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Abstract— The paper presents a speed and position estimation
method for the sensorless control of permanent magnet syn-
chronous motors. The method is based on a speed-adaptive flux
observer that is augmented with a high-frequency signal injection
technique at low speeds and standstill. In the adaptive observer,
a flux model is used as the reference model and a voltage model
as the adaptive model. At low speeds, the estimation is further
corrected with an error signal from the signal injection method
by influencing the direction of the estimated stator flux. The fast
dynamic response of the adaptive observer is thus combined with
the steady-state accuracy of the high-frequency signal-injection
method. According to simulations and experiments, the proposed
approach is stable and robust, and can cope with stepwise changes
in the speed or position reference. The capability of rejecting load
torque transients is also good.

I. INTRODUCTION

Vector control of a permanent magnet synchronous motor

(PMSM) requires information of the rotor position. In sensor-

less control, the rotor speed and position are estimated without

mechanical sensors. The estimation methods can be classified

into two main strategies: fundamental-excitation methods and

signal injection methods.

Fundamental-excitation methods are based on the dynamic

model of the motor. The estimation algorithm can be a voltage

model or a more complicated observer [1]–[4]. The accuracy

of these methods is sufficient at high speeds. Since the back-

emf is proportional to the rotor speed, however, problems

are encountered at low speeds due to the limited accuracy

of measurements and parameter estimates, and due to the

presence of inverter nonlinearities.

Signal injection methods are based on detecting the

anisotropy caused by the saliency of the rotor or by magnetic

saturation. A high-frequency (HF) test signal is superimposed

on the stator voltage, and information of the rotor position is

obtained from the current response [5]–[7]. If persistent HF

excitation is used, the voltage carrier signal either revolves at

high angular frequency [6]–[9] or alternates in the estimated

rotor reference frame [10]–[14]. The rotor position can be

estimated by a synchronous tracking scheme [6], [8], [10]–

[13], which means that an error signal is driven to zero by the

observer, or the rotor angle (or angle error) can be evaluated

directly from the current response [7], [9], [14].

Fundamental-excitation methods have good dynamic prop-

erties, but they do not allow sustained operation at low speeds.

On the other hand, signal injection methods are well suited

to operation at low speeds, including standstill, but tend to

have limited dynamic performance. Therefore, a combina-

tion of a fundamental-excitation method and an HF signal

injection method might be a good solution when a wide

speed range, including low-speed operation, is required. An

approach for combining the methods was already discussed

in [15]. A hybrid scheme combining a fundamental-wave

flux observer with an HF signal injection method has been

proposed for the rotor flux estimation of induction motors in

[16]. For PMSM drives, a fundamental-excitation method is

used above a certain speed limit and the estimation method

is switched to signal-injection at low speeds and standstill in

[17]–[19]. A recently presented method uses a combination

of a voltage model and HF signal injection at low speeds

[20]. The information included in the fundamental-excitation

method improves the dynamic behavior of the rotor position

estimation.

This paper proposes coupling the HF signal injection to a

more advanced observer. A speed-adaptive observer is used

throughout the whole speed range. At low speeds, the es-

timation is augmented with an HF signal injection method,

stabilizing the adaptive observer. The methods are combined

by means of correcting the direction of the estimated stator

flux. The proposed combination of the two methods results in

an observer having good steady-state accuracy and excellent

dynamic properties over a wide speed range.

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 θm in

electrical radians. The stator voltage components are

ud = Rsid +
dψd

dt
− ωmψq (1a)

uq = Rsiq +
dψq

dt
+ ωmψd (1b)

where id and iq are the stator current components, Rs is the

stator resistance, and ωm = dθm/dt the electrical angular

speed of the rotor. The stator flux components are

ψd = Ldid + ψpm (2a)

ψq = Lqiq (2b)

where Ld and Lq are the d- and q-axis inductances, respec-

tively, and ψpm is the permanent magnet flux. The electro-
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magnetic torque is given by

Te =
3p
2

[ψpmiq + (Ld − Lq)idiq] (3)

where p is the number of pole pairs.

III. OBSERVER STRUCTURE

A. Adaptive Observer

In an adaptive observer, the rotor speed and position esti-

mation is based on the estimation error between two different

models (a reference model and an adaptive model) [21]–[23].

The estimated variable can be the stator flux or the stator

current, in which case the reference model is the motor itself.

An error term is constructed from the two estimates, and used

in an adaptation mechanism. The output of the adaptation

mechanism, usually the rotor speed or position, is used as

a correction in the adaptive model.

In the following, the stator flux is estimated with two

models, and the estimate of the rotor speed is used for

adjusting the adaptive model. The observer is formulated in

the (estimated) rotor reference frame. The reference model is

based on (2); this flux model can be written as

ψ̂d,i = L̂did + ψ̂pm (4a)

ψ̂q,i = L̂qiq (4b)

where estimated quantities are denoted by ˆ.

The adaptive model is based on (1) and (2). It is here

referred to as a voltage model, and defined by

dψ̂d,u

dt
= ud − R̂sîd + ω̂mψ̂q,u + λĩd (5a)

dψ̂q,u

dt
= uq − R̂sîq − ω̂mψ̂d,u + λĩq (5b)

where

îd =
ψ̂d,u − ψ̂pm

L̂d

(6a)

îq =
ψ̂q,u

L̂q

(6b)

are the estimates for the stator current components and

ĩd = id − îd (7a)

ĩq = iq − îq (7b)

are the components of the current error. λ is a gain parameter,

which can be selected as λ ≥ −R̂s. By selecting λ = −R̂s,

(5) becomes a pure voltage model.

There are various alternatives for obtaining an error term

from the flux estimates (5) and (4). In the following, the error

term is defined

Fε = ψ̂q,i − ψ̂q,u (8)

The estimate of the electrical angular speed of the rotor, used

for adaptation in (5), is obtained by a PI-type speed adaptation

mechanism

ω̂m = −kpFε − ki

∫
Fεdt (9)

iq

iqc

sin(ωct)

BPF LPF
ε

Fig. 1. Principle of the error signal demodulator.

where ki and kp are nonnegative gains. The estimate θ̂m for

the rotor position is obtained by integrating ω̂m.

B. High-Frequency Signal Injection

An alternating voltage [10] was selected for HF signal

injection. A carrier excitation signal fluctuating at angular

frequency ωc and having amplitude ûc, i.e.,

uc = ûc cos(ωct) (10)

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 q direction of the estimated rotor

reference frame, amplitude modulated by the rotor position

estimation error. The principle of the demodulation scheme is

shown in Fig. 1. The q component of the measured current is

band-pass filtered (BPF), giving an HF current signal iqc that

varies at the signal injection frequency. The current signal is

then demodulated and low-pass filtered (LPF) to extract an

error signal

ε = LPF
{
iqc sin(ωct)

}
(11)

Ideally, this error signal is [10]

ε =
ûc

ωc

Lq − Ld

4LqLd︸ ︷︷ ︸
Kε

sin(2θ̃m) (12)

where Kε is the signal injection gain and θ̃m = θm − θ̂m is

the estimation error of the rotor position.

The demodulation scheme is implemented as follows. The

band-pass filtering of iq is achieved by zero averaging over

one period of the carrier signal, i.e.

iqc = iq −
1
Tc

∫ t

t−Tc

iqdt (13)

where Tc = 2π/ωc. The algorithm (13) can be interpreted as

a high-pass filter, and its computational cost is lower than

that of relevant band-pass filters. The low-pass filtering of

the signal iqc sin(ωct) is implemented using a moving-average

filter and a first-order low-pass filter. The moving-average filter

removes the angular frequency ωc and its multiples effectively

and causes only a short time delay, while the first-order low-

pass filter reduces stochastic noise more effectively than the

moving-average filter. After filtering, the amplitude of ε is

limited to avoid errors caused by transients in iq .
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ψ̂d,u, ψ̂q,u

ψ̂d,i, ψ̂q,i

Error
term

Fε ω̂m

ωε

ε

+−

Fig. 2. Block diagram of the combined observer: adaptive observer is
augmented with error signal ε from HF signal injection.

C. Combined Observer

At low speeds, the orientation error of the adaptive observer

may become too large for stable operation due to inaccuracies

in measurements and parameter estimates. The method pro-

posed in this paper uses the HF signal injection to correct

the orientation by influencing the direction of the stator flux

estimate.

Fig. 2 shows the block diagram of the adaptive observer

enhanced with the HF signal injection. The idea is to use

the error signal ε of the signal injection method to adjust the

adaptive model (5). A correction ωε is subtracted from the

speed estimate ω̂m, and a PI mechanism is used for driving

the error signal ε to zero. The algorithm is given by

dψ̂d,u

dt
= ud − R̂sîd + (ω̂m − ωε)ψ̂q,u + λĩd (14a)

dψ̂q,u

dt
= uq − R̂sîq − (ω̂m − ωε)ψ̂d,u + λĩq (14b)

and

ωε = γpε+ γi

∫
εdt (15)

where γp and γi are the gains of the PI mechanism.

At low speeds, the combined observer relies both on the

signal injection method and on the adaptive observer: the

signal injection method dominates in steady state whereas

the adaptive observer commands at transients. When the rotor

speed increases above a certain value, the estimation is based

only on the adaptive observer.

D. Observer Gain Selection

For selecting the gains kp and ki of the adaptation mech-

anism (9), the observer is interpreted as a phase-locked loop,

and the gains are selected according to [11]. The closed-loop

system corresponding to the adaptive observer is shown in Fig.

3, where the gain Fε/θ̃m is considered approximately equal

to the estimated magnitude of the permanent magnet flux. The

Fε

ki

kp

ω̂m

θm

θ̂m

θ̃m

ψ̂pm

+

+

+ −

Fig. 3. Block diagram of the phase-locked loop corresponding to the adaptive
observer.

ω̂m

f(ω̂m)

ω∆

1

Fig. 4. Definition of the speed-dependent function f(ω̂m).

gains of the adaptation law

kp =
2αfo

ψ̂pm

(16a)

ki =
α2

fo

ψ̂pm

(16b)

are selected using only one design parameter αfo, correspond-

ing to the approximate bandwidth of the adaptive observer.

The PI mechanism (15) can be tuned similarly. The output

ωε affects indirectly the speed estimate through the estimation

of the stator flux in (14). The dynamics of the adaptive

observer is assumed much faster than that of the HF signal

injection and the PI mechanism and, consequently, the adaptive

observer is omitted in the analysis. However, the dynamics of

the low-pass filter in (11) are taken into account. In a fashion

similar to [20], the bandwidth of the low-pass filter in (11) is

selected as

αlp = 3αi (17)

and the gains of the PI mechanism are selected as

γp =
αi

2Kε

, γi =
α2

i

6Kε

(18)

The parameter αi is the only required design parameter, corre-

sponding to the approximate bandwidth of the PI mechanism.

In order to obtain a smooth transition between the low-speed

and high-speed regions, the amplitude of the signal injection

voltage ûc and the bandwidth αi are decreased linearly with

increasing speed, and the signal injection is disabled above

transition speed ω∆, i.e.

ûc = f(ω̂m)ûc0, αi = f(ω̂m)αi0 (19)

where ûc0 and αi0 are the values corresponding to zero-speed

operation and function f(ω̂m) is shown graphically in Fig. 4.

The parameters αlp and γi are varied according to (17), (18),

and (12). The parameter γp remains constant according to (18)

and (12).
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Fig. 5. Block diagram of the control system. Blocks “Error signal” and
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amplitude.
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Fig. 6. Experimental setup. Mechanical load is provided by a servo drive.

As the speed increases close to the transition speed ω∆,

the error signal ε may differ from zero in the steady state,

causing integration drift in (15). Therefore, the integral should

be bounded within reasonable limits, e.g.,∣∣∣∣γi

∫
εdt

∣∣∣∣ ≤ f(ω̂m)ω∆ (20)

IV. CONTROL SYSTEM

The block diagram of the control system comprising cas-

caded speed and current control loops is shown in Fig. 5.

The current control is implemented as PI-type control in

the estimated rotor reference frame, where the cross-coupling

terms and the back-emf are decoupled [24]. The current

is predicted one sampling period ahead [25], [26]. Due to

parameter errors, a steady-state error may be present in the

predicted current. Hence, the predicted current is not used in

the integral part of the current controller.

PI-type speed control with active damping is used. The

references id,ref and iq,ref of the stator current components

are calculated according to maximum torque per current con-

trol [27]. For position control, a P-type controller is added as

the outermost control loop in the control system. 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 [28].

V. RESULTS

The proposed observer was investigated by means of sim-

ulations and laboratory experiments. The experimental setup

TABLE I

MOTOR PARAMETERS

Nominal power 2.2 kW
Nominal voltage UN 370 V
Nominal current IN 4.3 A
Nominal frequency fN 75 Hz
Nominal speed 1 500 r/min
Nominal torque TN 14.0 Nm
Number of pole pairs p 3
Stator resistance Rs 3.59 Ω
Direct axis inductance Ld 0.036 H
Quadrature axis inductance Lq 0.051 H
Permanent magnet flux ψpm 0.545 Vs

Total moment of inertia 0.015 kgm2

TABLE II

CONTROL SYSTEM PARAMETERS

Signal-injection angular frequency ωc 2π1000 rad/s
Signal-injection voltage amplitude ûc0 50 V
Bandwidth of the adaptive observer αfo 2π50 rad/s

Observer gain λ −0.2R̂s

Bandwidth αi0 2π5 rad/s
Transition speed ω∆ 2π10 rad/s
Current controller bandwidth 2π400 rad/s
Speed controller bandwidth 2π5 rad/s
Position controller bandwidth 2π1.33 rad/s

is illustrated in Fig. 6. A six-pole interior-magnet PMSM

(2.2 kW, 1500 rpm) is fed by a frequency converter that is

controlled by a dSPACE DS1103 PPC/DSP board. Mechanical

load is provided by a PMSM servo. An incremental encoder is

used only for monitoring the actual rotor speed and position.

The motor parameters are given in Table I and the pa-

rameters of the control system in Table II. The base values

of voltage, current and angular frequency are
√

2UN ,
√

2IN ,

and 2πfN , respectively. The dc-link voltage is 540 V, and the

switching frequency and the sampling frequency are both 5

kHz. The carrier excitation signal has a frequency of 1 kHz

and an amplitude of 50 V, and the transition speed ω∆ = 0.13
p.u. The electromagnetic torque is limited to 22 Nm, which is

1.57 times the nominal torque.

The MATLAB/Simulink environment was used for the sim-

ulations. The parameters listed in Table I were used in the

motor model. To illustrate the influence of an error in the stator

resistance estimate in the following examples, the estimate was

10 % smaller than the actual stator resistance in the motor

model. Moreover, white noise having an rms value of 10 mA

was added to the measured phase currents of the motor, and

the current signals were quantized in steps of 10 mA.

Fig. 7 shows simulation and experimental results at no load

when the speed reference was changed stepwise from zero to

0.2 p.u. at t = 1 s, then reversed to −0.2 p.u. at t = 2 s,

and finally set to zero at t = 3 s. The estimated rotor speed

follows the actual speed smoothly, and the estimation error θ̃m

of the rotor position stays reasonably small, not exceeding 10

electrical degrees.

Fig. 8 depicts simulation and experimental results when

the speed reference was set to zero. The load torque was

first changed stepwise from zero to the nominal value at
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Fig. 7. Speed reference steps at zero load torque: (a) simulation results; (b)
experimental results. First subplot shows electrical angular speed (solid), its
estimate (dashed), and its reference (dotted). Second subplot shows estimated
electromagnetic torque (solid) and load torque reference (dotted). Last subplot
shows estimation error of rotor position in electrical degrees.

t = 1 s, then reversed at t = 2 s, and removed at t = 3 s.

The error of the rotor position estimate is small even during

transients, which shows good capability of rejecting fast load

torque disturbances. Furthermore, the proposed method allows

sustained zero-speed operation at nominal load.

Results at the nominal load torque are shown in Fig. 9.

The speed reference was first changed stepwise from zero to

0.33 p.u. at t = 1 s, then reversed to −0.33 p.u. at t = 2 s,

and finally set to zero at t = 3 s. The estimated rotor speed

follows the actual speed rapidly even during fast changes in

the electromagnetic torque.

Results during a slow speed reversal are shown in Fig. 10.

The load torque was kept at the nominal value between t = 2

s and t = 28 s, and the speed reference was changed from 0.2
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Fig. 8. Nominal load torque steps at zero speed reference: (a) simulation
results; (b) experimental results. Explanations of the curves are as in Fig. 7.

p.u. to −0.2 p.u. between t = 4 s and t = 26 s. The estimated

rotor speed follows the actual speed smoothly even during the

transitions between the adaptive observer and the combination

of the adaptive observer and HF signal injection. At low

speeds, some ripple can be seen in measurement results. This

ripple is related to the HF signal injection, which is sensitive to

inverter nonlinearities and errors in measured phase currents.

Fig. 11 shows simulation and experimental results for the

position control at the nominal load torque. The position ref-

erence was changed stepwise from zero to one revolution (6π
electrical radians) at t = 1 s, then two revolutions backwards

at t = 2 s, and finally set to zero at t = 3 s. The position

estimate follows the actual value smoothly, and the position

settles quickly to its reference value.

In Fig. 12, the position reference was set to zero, while

the load torque was first changed stepwise from zero to the

nominal value at t = 1 s, then reversed at t = 2 s, and
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Fig. 9. Speed reference steps at nominal load torque: (a) simulation results;
(b) experimental results. Explanations of the curves are as in Fig. 7.

removed at t = 3 s. The load torque transients are also rejected

effectively in the position control mode.

VI. CONCLUSIONS

The rotor speed and position of a permanent magnet syn-

chronous motor can be estimated in a wide speed range,

including zero speed, by means of an adaptive observer that is

augmented with a high-frequency signal injection technique

at low speeds. The fast dynamic response of the adaptive

observer is combined with the steady-state accuracy of the

high-frequency signal-injection method. According to the sim-

ulation and experimental results presented in this paper, the

system based on the combined observer is stable and robust,

and can cope with stepwise changes in the speed or position

reference. The capability of rejecting load torque transients is

also good.
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Fig. 10. Slow speed reversal at nominal load torque: (a) simulation results;
(b) experimental results. Explanations of the curves are as in Fig. 7.
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