotor position is directly
calculated based on stator-current measurements and the stator
voltage commands as well as on the knowledge of stator resistance
and stator inductance, but without the use of an asymptotic observer or integration of speed, respectively, flux. The estimated angle is filtered and used directly for sensorless field-oriented current
and torque control. Analogously, the rotor speed is also directly
calculated and used for sensorless speed control. A polar statorcurrent coordinate representation is chosen for the stator currents
such that the scheme is easily extendable with filters to cope with
measurement noise. A comparison to a reduced-order observer
highlights the robustness advantage. Experimental results confirm
good dynamical performance, even at low speeds.
Index Terms—Estimation, observers, permanent magnet machines, synchronous machines.

I. INTRODUCTION
OR field-oriented control of a permanent-magnet synchronous machine (PMSM), the mechanical rotor position
as well as information of the current components is required.
In contrast to the current measurement, which is done directly
in the inverter, the position information has to be detected at
the machine, inheriting a strong disadvantage if, for instance,
a high distance to the power electronics is necessary. The position measurement, in contrast to the current measurement, is
very expensive and fault sensitive. Some applications do not
offer the possibility to attach a sensor due to space limitations
or harsh environmental conditions.
Sensorless methods avoid the need for a mechanical sensor,
bringing advantages in cost and robustness. Sensorless control convinces with high mechanical robustness as no sensitive
electronical components are present in the machine. Using sensorless methods, the extraction of the position information is
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done directly at the power electronics, similar to the current
information, which makes it insensitive to the machine environment. Furthermore, sensorless schemes can be applied to design
redundancy for fault detection and fault isolation.
Two principles for sensorless control can be divided, separated by their applicable operational domain. The first one is
based on the evaluation of the voltage induced by the spinning
rotor [back-electromotive force (EMF)], first presented in [1].
Further developments of this method are shown in [2], and
startup from zero speed was thoroughly analyzed in [3]. As
the induced voltage is proportional to speed, the position information obtained by the method vanishes at low speed. The
back-EMF vector, which is orthogonal to the permanent-magnet
axis, cannot be clearly detected.
In the low-speed domain, saliency-based methods dominate,
and the position dependence of the inductance is exploited.
An additionally injected voltage signal is applied to detect an
inductance variation caused by rotor saliency. Common injection methods divide into alternating carrier-based [4], rotating
carrier-based [5], and discontinuous test pulse-based [6] injection. Usually, these schemes are inapplicable at high speed because of the voltage limitation caused by the additional signal
excitation. Furthermore, saliency is a special magnetic characteristic that may not be present in a desired target drive, especially for surface-mounted PMSMs. Applications requiring
a sensorless operation in the full speed range generally apply hybrid estimation schemes that combine both methods [7].
Saliency-based schemes without additional signals, and thus applicable in the full speed range, have been reported recently [8],
but are still in the early development.
In this contribution, a back-EMF-based direct position estimator for surface-mounted PMSMs is introduced. The system
structure is changed to avoid some disadvantages, there is no
integration, and only the difference between the stator-current
angle and the rotor angle is calculated. With the new estimation structure, implementation is simplified, the impact of parametric uncertainties is reduced, and the dynamical operation is
improved.
The scheme presented in this paper combines two recent improvements proposed for back-EMF methods for PMSMs. The
first is the estimation of the position independently from speed
estimation1 [9]. The position can be detected with the back-EMF
1 We remark that this argument aims at detecting the position without the
estimated speed. On the other hand, for accurate speed estimation, the derivative
of the estimated position should be included. For speed estimation, decoupling
is related to some disadvantages.
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angle, whereas the speed is proportional to the back-EMF magnitude, which is, however, more sensitive to uncertainties. By
decoupling the estimation, parametric robustness is improved;
an erroneous speed or flux estimation does not affect the estimated position and the motor flux constant is not needed. The
second is the direct estimation of the position without the use
of an asymptotic observer [10]. Then, there is no need for observer gain tuning. A further development of this paper is the
complete avoidance of integration, simplifying implementation
and commissioning.
The rest of this paper is organized as follows. Section II
presents the model in polar stator coordinates and the algebraic
estimation equations for position and speed. Section III presents
a through analysis of the estimators, of the measurement noise
and parametric robustness. Section IV presents the closed-loop
operation, which requires some filters, and shows the controller
structure. Section V compares the new structure to a standard
reduced-order observer. Section VI shows experimental results
that demonstrate the performance of the scheme.
II. POSITION AND SPEED ESTIMATOR

with stator inductance L, stator resistance R, motor flux constant
K, pole pair number np , and inertia J. The states are the current
vector (iα , iβ )T , the rotor speed ωM , and the rotor angular
position ϕM . The input is the voltage vector (uα , uβ )T . In the
following, the position will be described as electrical position,
which is proportional to the mechanical signal by the number
of pole pairs
(2)

A. Fundamental Model in Polar Stator-Current Coordinates
A coordinate transformation of the current vector to polar
stator coordinates is proposed [11], [12] with current vector
magnitude

(3)
ρ = i2α + i2β
as well as current vector angle
⎧
iβ
⎪
iα ≥ 0
⎨ arctan i ,
α
φ=
⎪
⎩ arctan iβ + π, i < 0
α
iα

lim φ = lim+ φ

i α →0 −

i α →0

(5)

for both cases iβ < 0 and iβ > 0. The inverse transformation is
iα = ρ cos φ

(6)

iβ = ρ sin φ.

(7)

The calculation steps are sketched in the Appendix. It is noted
that this represents a nonlinear coordinate transformation and is
thereby essentially different from a coordinate rotation, which is
a linear transformation. The motor model in transformed polar
stator-current coordinates is given as
⎧
Lρ̇ = −Rρ + KωM sin(ϕe − φ) + uP
⎪
⎪
⎪
⎪
⎨ Lρφ̇ = −KωM cos(ϕe − φ) − uO
(8)
J ω̇M = −Kρ sin(ϕe − φ) − τL
⎪
⎪
⎪
⎪
⎩ ϕ̇ = ω
M
M
where the voltage vector is transformed to

The model of a surface-mounted PMSM in Cartesian stator
coordinates (α, β) is given as
⎧
Li̇α = −Riα + KωM sin(np ϕM ) + uα
⎪
⎪
⎪
⎪
⎨ Li̇β = −Riβ − KωM cos(np ϕM ) + uβ
(1)
J ω̇M = −Kiα sin(np ϕM ) + Kiβ cos(np ϕM ) − τL
⎪
⎪
⎪
⎪
⎩ ϕ̇M = ωM

ϕe = np ϕM .

transformation is continuous, as

(4)

which is in the domain φ ∈ [− π2 , 3π
2 ]. This transformation is not
based on motor parameters, and is valid for a nonzero current
vector length ρ = 0. One can show that at the points iα = 0, the

uP = uα cos(φ) + uβ sin(φ)
uO = −uα sin(φ) + uβ cos(φ)

(9)
(10)

for a concise notation. The voltage vector components uP and
uO are the parallel, respectively, orthogonal projections to the
current vector (iα , iβ )T . It is noted that the transformed model
is only valid for nonzero stator current ρ = 0, inherited from the
stator-current coordinate transformation.
B. Direct Position Estimation
Extraction of the angular position ϕe is possible in a straightforward manner with the differential equations in the current
KωM sin(ϕe − φ) = Lρ̇ + Rρ − uP

(11)

KωM cos(ϕe − φ) = −Lρφ̇ + uO .

(12)

From the transformed model, it can be seen that ϕe − φ = 0 if
the motor torque τM is nonzero, and ϕe − φ = π2 if there is a
nonzero field-generating d-current.
The term KωM is extracted from these equations
KωM =

−Lρφ̇ + uO
Lρ̇ + Rρ − uP
=
sin(ϕe − φ)
cos(ϕe − φ)

(13)

which is valid if the torque-generating and field-generating
currents are nonzero, as then, sin(ϕe − φ) = 0, respectively,
cos(ϕe − φ) = 0. The position is then extracted from the two
sin(ϕ e −φ)
.
right-hand side terms with tan(ϕe − φ) = cos(ϕ
e −φ)
The estimation equation is based on the current measurements
φ, ρ, on the derivatives φ̇ and ρ̇, on the voltage commands uP
and uO , as well as on the uncertain parameters L̂ and R̂


L̂ρ̇ + R̂ρ − uP
ϕ̄e = − arctan
+φ
(14)
L̂ρφ̇ − uO
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and additionally the case differentiation
ϕ̂e =

ϕ̄e

if (Lρφ̇ − uO ) ≤ 0

ϕ̄e + π

if (Lρφ̇ − uO ) > 0
[− π2

u

u

(15)

q

u

C. Geometrical Interpretation
For the representation of the PMSM in field-oriented coordinates, two orthogonal axes are defined, the field-generating
d-axis parallel to the permanent rotor flux and the orthogonal
torque-generating q-axis. The electrical position ϕe represents
the difference between the stator fixed (α, β) frame and the rotor fixed (d, q) frame. In the steady-state operation, the current
angle φ rotates synchronously to the (d, q) frame. This implies
a constant argument of arctan(·) in (14) which is calculated
with the measured variables. This is the major advantage of
the representation in polar stator-current coordinates; as in the
steady-state operation, the direct estimator detects a constant
angle (i.e., arctan(·) in (14)), even though it operates in a stator
frame.
At high speed, the stator voltage vector (uα , uβ ) is approximately aligned with the q-axis and therefore of the back-EMF
voltage uEM F (see [16]). The relationship between the different voltage components is shown in Fig. 1 for high load. If the
current magnitude increases or speed decreases, the difference

L
u

3π
2

, ] and thereby differ
to extend the position range to
between motor and generator modes. The motor flux constant
K and the speed ωM are not used for position estimation, and
the estimation is based exclusively on stator parameters and
stator variable measurements. As the motor flux constant K
may change with the operating conditions of the machine and
the speed might be misestimated, avoiding these parameters is
of interest regarding robustness.
The position estimator requires a nonzero current magnitude
ρ. To ensure ρ > 0 in all operation points, the field-generating
current is set id = i∗d0 = −0.05 p.u. Extensions are possible, for
instance i∗d0 = 0 at nonzero torque-generating currents.
The technique is denoted as the “nonlinear estimator” [13].
It is different from other techniques such as adaptive or asymptotic observers, which are based on error convergence. Here, the
estimated variable is available quasi-instantaneously (although
some filters are required as specified in Sections III and IV, so
in practice, an asymptotic response is seen). The current derivatives are required, replacing the integration; the technique has
already been developed on induction machines and has shown
good results [13], [14]. For PMSMs, however, the technique was
not yet applied, foremost because it is more difficult to calculate
the current derivative. This issue is solved by using polar coordinates. In [15], a position estimation scheme is proposed that is
also independent of ωM and which outputs the position quasiinstantaneously. These are keys to reduce the major parameter
dependence and obtain simplifications. The proposed approach
extends the results of [15] by avoiding the “electrical steadystate” assumption, thereby avoiding some approximations of the
model. The (filtered) current derivative and the cross-coupling
terms are included in the estimation, which is made possible by
the representation in polar stator-current coordinates.
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Fig. 1. Orientation of the current and voltage components at high speed and
high load.

between stator voltage vector and q-axis increases as well and
therefore the estimator becomes more sensitive toward uncertainties. The impact of errors on R depends on speed, whereas
the impact of errors on L is constant.
It can also be seen that the method relies on the backEMF angle. Of course, there are still influences from inverter
nonlinearities and parameter offsets. But as the specific term
uEM F = KωM was canceled in the arctan calculation, and the
estimator calculates the angle directly from the stator values,
only the respective influence on the EMF angle is relevant.
There is no internal reconstruction of the back-EMF magnitude,
as for instance in asymptotic observers.
D. Direct Speed Estimation
Two possibilities exist to detect the rotor speed: the numerical
derivative of the estimated angle ϕ̂e , which could be calculated
by an observer [9], and an algebraic estimation based on the
current equations.
For the first approach, the motor flux constant K is not used
and the estimated speed is offset free; however, the derivation
strongly amplifies noise; therefore a slow low-pass filter is required. Still, this approach is quite common in combination with
an asymptotic observer. It was presented in combination with
the proposed position estimator in [17]. However, regarding that
the position estimation is already based on the current derivatives, a numerical speed estimator would be based on a second
derivative of the measurement signals [19].
If the motor flux constant K is known, the speed can be estimated algebraically based on the back-EMF magnitude [15].
The following equations are derived from the differential equations (11) and (12); first, the position is extracted with
sin(ϕe − φ) =

Lρ̇ + Rρ − uP
KωM

(16)

cos(ϕe − φ) =

−Lρφ̇ + uO
KωM

(17)

and subsequently the speed is extracted with sin2 (x) +
cos2 (x) = 1, yielding the estimation equation

1
(L̂ρ̇ + R̂ρ − uP )2 + (L̂ρφ̇ − uO )2
(18)
ω̄M =
K

2506

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 5, MAY 2013

and the case differentiation
⎧
L̂ρ̇ + R̂ρ − uP
⎪
⎪ ω̄,
if
≥0
⎪
⎨
sin(ϕ̂e − φ)
ω̂M =
⎪
L̂ρ̇ + R̂ρ − uP
⎪
⎪
< 0.
⎩ −ω̄, if
sin(ϕ̂e − φ)

(19)

This can be interpreted such that the speed is directly proportional to the magnitude of the back-EMF voltage. Obviously,
the inherited parametric sensitivity is as high as for the standard back-EMF observer; however, an offset on the estimated
speed does not affect stability of the field-oriented controller,
only accuracy. Speed and position estimation are then completely decoupled (except for the sign determination, which is
not relevant as ωM = 0).
In order to obtain the speed accuracy that is expected from
a vector-controlled PMSM drive, a further extension is necessary. The motor flux constant K can be estimated by comparing
the numerical derivative of the estimated position ϕ̃e to the
estimated speed ω̃M of (19). Such a “back-EMF constant compensator” can be found for instance in [15]. This extension is
necessary in applications where the integral accuracy of speed
is relevant, and the advantage of accuracy is added to the advantages of good signal-to-noise ratio and good transient behavior
of (19).
III. ANALYSIS OF THE ESTIMATORS

B. Impact of Parametric Uncertainties
For the estimator, an approximate value of the inductance
L̂ = L + ΔL

(24)

is used. The value ΔL represents the absolute uncertainty of the
parameter. Analogously, the angle deviation is given as
ΔϕM = ϕ̂M − ϕM .

(25)

With the estimator equation and arctan(x) − arctan(y) =
arctan((x − y)/(1 + xy)), the result simplifies to

A. Reducing the Impact of Measurement Noise
As the position and speed are estimated directly from measurement signals, the impact of measurement noise must be
analyzed.
The representation in the polar stator frame is advantageous
regarding the required derivatives compared to the Cartesian
stator frame. In steady state, the mechanical speed ωM and
the load torque τL are constant. Furthermore, if the system is
assumed stable, the currents in field-oriented coordinates id and
iq are constant, and thus
ρ̇ = 0.

where s is the Laplace operator. The time constant of the lowpass filters TLP has to be lower than the time constant of the
currents; otherwise, the position estimation is affected. The time
L
, where
constant of the closed current control loop is τi ≈ R +K
P
KP is the gain of the P controller; thus, the controllers must be
set moderate. In most electrical drives, however, the sampling
rate of the control system is much higher than the current time
constants. For instance, in the experimental setup, the open-loop
L
≈ 4.1 ms, the closed-loop time constant is
time constant is R
L
≈
1
ms,
and
the sampling interval is ΔT = 0.0625 ms;
R +K P
thus, they have a ratio of 66, respectively, 16. For example, it
can be chosen TLP = 0.5 ms.
As a result, low-pass filters will be sufficient to remove the
greatest part of the measurement noise, while only marginally
affecting the accuracy in transient phase, and not affecting the
accuracy at all in steady state.

(20)

ΔϕM =

1
arctan
np

ΔL cL 1
ΔL cL 2 − cL 3

(26)

with
cL 1 = uO ρ̇ + ρφ̇(Rρ − uP )

(27)

cL 2 = ρφ̇(Lρφ̇ − uO ) + ρ̇(Lρ̇ + Rρ − uP )

(28)

cL 3 = (Lρφ̇ − uO ) + (Lρ̇ + Rρ − uP ) .

(29)

2

2

The same procedure is repeated to analyze the influence of stator
resistance uncertainty

Then, from the torque equation in (8), the expression
sin(ϕe − φ) is constant too and

R̂ = R + ΔR

(30)

which affects the estimated angle by
φ̇ = ϕ̇e = ωe .

(21)

Therefore, the current derivatives which are required for position
and speed estimations are both constant in steady state. Only
in transient operation, these derivatives vary. Hence, regarding
the steady-state operation, it is acceptable to apply first-order
low-pass filters along with approximated differentiation of the
current signals
ρ̇ ≈

1
arctan
np

s
ρ
TLP s + 1

(22)

s
φ
TLP s + 1

(23)

ΔR cR 1
ΔR cR 2 − cR 3

(31)

with
cR 1 = ρ(Lρφ̇ − uO )

(32)

cR 2 = ρ(Lρ̇ + Rρ − uP )

(33)

cR 3 = (Lρφ̇ − uO ) + (Lρ̇ + Rρ − uP ) .
2

respectively
φ̇ ≈

ΔϕM =

2

(34)

Thus, the impact of parametric uncertainties is explicitly known.
In steady state, the position error can be explicitly computed. The sensitivity equations (26) and (31), with the simplifications in steady state uP = Rρ − KωM sin(ϕe − φ) and
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Fig. 2. Sensitivity toward resistance uncertainty ΔR. Line: Calculated value
of (36), circles: measured results in open loop, cross: measured results in the
closed-loop operation. Operating conditions: steady state ω M = 300 r/min, 0.5
rated torque, reference (i∗d , i∗q ) = (−0.05, 0.5) p.u., R ra te d = 3.15 Ω.
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In the case of parameter errors, the current idq in the real rotor
frame differs from that in the estimated frame idˆq̂ according to
cos(Δϕe ) sin(Δϕe )
idˆq̂ = (
)i . The controllers impose
− sin(Δϕe ) cos(Δϕe ) dq
idˆq̂ = i∗dq . Accordingly, the estimation error has a direct impact
on the real values of idq and consequently influences sensitivity as seen in (35) and (36). Knowing that id = ρ cos(φ − ϕe )
and iq = ρ sin(φ − ϕe ), the difference between the open- and
closed-loop results can be explained.
For ΔR, sensitivity is significantly lower in closed loop, as
the term cos(ϕe − φ) is reduced in the numerator. For ΔL,
the closed-loop error is increased compared to the open-loop
error, as the term sin(ϕe − φ) in the numerator increases. This
difference between open- and closed-loop behaviors depends on
the operation mode and is opposite in the generator operation.
As a result, the proposed estimation scheme is very robust
toward parametric uncertainties. A significant parametric deviation is necessary until a meaningful offset appears. Other
sources for uncertainty are inverter nonlinearities. The motor
flux constant K and the estimated speed are unused for position
estimation; thus, these uncertainties do not need to be analyzed.

IV. CLOSED-LOOP OPERATION
In the closed-loop operation, the estimated angle is applied for
the transformation to field-oriented coordinates. As the previous
section mainly focused on analyzing the estimators themselves,
in this section, the closed-loop operation is discussed.
A. Noise Filter for the Position Estimator

Fig. 3. Sensitivity toward inductance uncertainty ΔL. Line: calculated value
of (35), circles: measured results in open loop, cross: measured results in the
closed-loop operation. Operating conditions: steady state ω M = 300 r/min, 0.5
rated torque, reference (i∗d , i∗q ) = (−0.05, 0.5) p.u., L ra te d = 13 mH.

uO = Lρnp ωM + KωM cos(ϕe − φ), simplify to
Δϕe = arctan

np ρ sin(ϕe − φ)ΔL
np ρ cos(ϕe − φ)ΔL − K/np

(35)

Δϕe = arctan

−ρ cos(ϕe − φ)ΔR
ρ sin(ϕe − φ)ΔR − KωM

(36)

which in field-oriented coordinates can be further simplified
with (ϕe − φ) = arctan(iq /id ).
Equations (35) and (36) are verified by measurements at 10%
rated speed and half-rated load. The results are shown in Figs. 2
and 3. For higher speeds the estimation offset regarding ΔR is
lower. Furthermore, the estimation error is naturally dependent
on the current magnitude ρ and therefore also on the load torque.
It is seen that the open-loop measurements confirm the equations quite well. The closed-loop measurements are, however,
different, as the current vector (id , iq ) used for the equation is
only a reference value and as the real values are influenced by
the estimation error.

The electrical position generally varies much slower than the
electrical variables (i.e., ρ, φ, and udq ). Therefore, the estimator
output can be further filtered.
For the estimated angle, a second-order tracking-type filter is
proposed. It has the characteristic that a constantly increasing
signal is not subjected to a phase lag; therefore, in steady state,
as ϕe = ωe t, this filter will not affect the information in the
signal.
The filter reduces the influence of both noise and the current
controller jerk on the estimated angle. The inherited damping
effect is advantageous, as for instance, a fast change of ρ or
φ does not imply a fast change on ϕe . Furthermore, if fieldoriented control is used, the position error must stay below a
certain level under all operating conditions, demanding a good
noise-filtering characteristic of the filter. The second-order filter
equations are given as
d
z = −v1 (ϕ̃e − ϕ̂e )
dt
d
ϕ̃e = z − v2 (ϕ̃e − ϕ̂e )
dt

(37)
(38)

with z as an intermediate variable, or in the frequency domain
as
ϕ̃e
v1 + v 2 s
= 2
ϕ̂e
s + v2 s + v1

(39)
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where s ∈ C is the Laplace operator. The poles of this transfer
function are sd1/2 = 0.5(−v2 ± v22 − 4v1 ) and the transmission zero is sn 1 = v1 /v2 .
Tuning of this filter is simple and straightforward. The choice
is to make both poles real, and to set them equal, resulting in
faster and oscillation-free response. Defining the time constant
of the filter as T2TF , the filter gains follow as
v1 =
v2 =

1
2
T2TF
2
T2TF

(40)
Fig. 4.

.

(41)

As mentioned, in steady state, there will be no phase lag. However, during acceleration, a phase lag appears. For a constant
acceleration, this phase lag is
Δϕe = ϕ̃e − ϕ̂e =

−c
2
= −c T2TF
v1

(42)

where c is the constant acceleration in rad
s 2 . In the transient,
additionally, there is an overshoot caused by the transmission
zero, which represents a high-pass filter with time constant vv 21 =
2T2TF .
Thus, as the maximum phase lag should be small, the maximum acceleration is limited. The time constant T2TF must be
chosen sufficiently small. For instance, the maximum electrical
acceleration can be assumed as
τM AX
np
(43)
cm ax =
JM IN
where τM AX is the rated torque and JM IN the minimum (or idle)
rotor inertia. Defining the maximum angular offset as Δϕe,M AX ,
the maximum time constant then follows as
T2T F =

Δϕe,M AX
.
cM AX

(44)

The filter gains are adjusted accordingly. For instance, for the
given machine, a maximum phase shift of Δϕe,M AX = 4◦ was
chosen. Based on the machine data, this leads to T2TF = 3.5 ms.
In a second step, to enable better performance in the speed
range below 10%, where the signal-to-noise ratio decreases, the
time constant is adjusted depending on the estimated speed. Beyond 10% rated speed, the time constant stays at the value in
(44). Below 10%, the time constant is enlarged linearly, according to

T2TF ,
ω̃M ≥ 0.1 · ωM N
∗
=
(45)
T2TF
T2TF,var , ω̃M < 0.1 · ωM N
with



.
T2TF,var = T2TF + (T2TF,M AX

(46)
The maximum time constant T2TF,M AX is dependent on the
signal quality of the drive system. If a good inverter model is
available, if the machine only has small slotting effects, and if
the current measurements are good, this value can be kept low. In
the underlying implementation, which uses a standard industrial
servo drive, the choice was T2TF,M AX = 10 T2TF . The adapted


ω̃M
− T2TF ) · 1 − 10
ωM N

Field-oriented encoderless control loop with the direct estimator.

∗
time constant T2TF
is used directly to modify the filter gains v1
and v2 with (40) and (41). Results without this adaptation are
presented in [20].
The method may be compared to some recent results in
reduced-order adaptive-gain observers, for instance [21], which
come up with excellent performance at very low speed. The key
is to enlarge the closed-loop time constant at low speed. For the
proposed estimator, the implementation of this method is simple
and efficient.

B. Noise Filter for the Speed Estimator
In contrast to the position, fast estimation of the speed is not
so relevant for system stability. A first-order low-pass filter is
sufficient and the filter equation is
1
d
ω̃e = − (ω̃e − ω̂e ).
dt
Tω

(47)

A low-pass filter in a control loop is, however, disadvantageous
if the bandwidth is too low, as this will generate an overshoot
in the step response. Thus, tuning of the speed control loop
should respect the increased dynamical order of the filter. It can
be respected that a maximum acceleration was assumed in the
system.
C. Controller Structure
The control scheme is shown in Fig. 4. It is the wellestablished cascaded control structure with PI controllers in
field-oriented coordinates. It is seen that the estimators operate
in stator coordinates, and use only measurement inputs from the
stator frame. The implementation of the scheme is straightforward and very simple.
D. Stability Considerations
At high speed, signal quality is good and sensorless control
easy. Stability problems appear in the low-speed and very low
speed areas, where the back-EMF magnitude is as small that
any erroneously calculated voltage component or unmodeled
characteristic may overweight this term. The angle calculation
is then wrong. As such destabilizing mechanisms are hard to
describe analytically, an experimental investigation is presented
in Fig. 5. If the filter for the estimated position is tuned with
a fixed time constant according to (44), the scheme is stable
down to 7% rated speed at rated load. With the proposed time
constant adaptation, dynamics are reduced but speeds as low as
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Fig. 5. Stable operational range, determined experimentally. Fixed gain configuration: limitation with a filter with fixed gain (44), adaptive configuration:
limitation with a filter with gains adapted to speed (45). Operating conditions:
steady state, i∗d = −0.05 p.u.

1.2% can be reached at rated load. This demonstrates that the
proposed scheme is stable independently from any gain tuning,
and shows how efficient the proposed direct estimation scheme
and the adaptive second-order tracking-type filter are.
Nevertheless, some schemes without signal injection are
known that could reach even lower speeds. For this, it is necessary to provide precise system knowledge, at least inverter dead
time compensation and stator resistance adaptation. For instance
in [22] and [23], additionally, the inverter nonlinearity (IGBT
voltage drop) is compensated; in [22], the PMSM runs with full
load at 0.004 p.u., and in [23], speed reversals under load can be
done at 0.0066 p.u. The performance of the proposed scheme,
full load at 0.012 p.u., is very good regarding the simplicity of
the approach and the absence of such parameter adaptations and
nonlinearity compensations.
V. COMPARISON TO REDUCED-ORDER OBSERVER
From a control perspective, the proposed nonlinear estimator
considerably differs from adaptive or asymptotic observers [20].
Adaptive and asymptotic observers are well-established
methods for position estimation. These schemes can be extended, for instance, with resistance estimators [23], [24] or gain
adaptations [21] to improve accuracy, respectively, to explore
the low-speed area. Nonlinear estimators, for instance schemes
operating without any integration, are rather new for PMSMs.
In contrast, in induction motor speed estimation, nonlinear estimators are a known method since many years [13], [14].
The proposed scheme is compared to the standard reducedorder observer which is based on the integration of the voltage
model [25]. This principle is fundamental for many recent designs and is fundamentally different from the proposed one and
therefore an interesting contrast.

Fig. 6. Comparison, top: proposed estimator, bottom: reduced-order observer.
Straight line: open-loop sensitivity resp. open-loop sensitivity without feedback
(K = 0), circles: measured closed-loop position errors. Operating condition:
10% rated speed, R ra te d = 3.15 Ω.

but increases if a high feedback is implemented. Obviously,
feedback is necessary for stability and so the schemes become
hard to compare analytically. Experimental results are shown in
Fig. 6 for the case of 10% rated speed. The solid line represents
the calculated open-loop sensitivity, the circles are the closedloop experimental results. The feedback gain was set KP = 50
for the reduced-order observer. While the influence in magnitude
is about the same, the closed-loop stability is interesting. At 10%
rated speed, the estimator can handle +200% error at full load,
and at 20% rated speed, already +500%. The observer, however,
can only handle +50% error at full load and 10% rated speed,
and at 20% rated speed, only +200%. These results support the
claim that the proposed scheme is more robust: while sensitivity
is similar, the acceptable maximal parameter deviation is significantly higher. Furthermore, the sensitivity is analytically known
for the nonlinear estimator, but for the reduced-order observer,
such equations are not available. It should also be mentioned
that the error influence is absolute; therefore on machines with
small resistance, higher relative offsets are tolerable.
B. Decoupled Position Estimation

A. Sensitivity and Robustness
Parametric sensitivity regarding R and L of the two methods
is exactly the same in open loop if the feedback is set zero. It becomes slightly better for the observer for a moderate feedback,

The proposed position estimator is detecting the rotor position
without any integration. This means that no feedback gains
need to be tuned and implementation and commissioning are
simplified. An obvious advantage is that the motor constant K
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TABLE 1
NOMINAL PARAMETERS OF THE SYNCHRONOUS MACHINE

Manufacturer & Model
Rated Power PN
Rated Torque τM N
Rated Current (eff.)
Rated Speed ωM N
Pole Pairs np
Rated Voltage UN (eff.)
Stator Inductance Ld , Lq
Stator Resistance R
Motor Flux Constant K (eff.)

SEW CFM71S
1570 W
5 Nm
3.3 A
3000 rpm
3
400 V
16.4, 9.5 mH
3.15 Ω
0.254 Vs

is not required for position detection, same as in [15], opening
the possibility also for estimation of K.
The estimator does not require speed or flux information,
which is a strong advantage [9]. The position estimator is independent of the mechanical dynamics, which might be oscillating
due to elasticity of the shaft. Here, only the current dynamics are
used. Also, estimation errors in the speed signal, which result
from load influence or parameter offsets, do not affect position
estimation. The physics exploited by reduced-order observers
are both the back-EMF angle and the magnitude, but the magnitude is affected by magnetic saturation effects, temperature, and
so on. When using the back-EMF angle directly, the magnitude
errors in the term KωM cancel.
The performance of each scheme can of course be improved
by parameter adaptation algorithms. Precise reduced-order observers were proposed that also allow operation at very low
speeds. However, after all, simplicity turns out as the main advantage of the proposed scheme.
VI. EXPERIMENTAL RESULTS
The presented sensorless control scheme is now validated
experimentally. A surface-mounted PMSM is used, whose parameters are shown in Table I.
Previously, the scheme was presented on an interior PMSM
[17]; thus, it works on both types of synchronous machines.
Also, a similar scheme exists for synchronous reluctance machines, which is basically a redesign based only on the saliency
[18]. The machine is powered by an industrial inverter and controlled by a real-time computer system. Furthermore, a load
drive is attached to it, as shown in Fig. 7. The sampling rate of
the system is 16 kHz. The current is measured by closed-loop
current transducers. The filter configuration is very fast, and
the parameters are v1 = 81 633 and v2 = 572 as explained in
Section IV-A, such that the time constant is 3.5 ms. Furthermore, the current magnitude and angle derivatives ρ̇ and φ̇ are
low-pass filtered with a time constant of 0.5 ms. The estimated
speed ω̂M is filtered with a time constant of 2 ms.
In Fig. 8(top), steady state at ωM = 100 r/min and at nominal load τM = 5 N·m is shown. Fig. 8(middle) shows steady
state at nominal speed ωM = 3000 r/min and at nominal load
τM = 5 N·m. The estimated angle is well conditioned and only
has a small offset from the measured angle, about 5◦ at high
speed, which could be explained by small parameter deviations
due to saturation effects and temperature influence. At 100 r/min
the signal oscillates with an amplitude of 7◦ ; it is a difficult situa-

Fig. 7. Photos of the test bench. Top: real-time computer to implement the
controller, two industrial servo inverters for energy conversion. Bottom: test
synchronous machine and load induction machine.

tion due to the small signal-to-noise ratio. Fig. 8(bottom) shows
a load step from zero to nominal load at ωM = 300 r/min. The
controller takes 100 ms to reach the reference speed. During this
time the angle deviation oscillates with a high frequency; anyhow, the q-current is smooth and the machine produces enough
torque to reach the reference speed again.
Fig. 9(top) shows an acceleration from 100 to 3000 r/min performed without load. The setpoint change is done very fast and
takes only 140 ms. The estimation error reaches a maximum of
14◦ , mainly caused by the adaptive filter, which has lower gains
at low speed. During the acceleration the filter gains increase
and the angle deviation decreases consequently, as described
in Section IV-A. The controller operates at the current limit
during the acceleration phase. In contrast to the previous measurement, Fig. 9(bottom) shows an acceleration with half-rated
load τL = 2.5 N·m. This setpoint change takes about 300 ms,
which is more than the double time. Again, the current limitation is active, limiting acceleration. The shape of the angle
deviation signal looks similar but is lower because of the smaller
acceleration of the machine.
Fig. 10(top) shows a slow speed reversal with 40% rated
load from −300 to 300 r/min. The load counteracts the reversal
direction; this is a challenge for back-EMF methods. At very low
speed, the position information vanishes and despite the angle
deviation shortly exceeds 90◦ , the scheme is able to recatch the
machine position a few milliseconds later.
A similar scenario to verify that even in such a situation
dynamics are possible is shown in Fig. 10(bottom). Again in
this slow reversal, the signal vanishes for zero speed, but is
recatched quickly.
The same tests were repeated with detuned resistance parameters. If the resistance is underestimated, which is the case if
the machine becomes hot, the position estimator is not destabilized. This is indicated in Fig. 2; an underestimated resistance is
not really a problem, only accuracy is reduced, especially of the
speed estimator. An overestimation, however, can already lead to
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Fig. 9. Experimental results: encoderless control, acceleration from 100 to
3000 r/min. Top: no load. Bottom: half-rated load. Signal 1: measured speed
ω M (300 r/(min ·div)). Signal 2: torque-generating current iq (4.7 A/div).
Signal 3: estimation error ϕ̃ e (7.2 resp. 3.6 ◦ /div). Signal 4: estimated speed ω̃ M
(300 r/(min ·div)).

300
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0
36°
~0
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Fig. 8. Experimental results: encoderless control. Top: steady state at
100 r/min and full load. Middle: steady state at 3000 r/min and full load.
Bottom: load step from zero to nominal load at 300 r/min. Signal 1: measured
speed ω M (300 r/(min ·div)). Signal 2: torque-generating current iq (4.7 A/div).
Signal 3: estimation error ϕ̃ e (7.2 resp. 3.6 ◦ /div). Signal 4: estimated speed ω̃ M
(300 r/(min ·div)).

instability at about 10% deviation. The results are independent
of motoric or generatoric operation.
All measurements were performed with the same parameters
for the adaptive filter.

0

300
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0
36°
~0
1.88

VII. CONCLUSION
In this paper, direct position and speed estimators for a PMSM
in polar stator-current coordinates were presented.
Due to the constant current magnitude and the synchronicity
between rotor and current angles, tremendous simplifications regarding position estimation are obtained, avoiding the need for
an observer or for integration. Furthermore, position estimation
is decoupled from motor flux constant and speed or flux calculation. This position estimator comes with outstanding robustness

0

Fig. 10. Experimental results: encoderless control, speed reversal from −300
to +300 r/min under 40% load counteracting the reversal direction. Top: slow
reversion (300 ms). Bottom: fast reversion (100 ms). Signal 1: measured speed
ω M (300 r/(min·div)). Signal 2: torque-generating current iq (4.7 A/div). Signal 3: estimation error ϕ̃ e (7.2 resp. 3.6◦ /div). Signal 4: estimated speed ω̃ M
(300 r/(min·div)).
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toward parametric uncertainties, as was shown experimentally
in a comparison to a reduced-order observer.
In the experiments, the machine could be operated from
1.2% to 100% of nominal speed with nominal load and good
dynamics.
The scheme is well suited for sensorless control of PMSMs
at nonzero speed, especially as it is quite easy to implement.
APPENDIX
PMSM MODEL TRANSFORMATION
Based on definitions (3) and (4), the new states are ρ and φ.
The derivatives are given as
1
d
ρ= 
dt
2
iα + i2β
1
d
φ= 2
dt
iα + i2β

iα

iα

d
iα
dt
d
iβ
dt

+ iβ

− iβ

d
iβ
dt
d
iα
dt

(48)

.

(49)

d
d
iα and dt
iβ with the
After substituting the expressions dt
Cartesian-frame equations from (1), these expressions are simplified to

Lρ

ρ2 L

d
ρ = −Rρ2 + KωM (iα sin(np ϕM ) − iβ cos(np ϕM ))
dt
(50)
+ (uα iα + uβ iβ )
d
φ = −KωM (iα cos(np ϕM ) + iβ sin(np ϕM ))
dt
+ (iα uβ − iβ uα ).

(51)

With (6) and (7), the definition of voltages uO and uP and the
trigonometric addition formulas, these expressions then simplify
to the model in polar stator-current coordinates (8).
Similarly, the torque expression in (1) transforms to that in (8)
with (6) and (7) and again the trigonometric addition formulas.
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