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Abstract. The paper deals with the control of a low voltage permanent magnet synchronous motor. The main objective leads to application of the so-
called sensorless control. The mathematical principle and simulations of the reduced Luenberger observer are introduced in the paper. The 
experiments were carried out with permanent magnet synchronous motor supplied by low voltage. Application of the identical machine as a drive unit 
of a small electric car is summarized in the last chapter. In conclusion, the results and benefits of this paper are evaluated.  
 

Streszczenie. W artykule opisano metodę sterowania dla niskonapięciowego silnika synchronicznego z magnesami trwałymi. Głównym celem pracy 
było wprowadzenie sterowania bezczujnikowego. Omówiono podstawy matematyczne oraz symulacje zredukowanego obserwatora Luenbergera. 
Przedstawiono wynik badań eksperymentalnych oraz potencjalne zastosowanie maszyny do samochodów elektrycznych. (Bezczujnikowe 
sterowanie niskonapięciowym silnikiem synchronicznym z magnesami trwałymi w zastosowaniu do małych samochodów elektrycznych). 
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Słowa kluczowe: Sterowanie wektorowe, bezczujnikowe sterowanie, obserwator Luenbergera, napęd na prąd przemienny. 
 
 

Introduction 
Electric drives have a special place in almost all areas of 

human activity. At present there continues the development 
of drives of higher power both in the manufacturing industry 
and in the area of traction and automotive industry. It is 
because the demand for so-called hybrid cars increases 
and there also appear cars with a fully electric drive, or cars 
in which the traditional engine is only used as an electric 
power generator. It is the automotive industry, which could 
significantly accelerate the development in the area of 
electric drives and everything related because of its huge 
potential and strong connection of many fields to the 
automotive area [1]. 

Electric drives with DC machines continue to be 
superseded by AC controlled drives. This trend is caused 
especially by the decreasing price and increasing 
performance of microprocessor control systems and, in 
addition, by the high effectiveness of AC asynchronous 
machines and/or even higher effectiveness of Permanent 
Magnet Synchronous Motors (PMSM) [2, 3]. 

The most common ways of control of AC controlled 
drives is Vector Control (VC) and Direct Torque Control 
(DTC). For the implementation of these methods it is 
necessary to know the rotor position of the machine. 

The rotor angle can be measured by means of 
mechanical sensors of speed and positions, such as 
resolvers or incremental sensors. Sensors are additional 
mechanical elements, which may degrade the good proper-
ties of the drive. That is why so-called sensorless methods 
of control of AC machines are constantly being developed. 

The said methods may improve the robustness and 
reliability of the drive, its price, the maintenance interval and 
the total moment of inertia in comparison with the variant 
with position sensor. A slight disadvantage of sensorless 
control consists in the more complex control algorithm 
[4,5,6]. 

In the article, an analysis of the method based on the 

mathematical model of the machine (so-called model based 
method). The essence of the model based methods is the 
use of a particular algorithm for calculation of the speed and 
rotor position from known or measured variables such as 
stator currents, stator voltages, DC link voltage and actual 
switching combination. 

It is clear that for sensorless techniques cannot be 
removed in principle all sensors, how it would seem from 
the term sensorless control. 

 
Fig.1. Speed control structure 
 

Vector control of PMSM 
It is known that vector control is a method of operation of 

AC machines, which enables to control independently the 
current components affecting the torque and magnetic flux of 
the machine. In PMSM the current component creating the 
magnetic flux is regulated to the zero value because the 
excitation of the machine is provided by means of permanent 
magnets (PM). In case of operation above the rated speed 
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value it is necessary to reduce the magnitude of the total 
magnetic flux. This can be achieved by means of current in 
the longitudinal d-axis, which will form the flux of the opposite 
direction than the flux of the PM. Since the rated current 
cannot be exceeded for a longer time interval because of the 
cooling of the machine, the torque component of the current 
has to be reduced as well, which leads to the quick decrease 
of the torque developed with the speed. 

The control structure is formed by so-called subordinate 
control loops consisting of one or more simple controllers 
(see Fig.1). Because of the reduction of the number of 
controllers and elimination of alternate quantities the space 
vectors consisting of three phases are converted into a rotary 
two-component system. For PMSM it is most suitable to use 
the rotating coordinate system oriented on the magnetic flux 
of the PM. In this coordinate system the quantities are direct 
in the steady state. So as to ensure the maximum dynamics it 
is necessary to force the torque current into the stator 
winding within the shortest possible time. The delay between 
the controlled and the required values of current corresponds 
to the non-compensated time constant of the current loop. 
 

Sensorless control methods of PMSM 
The term sensorless control means elimination of the 

rotor position sensor or speed sensor, i.e. sensors for 
mechanical quantities located on the machine shaft. 
Sensorless methods use many different principles. These 
methods usually processed stator voltages and currents. 
Methods based on artificial intelligence, i.e. artificial neural 
networks and fuzzy logic could be included in the category 
of the most sophisticated systems [5, 6, 7].  

More common sensorless methods are methods 
working with the mathematical model of machines or 
injection methods. 

The mathematical model of a machine describes the 
behaviour of the machine in dependence on the supply 
voltage and on the load torque. For simplicity the 
mathematical model ignores many actual properties of 
electric machines. This affects the accuracy of the 
mathematical description and limits its use. There are many 
mathematical models on which a lot of more specific 
methods are based, such as MRAS, various types of 
observers, integration methods, Kalman filter etc. [8]-[17]. 

From the view of state values the counter-voltage and 
magnetic flux can primarily be used for the estimation. The 
counter-voltage can be estimated by using an observer; the 
integration approach is typical for magnetic fluxes. Usually 
the stator current and voltage vectors are used as the input 
data for the estimation. If the neutral wire is not led out of 
the machine, it is possible to measure the currents of two 
phases and calculate the third one. The easiest way to get 
the stator voltage is to obtain it from the current switching 
combination and the measuring of the voltage of the link 
circuit. 

 

Sensorless control using reduced Luenberger observer 
A reduced observer is such observer which can be 

characterized by a lower order than the order of the system. 
In our case, after the reduction the number of state 
variables is equal to the number of output variables (two 
components), but the number of measured variables is 
higher (four components).  

In sensorless control, observer processes matrix 
equations describing the behaviour of the PMSM. Reduced 
Luenberger observer reconstructs the state variables from 
the knowledge of the inputs and outputs of the system. The 
output of the observer is the induced voltage of the 
machine. 

Figure 2 shows the different coordinate systems used 
for the mathematical description of the PMSM. 

 
Fig.2. Representation of coordinate systems 
 

The mathematical model can be expressed in matrix 
form in the coordinates α, β (see equations 1, 2), which is a 
better alternative for the mathematical expression of the 
Luenberger observer [18]. 
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By combining and adjusting these equations we get the full 
matrix model of the SMPM for the observer. 
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We define the state space and the state vector: 
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For the case when the state vector contains the measured 
quantities, reduced form of the Luenberger observer can be 
used. The aim is to obtain the state vector that contains only 
two components of the induced voltage and to simplify the 
observer. Therefore, we modify equations (1, 2) as follows: 
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where: xn is vector of measurable quantities and xu
 is vector 

of immeasurable quantities. 
The reduced form of the Luenberger observer can be 

created from the theory of the classical Luenberger observer 
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according to [18]. State description and meaning of individual 
matrices will be as follows: 
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Last mathematical adjustment is necessary due to the 
implementation of the observer in the software Matlab-
Simulink. This requires to enter the matrices of state space 
only in the traditional form, so the following equations (10) 
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must be adapted to the form (11): 
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Now we have the final equations that will be used in the 
simulation. The parameter dL is used to set the observer, 
respectively, indicates a compromise between the speed and 
accuracy. 
Processing of the observer output signals 

In the previous text, it was already mentioned, that the 
observer produces at its outputs information about the 
actual value of the induced voltage. It can be distorted by 

an offset that needs to be eliminated. In the mathematical 
model of the machine, derivative is used for removing 
slowly varying DC signal. It is not necessary to use the 
limiter, because the observer does not create output signals 
with high steepness. Then it is possible to apply the function 
arctan2 for calculation of the rotor position (see eq. 12). 
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The difference with function arctan can be found only in 
changing the field of values from the interval [-0.5 π, 0.5 π] 
to range [-π, π]. However, the previous applies only for the 
positive motor speed. At negative speed, the constant π 
must be added to the actual rotor position. 

The angular speed of the motor can be obtained by 
derivation of the rotor position. However, it is necessary to 
adjust the signal, because obtained quantity is very noisy. 

A better variant, which was also used in the simulation, 
is to calculate the speed from actual values of the two 
components of induced voltage (see equation 13). 
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However, it should be noted that this method can 
calculate only the size of the speed. Its direction is 
necessary to find another way. As can be seen the direction 
of the signal speed is very important because it is 
necessary for the estimation speed and angular position. 
The first variant for obtaining this signal is to determine it 
from the derivative sign (see equation 13). 

The second alternative for obtaining the direction of 
rotation, which we have designed, uses the principle that at 
direction changing, both components of the induced voltage 
must pass through zero. 
 
Laboratory workplace 

To verify the simulation models and principles as well as 
sensorless vector control, experimental laboratory 
workplace with the PMSM supplied by low voltage was 
created. The basic parts are machine set, frequency 
converter, control system with DSP, personal computer and 
the necessary measuring instruments. The specifications of 
the PMSM utilizing in this research are listed in Table 1. 

The motor parameters have been chosen with regard to 
the application in a small electric car. Because of battery 
power, voltage in DC link of the voltage inverter is low and 
the output currents of the PMSM are significant. The PMSM 
was designed so that it can be powered from a battery with 
voltage 48 V. The PMSM is powered by a frequency 
converter made at the Department of Electronics. Switching 
elements are IGBT. The switching frequency is 10 kHz. 
LEM SA sensors are used for current measurement.  
 

Table 1. The parameters of the PMSM 
Rated voltage 
Voltage of DC link 
Rated current 
Maximal current 
Rated power 
Rated torque 
Maximal torque 
Rated speed 
Maximal speed 
Number of pole-pairs 
Voltage constant 
Torque constant 
Stator resistance 
Stator inductance 
Moment of inertia 

30 V 
48 V 
34 A 
224 A 
160 W 
4.6 Nm 
21 Nm 

3000 rpm 
12000 rpm 

3 
0.0086 V/rpm 

0.14 Nm/A 
0.05 Ω 

0.30 mH 
2.7 kgcm2 

 

In the control system, a Freescale DSP 56F8037 digital 
signal processor is used. The base board with the DSP also 
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contains a transducer of the serial line to USB; therefore, 
communication and data acquisition uses the USB 
interface. The program is loaded and tuned via the USB 
interface with a USB TAP by Freescale. 
 

Experimental results 
The quality of estimation and behaviour of the 

sensorless controlled drive with reduced Luenberger 
observer were experimentally tested. 

The experimental results are shown in the following 
Figures 3 to 6 which show the time courses of characteristic 
variables that were measured on the laboratory stand of the 
AC drive with sensorless control. Estimated and measured 
signals are presented in respective color of their variables. 
In the case of the estimated variables, there are the speed 
ωm_est, rotor position Θe_est and direction of rotation ωdir (the 
sign of this variable is the direction of rotation). Measured 
signals from the incremental encoder are speed ωm and 
rotor position Θe. The signals from the current sensors are 
presented in orthogonal coordinate system d, q coupled 
with the flux of the permanent magnets [19]. 

In Figure 3, we can see of time responses of selected 
quantities at reversing AC drive speed -1000 → +1000 rpm. 
 

 
Fig.3. Reversing at sensorless control 
 

 
Fig.4. Reversing at sensorless control 
 

 
Fig.5. Response of the AC drive with the observer at load 
disconnection 

 
Fig.6. AC drive operation at steady state 
 

In the case of sensorless control at low speeds we can 
see that the estimation accuracy decreases and oscillation 
appears, which is more significant at the calculated speed, 
but is evident in estimated rotor position (see Fig. 4). These 
inaccuracies are given in particular by the measured 
voltage signals from which the speed is then determined. 
An involvement of the estimated values into control 
feedback causes oscillation in the torque current 
component iSq. 

Problems are caused by variable impedance of the 
machine, current control, nonlinearities of the voltage 
inverter (dead time and voltage drops on the switching 
elements), variable DC link voltage (current peaks) and by 
many other factors. 

The sensorless method presented in this paper has a 
minimum speed at which the motor is able speed reversing 
around 60 rpm (see Fig. 4). 

Behaviour of the AC drive at low speed and with the 
load is shown in Figure 5. We can see the speed overshoot 
in response to load change at the sensorless control with 
the observer and at reference speed 100 rpm. 

Due to the fact that the PMSM has set the current limit 
of both current components to the nominal value, it can only 
give a maximum rated torque. We can see that the load 
was greater than nominal torque because the motor has not 
reached the desired speed. 

AC drive running at steady state was measured at 
different speeds and time courses of variables are 
presented on the next figure (see Fig. 6).  The presented 
Fig. 6 is suitable for assessing the quality of estimation 
during vector control of AC drive. We can see that the 
absolute error has a value about 13 rpm at 1500 rpm, which 
corresponds to a relative error 0.86%. The value is worse at 
low speeds, where the error is about 5%. 
 
Conclusion 

The article is focused on sensorless control method 
based on the mathematical model of the machine using the 
reduced Luenberger observer. For the simulation and 
experimental verification, the synchronous motor with the 
permanent magnets located on the surface of the rotor was 
selected, which is suitable for the drive unit of small electric 
cars. Practical benefit for technical practice is the 
application of the PMSM vector control in the small electric 
car CityEl. 

The article contains the experimental results which were 
obtained by measurement on the laboratory stand with the 
AC drive. The sensorless controlled drive can be compared 
with vector controlled drive on which the observer runs 
simultaneously. 

The article also shows that the sensorless control can 
be realized with 16-bit digital processing, measurement with 
accuracy 12 bits and processing power 32 MIPS. For easy 
and simple control of the AC drive, an interface of 
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FreeMaster program can be used. The interface allows 
switching between the sensor and sensorless control and 
choosing various automatic modes such as reversing, 
changing speed, changing torque, etc. 

Range of desired drive speed is limited. The upper limit 
is determined by the DC link voltage for which the machine 
is designed, if we do not consider weakening. The minimal 
speed is determined by the stability of the sensorless 
control. Below this value, the system is not observable. The 
minimal value of speed approximately 60 rpm was 
determined by experiment. At this value, the drive is also 
able to reverse with the load. Let us emphasize that the 
PMSM in this case is supplied by voltage lower than 1 V. 

The development of various sensorless methods is very 
dynamic. Despite this fact, today does not exist one way of 
sensorless control, which would cover the entire speed and 
power range of electrical controlled drives. For low and zero 
speed, different methods are suitable which use the 
principle of the signal injection. However, these methods 
have specific disadvantages such as torque ripple, acoustic 
noise and require machines with large difference in the 
longitudinal and transverse inductance. In contrast, the 
methods based on the mathematical model do not have 
these disadvantages, but the minimum operating speed is 
restricted. Some of the hybrid sensorless control method 
combining the mathematical model and the signal injection 
could be applicable at the end of the sensorless control 
development. 
 
List of used symbols 
xS  quantity defined in stator coordinate system [α, β] 
xR  quantity defined in rotor coordinate system [d, q] 
uSα, uSβ  components of the stator voltage vector in coordinate 

system [α, β] 
uiα, uiβ  components of the induced voltage vector in coordinate 

system [α, β] 
uiα,iβ_est  estimated components of the induced voltage vector in 

coordinate system [α, β] 
iSα, iSβ  components of the stator current vector in coordinate 

system [α, β] 
iSd  magnetizing current component in [d, q] system 
iSq   torque current component in [d, q] system 
iSd,Sq_ref  reference magnetizing and torque component of stator 

current vector 
dL   parameter of Luenberger observer 
KE  voltage constant of the PMSM 
RS   stator resistance 
LS   stator inductance 
Ld  inductance in the longitudinal axis of the rotor 
Lq  inductance in the transverse axis of the rotor 
Θe   rotor angle 
Θe_est  estimated rotor angle 
ωe   electrical rotor angular speed 
ωe_est  estimated electrical rotor angular speed 
ωm_ref  reference rotor angular speed 
ωm   real rotor angular speed 
ωm_est estimated rotor angular speed  
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