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PREFACE 
 
This thesis represents an approach, based on the permanent magnet synchronous 
generator with two back-to-back PWM inverters, for wind applications. 
 

Study motivation 
 
According with International Energy Agency in the last decade wind power had one 
of the highest average annual growth rates among renewable sources. This situation 
imposes higher and higher demands regarding electric generators and their control. 
Now the wind turbines must remain connected during grid faults and thus implies a 
series of measures that should be taken in order to protect the power converters. 
Other technical issues are the capability of the grid inverter to work both in grid-
connected mode but also in stand-alone mode and reducing harmonic pollution 
caused by nonlinear loads.  
 Small and medium wind turbines, equipped with permanent magnet synchronous 
generator connected to the local grid through two back-to-back PWM inverters, are 
becoming viable solutions for a number of reasons: four quadrant control at variable 
speed with ± 100% active and reactive power capabilities, high efficiency 
reasonable cost and high flexibility.    
The motivation of the work for the present thesis is fully based on the above 
mentioned statement. The most of the considered solutions were subject of 
industrial research and development studies. The target of the thesis was to offer 
concrete advanced sensorless control solutions for permanent magnet synchronous 
generator systems for wind power applications. 
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Rezumat 
The present thesis is dedicated to high performance control of a 
variable speed permanent magnet synchronous generator with 
two back to back PWM converters for renewable energy 
applications in general and for wind applications in special.  
The wind power potential in many countries around the world has 
led to a large interest and fast development of wind turbine (WT) 
technology in the last decade. The integration of a high level of 
wind power into electrical network implies new challenges as well 
as new approaches in operation of the power system. According 
to the new requirements the wind turbines should stay connected 
and contribute to the grid in case of disturbances such as voltage 
sags, dips. The grid side inverter  capability to work both in grid-
connected but also in stand alone mode as well as the  protection 
in the case of the fault event are considered to be the most 
challenging in terms of control strategy and the limited fault 
current. 
The main goal of the thesis is to offer new high performance 
solutions in the area of control permanent magnet synchronous 
generator with two back to back PWM inverters for wind 
applications. 
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Outline of the thesis 
 
The present thesis is organized in 8 chapters following the above presented 
objectives: 
The first chapter presents an overview of the variable speed generators and their 
power converters. Detailed information is given for the actual solutions in wind 
turbine applications. 
In the second chapter the simulation models developed in Simulink for analysis of 
the permanent magnet synchronous generator with two back to back converters and 
their control are illustrated and discussed. A possible sensorless control solution for 
PMSG connected to the grid for different wind profiles is presented. 
In the third chapter, the behavior of a motion sensorless control PMSG system, is 
investigated through ample experiments under asymmetric grid voltage sags. A new 
estimator based on D-module filter for positive sequence of grid voltage as well as a 
rotor position and speed estimator without emf integration are proposed and 
investigated through one, two, three phase voltage sags. 
In chapter four a new seamless (uninterrupted load current) transition, based on 
phase locked-loop technique, from grid-connected to stand alone and vice versa is 
presented. The control system detects when the grid parameters are out of their 
nominal range and automatically switches the control of the grid-inverter from 
current control to voltage control. When the grid is recovered, the stand alone 
voltages are synchronized with grid voltages and the control strategy automatically 
switches to grid-connected control mode.  
The system was experimentally shown capable of supplying local load in good 
conditions in both operation modes. 
In chapter five, a novel harmonic voltage compensation solution for nonlinear (diode 
rectifier) load operation in stand alone PMSG with bidirectional converter motion 
sensorless vector control is proposed. Both the case of three phases and two phase 
output of the load side converter, with voltage symmetrisation by negative 
component active cancellation, are treated. The system was experimentally shown 
capable of supplying local load in good conditions (with much lower negative 
sequence ac voltages and lower harmonics content of the latter) even if one 
terminal of the load- side inverter is open and the load is nonlinear (diode rectifier 
load).  
In chapter six a novel hybrid motion-sensorless control system for permanent 
magnet synchronous motors (PMSM) using a new robust start-up method called I-f 
control, and a smooth transition to emf-based vector control is presented. This 
solution allows ultra low-speed sensorless control without initial rotor-position 
estimation, and without machine parameters identification. Digital simulations for 
PMSM start-up with full load torque are presented for different initial rotor-positions. 
The transitions from I-f to emf motion-sensorless vector control and back as well, at 
very low-speeds, are fully validated by experimental results. 
In chapter seven the test rigs used for experimental work are illustrated as well as 
some software details implementation of the proposed algorithms.  
In chapter eight the work is summarized and the conclusions, contributions and 
future perspectives are presented. 
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Objectives of the thesis 
 
 
The major objectives of thesis are: 
 

• developing simulation models for the complete system with PMSG for wind 
power applications, including the prime mover, electric generator, power 
electronics and control. 

• analyze the behaviour of the permanent magnet synchronous generator 
under grid voltage sags an search for possible solutions to control and 
protect the power electronics without disconnecting the system from power 
grid. 

• find a seamless transfer method from grid-connected to stand alone and 
vice versa for the system with PMSG 

• find a sensorless control strategy robust an accurate in all circumstances   
• develop a selective harmonic and negative sequence voltage compensation 

scheme under nonlinear and non symmetric load for the system in stand 
alone mode. 

• Investigate the possibilities of the system for self-starting, and motoring 
regime which might be very useful when the PMSG is connected to the 
grid, or moving the rotor a little for inspections/repairs and for general 
industrial variable speed drives where slightly hesitant but full-load self-
starting is allowable. 
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Chapter 1 
 
Variable speed generators 
 
 
Abstract 
 
In this chapter, an overview of the variable speed generators and their power 
electronics is presented. Then, the generators and power electronics concepts are 
detailed from the electrical point of view. Classical and new solutions are discussed 
based on technical aspects and market trends. 
 
1.1 Introduction 
 
Global warming has been attributed to the increase of the atmospheric gases 
concentration produced by the burn of fossil fuel [1, 2]. Due to decreasing oil and 
coal reserve, environmental concerns and fear of nuclear disasters, it is believed 
that future power generation will not be limited to the conventional power plants. 
Despite rapidly climbing prices for natural gas and oil, alternative energy in all its 
forms might be a competitive on the price front for everyday users. Alternative 
energy is generally defined as any power source that is not based on fossil fuels or 
nuclear reactions. That includes electricity generated from wind, solar, geothermal, 
biomass or plant matter, and hydro power. Alternative fuels also can include ethanol 
from corn, biodiesel made from vegetable crops and methane made from waste or 
other sources. Wind power is a potential candidate in non-conventional power 
generation family. 
Wind power generation is an important alternative to mitigate this problem mainly 
due its smaller environmental impact and its renewable characteristic that 
contribute for a sustainable development [3]. Wind farms are becoming an 
increasingly common sight on off-shore and on-shore. Their large scale integration 
in the electricity system presents some planning and operational difficulties due to 
mainly the intermittent and difficult to  
predict nature of wind which is considered at unreliable energy sources. However, 
the percentage of energy provided by wind is increasing due to technology and 
efficiency  
improvements, government financial support and energy policies. Wind turbines 
have become more efficient and their costs have dropped about 80 percent since 
1980 to about four to eight cents per kilowatt-hour today, vs. about 38 cents to 40 
cents 25 years ago. 
Generally speaking, there are two constructive types of electric generators: 
                 - Horizontal axis; 
                 - Vertical axis; 
Respectively, there are two operating modes in generating: 
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- Constant Speed – Constant Frequency (CSCF) – this system always needs back to 
back    
   inverters; 
- Variable Speed – Constant Frequency (VSCF) – this system needs a speed 
controller to  
 obtain the maximum from wind power and a converter to change Variable 
Frequency    
(VF) into Constant Frequency (CF); 
The constant speed configuration is characterized by stiff power train dynamics due 
to the fact that electrical generator is locked to the grid; as a result, just a small 
variation of the rotor shaft speed is allowed. The construction and performance of 
this system are very much dependent on the mechanical characteristic of the 
mechanical subsystems, pitch control time constant, etc. In addition, the turbulence 
and tower shadow induces rapidly fluctuation loads that appear as variations in the 
power (P≈v3). These variations are undesired for grid-connected wind turbine, since 
they result in mechanical stresses that decrease the lifetime of wind turbine [4, 5, 
7] and decrease the power quality. Furthermore, with constant speed there is only 
one wind velocity that results in an optimum tip speed ratio. Therefore, the wind 
turbine is often operated off its optimum performance, and it generally does not 
extract the maximum power from the wind [5, 8]. 
Alternatively, variable speed configurations provide the ability to control the rotor 
speed. This allows the wind turbine system to operate constantly near to its 
optimum tip-speed ratio. The wing generation systems with variable speed wind 
turbine generators are connected to the network trough power electronic converters 
that supply a soft link between the shaft speed of the machine and the network 
frequency. 
 The following advantages of variable-speed over constant-speed can be 
highlighted: 

(1) The Annual Energy Production (AEP) increases because the turbine 
speed can be adjusted as a function of wind speed to maximize output 
power.  
Depending on the turbine aerodynamics and wind regime, the turbine will 
on average collect up to 10% more annual energy [5]. 
(2) The mechanical stresses are reduced due to the compliance to the 
power train. The turbulence and wind shear can be absorbed, i.e., the 
energy is stored in the mechanical inertia of the turbine, creating a 
compliance that reduces the torque pulsations [6, 7].  
(3) The output power variation is somewhat decoupled from the 
instantaneous condition present in the wind and mechanical systems. 
When a gust of the wind arrives at the turbine, the electrical system can 
continue delivering constant power to the network while the inertia of 
mechanical system absorbs the surplus energy by increasing rotor speed. 
(4) Power quality can be improved by reduction the power pulsations. The 
reduction of the power pulsation results decreases voltage deviations from 
its rated value in the point of common coupling (PCC). This allows 
increasing the penetration of the wind power in the network [6, 7]. 
(5) The pitch control complexity can be reduced. This is because the pitch 
control time constant can be longer with variable speed [7]. 
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(6) Acoustic noises are reduced. The acoustic noise may be an important 
factor when sitting new wind farms near populated areas [6, 7]. Although 
the main disadvantage of the variable-speed configuration are the 
additional cost and the complexity of power converters required to 
interface the generator and the grid, its use has been increased due the 
above mentioned advantages. 

Thus, the present state-of-art of large wind turbines is including: 
                • pitch control combined with variable speed. Moreover, the variable 

speed concept is mainly realized using configuration “c”, i.e. the doubly-
fed induction generator with a rotor connected IGBT-based frequency 
converter. The blades can be turned out or into the wind as the power 
output becomes too high or too low respectively. This type of control has 
certain advantages like good power control (at high wind speeds the 
mean value of the power output is kept close to the rated power of the 
generator), assisted start-up and emergency stop.  

                 The disadvantages are technical complexity of the pitch mechanism and 
the higher power fluctuations at high wind speeds. Also, the 
instantaneous power will, because of wind gusts and the limited speed 
of the pitch mechanism, fluctuate around the rated mean value of the 
power. 

                   • active stall with a two speed induction generator. At low wind 
speeds the blades are pitched similarly with the pitch control in order to 
achieve maximum efficiency. At high wind speeds the blades go into a 
deeper stall by being pitched into the direction opposite to that of pitch 
control. Thus, the turbine achieves a smoother limited power, without 
higher power fluctuations like in the case of pitch-controlled turbines. 
The active stall control has the advantage of being able to compensate 
variations in air density. The combination with the pitch mechanism 
helps in case of emergency stops and for starting-up. 

 
1.2. GENERATORS AND TOPOLOGIES 
 
     1.2.1 Synchronous Generators 
 

a) Wound Field Synchronous Generator (WFSG) 
 
A wind generation system (WGS) equipped with wound field synchronous generator 
is show in Fig. 1.1. The stator winding is connected to network through a four-
quadrant power converter comprised of two back-to-back PWM-VSI. The machine 
side converter regulates the electromagnetic torque, while the supply side converter 
regulates the real and reactive power delivered by the WGS to the utility. The power 
converter may be formed also by a diode rectifier with a boost chopper converter 
connected to a PWM power inverter. 
Synchronous generator has some advantages because this electromagnetic machine 
provides its own magnetization energy. 
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• The efficiency of this machine is usually high, because it employs the whole 
stator current for the electromagnetic torque production [10]. 

• The main benefit of the employment of wound field synchronous generator 
with salient pole is that it allows the direct control of the power factor of the 
machine, consequently the stator current may be minimized any operation 
circumstances [11]. 

• The pole pitch of this of this generator can be smaller than that of induction 
machine. This could be a very important characteristic in order to obtain low 
speed multiple pole machines, eliminating the gear box [12].  

 
Fig.1.1 Variable Speed Field Winding Synchronous generator [9] 

 
The existence of a winding circuit in the rotor may be a drawback as compared with 
permanent magnet synchronous generator. In addition, to regulate the active and 
reactive power generated, the converter must be sized typically 1.2 times of the 
WGS rated power [11, 13]. This implies very hard conditions of operation for the 
switching components of the converter because of the limited rate values of the 
voltage and current of these components. For this reason the switching frequency 
must be reduced and, in consequence, the power quality is also reduced [15, 16]. 
 

b) Permanent-Magnet Synchronous Generator (PMSG) 
 
In Fig.1.2 a permanent magnet synchronous generator connected to a three phase 
diode rectifier followed by a boost converter is presented [15, 16]. In this 
configuration the boost converter regulates the electromagnetic torque. The supply-
side converter maintains constant the level of the dc link voltage and controls the  
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input power factor. The advantage of the diode rectifier is that the energy can only 
flow from the generator to the DC side, however, it gives rise to current distortion  
and a lagging power factor [12-15,17]. 
 

 
Fig.1.2 Permanent-Magnet Synchronous Generator with a Boost Chopper [9] 

 
Other scheme is shown in Fig.1.3 where the diode rectifier and the chopper are 
replaced by a PWM rectifier between the generator and the grid-side inverter. 
 

 
Fig.1.3 Permanent-Magnet Synchronous Generator with PWM converter [9]. 

 
To achieve full control of the grid current, the DC-link voltage must be boosted to a 
level higher than the amplitude of the grid line-line voltage. The power flow of the 
grid side converter is controlled in order to keep the DC-link voltage constant, while  
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the control of the generator side is set to suit the magnetization demand and the 
reference speed [21]. The use of a controlled rectifier allows several advantages. 
The PMSG current may be controlled to be sinusoidal, thus avoiding the above-
mentioned problems related with the usage of a diode rectifier. The amplitude of the  
voltage may be controlled to match the grid voltage, independent of shaft speed. 
Especially, the PMSG is more isolated from the grid, making it possible to control 
fault currents in the PMSG, arising from external faults in the grid. The use of the 
inverter effectively decouples the generator from the grid [22]. This also removes 
the need for special starting and synchronising equipment for the PMSG. The system 
may operate at any power angle, without losing synchronism. 
Direct-drive applications are on increase because the gearbox can be eliminated. As 
compared to a conventional gearbox-coupled wind-turbine generator, a direct-drive 
generator has reduced the overall size, has lower installation and maintenance cost, 
has a flexible control method and quick response to wind fluctuations, and load 
variation. For small wind turbine, permanent magnet synchronous machines are 
more popular because of their higher efficiency, high-power density, and robust 
rotor structure as compared to induction and synchronous machines. A number of 
alternative concepts have been proposed for direct drive electrical generators for 
use in grid-connected or stand alone wind turbines [29]. 
 
 
     1.2.2 Induction Generators 
 
             a) Doubly Fed Induction Generator (DFIG) 
The wind power applications the doubly-fed induction generator with two back-to-
back inverters in the rotor circuit is a proved, robust and widely considered solution 
having in the present 47% of the world market share of wind turbine concepts and 
the market is growing. 
The wind power generation system shown in Fig.1.4 consists of a doubly fed 
induction generator (DFIG), where the stator winding is directly connected to the 
network and the rotor winding is connected to the network through two back-to-
back PWM-VSI. 

 
Fig.1.4 WGS with Variable Speed Doubly Fed Wound Rotor Asynchronous Generator [11] 

 
The task of the rotor side converter is to control electromagnetic torque and to 
supply the reactive power to maintain the magnetization of the machine. The grid-
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side inverter keeps the dc-link voltage constant and regulates the active and 
reactive power delivered by WGS to network [23-28].  
There are some advantages and drawbacks in using DFIG in WGS as: 

• The main benefit of this system is reduced cost of the inverter rating 
typically 25% of the total system power because the inverter only needs to 
control the “slip” power of the rotor [7].   

• Also the first advantage implies a reduced cost of the inverter filter and EMI 
filters, because filters rated for 0.25 p.u. total system power, and inverter 
harmonics represent a smaller fraction of total system harmonics [7]. 

•  Another advantages are the robustness and stable response of this machine 
facing   against external disturbance [11]. 

• The major drawback is that the machine must be excited by the supply 
system because it can’t produce the magnetic energy by itself. This implies 
that its operation characteristics are very strongly dependent on the network 
characteristics (stability, grid short-circuit power...). 

• This type of WGS always needs a gear box between the generator and the 
turbine because a multipole asynchronous machine will require a big size. 

•  The use of slip rings is another drawback of this system because requires 
periodic maintenance especially at sea shore sites. 

Another DFIG configuration was introduced by Danish manufacturers Vestas and 
Nordic Windpower, which is the semivariable-speed turbine, in which the rotor 
resistance of the squirrel cage generator can be varied instantly using fast power 
electronics. So far, Vestas alone has succeeded in commercializing this system 
under the trade name OptiSlip®. A number of turbines, ranging from 600 kW to 2.75 
MW, have now been equipped with this system, which allows transient rotor speed 
increases of up to 10% of the nominal value. In that case, the variable-speed 
conditions are achieved dissipating the energy within a resistor placed in the rotor, 
as shown in Fig.1.5. The disadvantages are the configuration still needs a reactive 
power compensation system, the control of active and reactive power.  
The efficiency of the system decreases when the slip increases and speed control is 
limited to a narrow margin.  
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Fig.1.5 Doubly fed induction machine controlled with slip power dissipation in an internal 

resistor.[29] 
 
Another configuration for a WGS using a DFIG is shown in Fig.1.6 with a dc-
transmission link. 

 
Fig.1.6 Doubly-fed Full Controlled Induction Generator [9] 

 
This type of WGS offers the possibility to control the voltages and frequencies of the 
rotor and stator, consequently this system provide a higher flexibility on the control 
system than the conventional doubly-fed induction generator shown in Fig. 1.4. In 
addition, this WGS has been considered for offshore sites, which are connecting to 
land gateway by submarine cables [30]. 
In order to avoid the maintenance issues of DFIG, other electrical machine called 
Brushless Doubly Fed Asynchronous Generator (BDFAG) is proposed. This machine 
is characterized by two independent three-phase stator windings: the power winding 
and the control winding. 
 
The power winding is directly connected to electric grid, so it works with constant 
frequency (fp=50Hz), whereas the control winding is fed with a variable frequency 
through a power electronic converter (Fig 1.7). 
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Fig.1.7 Operational scheme of a Variable Speed Generation System with BDFAG [11] 

 
 
 b)    Squirrel Cage Induction Generator (SCIG) 
 
A WGS equipped with squirrel cage induction generator is shown in Fig.1.8. The 
stator winding is connected to the grid through to back-to-back PWM VSI inverters. 
The stator-side converter controls the electromagnetic torque and supplies the 
reactive power to maintain the machine magnetized, while the supply-side converter 
keeps the Dc-link voltage level constant and regulates the active and reactive power 
delivered by the WGS to the utility grid [32-40]. 
 

 
Fig.1.8 Variable Speed Squirrel Cage Induction Generator [9] 

 
 
 
 
This type of WGS has some important advantages over the other to be used in 
micro-wind generator system such: 
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• Rotor mechanical simplicity, high efficiency and low maintenance 
requirements 

• Fast transient response is possible [31]. 
• The inverter can be operated as a VAR/harmonic compensator when spare 

capacity is available [31]. 
• Nevertheless when using an asynchronous machine in small size WGS, the 

use of the gearbox can be avoided. This is because the optimal speed of 
wind turbines is around the 500-800 rpm range, and consequently, direct 
drive wind turbine generators can be reached employing an electrical 
machine with reasonable number of pole pairs [32]. 

The drawbacks of this system are: 
• The stator-side converter must be oversized 30-50% with respect to rated 

power, in order to supply the magnetizing requirement of the machine [11]. 
•  The full load power factor is relatively low due to the magnetizing current 

extracted from the grid by the stator winding. At high wind speeds the 
generator can produce more active power with the price of the more reactive 
power drawn from the grid. And the amount of the reactive power is 
uncontrollable because it is varying with the wind conditions. 

• Complex system control (FOC) whose performance is dependent on the 
good knowledge of the generator parameter that varies with temperature 
and frequency [30]. 

The squirrel-cage induction generator can be used both in fixed-speed wind turbines 
and in full variable-speed wind turbines (with bidirectional full-load back-to-back 
power converter). 
 
1.3 The power electronics 
 
Power electronics is a rapidly developing technology. Improvements in the 
performances and reliability of power semiconductors with better electrical 
characteristics and lower prices made them available in wind applications. The 
IGBTs are now the main components for power electronics in wind-turbine 
applications. They are now mature technology turn-on components adapted to a 
very high power (6 kV–1.2 kA), and they are in competition with gate turn-off 
thyristors (GTOs) for high power applications [41]. 
 
          1.3.1 Diode rectifier 

 
Fig.1.9 Diode rectifier 

 
 
 
The main topology is with six diode rectifier (Fig.1.9). This configuration it is simple 
and allows only one quadrant, operation when no control before Dc is needed, with 
the price of high current harmonic content on the grid-side. One of the methods to 
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improve the power quality is to increase the Dc voltage level. This could be done by 
using boost chopper (Fig.1.10).  
 

 
Fig.1.10 Step-up converter in the rectifier circuit and full power inverter topology used in wind-

turbine applications. [29] 

 
  1.3.2 The back-to-back PWM-VSI   
 
The back-to-back PWM-VSI is a bidirectional power converter consisting of two 
PWM-VSI  as is shown in Fig.1.11. 

 
Fig.1.11 The back-to-back  PWM-VSI topology [29] 

 
One of the technical advantages of this configuration is the capacitor decoupling 
between grid-side inverter and machine-side inverter. This decupling offers the 
possibility of separate control for each inverter. The objective of the dc link is to act 
as energy storage, so that the captured energy from the wind is stored as a charge 
in the capacitors and may be instantaneously injected into the grid. 
 The presence of the Dc link capacitor is considered a drawback in some papers [42] 
since it is heavy and bulky and reduces the overall lifetime of the system. 
 
 
 
 
Another drawback is the switching losses since this configuration implies two 
inverters. The high switching speed to the grid may also require extra EMI-filters. 
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1.3.3 High-Power Medium-Voltage Converter Topologies: 
 
In order to decrease the cost per megawatt and to increase the efficiency of the 
wind-energy conversion, nominal power of wind turbines has been continuously 
growing in the last years [43]. 
Trends on wind-turbine market are to increase the nominal power (some 
megawatts) and due to the voltage and current ratings. This makes the multilevel 
converter suitable for modern high-power wind-turbine applications (Fig.1.12). The 
increase of voltage rating allows for connection of the converter of the wind turbine 
directly to the wind-farm distribution network, avoiding the use of a bulky 
transformer [44]. 
The different proposed multilevel-converter topologies can be classified into the 
following five categories [45]: 
       1) multilevel configurations with diode clamps; 
       2) multilevel configurations with bidirectional switch interconnection; 
       3) multilevel configurations with flying capacitors; 
       4) multilevel configurations with multiple three-phase inverters; 
       5) multilevel configurations with cascaded single-phase H-bridge inverters. 
 

 
Fig.1.12 Multilevel back-to-back converter for a direct connection of a wind turbine to the 

utility grid.[44] 
 

The main advantages of using multilevel converters for large electric drives include 
the following [45]:   
    a) They are suitable for large voltampere-rated and/or high voltage motor drives. 
    b) These multilevel converter systems have higher efficiency because the devices 

can be switched at minimum frequency. 
    c) Power factor is close to unity for multilevel inverters used as a rectifier to 

convert generated ac to dc. 
    d) No EMI problem or common-mode voltage/current problem exists. 
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e) No charge unbalance problem results when the converters are in either charge 
mode (rectification) or drive mode (inversion).  

The most commonly reported disadvantage of the multilevel converters with split dc 
link is the voltage unbalance between the capacitors that integrate it [44].  
Numerous hardware and software solutions are reported: the first one needs 
additional components that increase the cost of the converter and reduce its 
reliability; the second one needs enough computational capacity to carry out the 
modulation signals. Recent papers illustrate that the balance problem can be 
formulated in terms of the model of the converter, and this   formulation permits 
solving the balancing problem directly modifying the reference voltage with a 
relatively low computational burden [46], [47]. 
Another drawback of some multilevel topologies is the necessity to obtain different 
dc-voltage independent sources needed for the multilevel modulation. The use of 
low-speed permanent-magnet generators that have a large number of poles allows 
obtaining the dc sources from the multiple wounds of this electrical machine, as can 
be seen in Fig.1.13. The continuous reduction of the cost per kilowatt of PEBBs is 
making the multilevel cascaded topologies to be the most commonly used by the 
industrial solutions [29]. 

 
Fig.1.13 Five-level cascaded multilevel converter connected to a multipole low-speed wind-

turbine generator.[29] 
 
In this case, the power-electronic building block (PEBB) can be composed of a 
rectifier, a dc link, and an H-bridge [29]. 
 
1.4 Conclusion  
 
In this first chapter a review of existing systems with variable speed generators is 
presented. There are both, solutions being in series production and also 
noncommercial solutions, but possible candidates in the future for renewable energy 
generating systems. 
Variable speed generators are attractive for wind turbines for a number of 
reasons: it will reduce the mechanical stress in the gearbox, increase the amount of 
energy captured from the wind and improve the controllability of the active and  
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reactive power, which becomes more and more important in respect to integrate the 
wind turbines into the grid. The control system may incorporate very efficient 
control algorithms of the dynamics of the electromagnetic torque developed by the 
electrical generator, the way that, the excess or default of energy coming from the  
wind oscillations, can be stored in the rotating mass of the turbine-generator units. 
This can eliminate the wind power plant short-term fluctuations and contributes to 
maintain the voltage quality in the network connection point. 
In the small and medium wind turbine systems both the SCIG and PMSG have been 
used while for large size wind turbine systems both DFIG and SG are preferred. The 
back-to-back four-quadrant PWM-VSI converter is preferred because the PWM 
modulation reduces the current harmonic component in the input and output of the 
system. As a result, it reduces the torque pulsation on the generator and allows 
improving the output power quality. 
Permanent magnet synchronous generators (PMSG) with two back-to-back inverters 
are good candidates for wind power applications for number reasons: four quadrant  
control at variable speed with ± 100% active and reactive power capabilities, high 
efficiency reasonable cost and high flexibility.  
The following chapters will deal only with the vector control of PMSG. 
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Chapter 2 
 
Motion sensorless variable speed PMSG control 

at power grid 
 
Abstract – In this chapter, a rather simple motion –sensorless control strategy for 
an optimal extraction of output power from grid connected variable speed wind 
energy conversion is presented. The armature current vector of the PMSG is 
controlled according to the generator speed in order to maximize the generated 
power from the wind turbine. The surface mounted PM rotor (Ld=Lq) with fractionary 
windings, low speed PMSG is controlled by the loss-minimization iq control and the 
supply-side converter is controlled at unity power factor. The proposed position and 
speed estimators are described in detail.  
 
2.1 Introduction 
 
Recently, wind generation systems have been attracting great attention as clean 
and safety renewable power sources.  In the wind generation system, the variable-
speed generation system is more attractive than the fixed-speed system because of 
the improvement in wind energy production and the reduction of the flicker problem 
by the variable-speed generation [1]-[5]. In the variable-speed generation system, 
the wind turbine can be operated at the maximum power operating point for various 
wind speeds by adjusting the shaft speed optimally. In order to achieve the 
maximum power point tracking (MPPT) control, various control schemes has been 
studied. For example, a search-based or perturbation-based strategy, fuzzy logic 
control [4] and a wind speed estimation based algorithm [6] have been applied.   
In general, permanent magnet technology provides several advantages over 
conventional solutions. The speed of a permanent magnet motor can be regulated 
without the need for gears, and very high torque can be achieved at low speeds. 
Therefore generators can be smaller, higher output levels can be achieved without 
the need to increase the size of the generator. 
Permanent magnet synchronous motors (PMSMs) are widely used in many 
applications as high-performance variable-speed drives. There are a few topologies 
of converters used for variable speed generation: with PMSG connected to three 
phase rectifier followed by boost converter; in other schemes PWM rectifier is placed 
between generator and the DC-link and PWM inverter is connected to the grid [1]. 
The wind energy conversion system presented in this chapter consists of a low 
speed, fractionary windings PMSG driven by a fixed pitch wind turbine connected 
through the gearbox with gear ratio 2:1, two back-to-back PWM inverters and a RL 
filter as is shown in Fig. 2.1.  This chapter is organized as follows: section 2.2 and 
2.3 presents the mathematical model of wind turbine and the PMSG, section 2.4 
discusses the supply-side converter vector control.  The proposed rotor position and 
speed estimation methods are shown in Section 2.5. In Section 2.6, the proposed 
sensorless control of PMSG is presented and the validity of the proposed method is 
confirmed through simulations in Section 2.6. The test platform and preliminary 
results are show in Section 2.7. The conclusions are presented in Section 2.8. 
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Fig.2.1 Wind energy conversion system 

 
 
2.2. Mathematical  model of wind turbine 
 
 
A wind turbine is characterized by the non-dimensional curve of coefficient of 
performance Cp as a function of tip-speed ratio λ, defined as: 

  
ω

λ = tR
v

                                            (2.1) 

where  Rt - radius of the wind turbine rotor (m) 
            ω - wind turbine rotor velocity  (rps)   
            v  - velocity of the wind (m/s) 
For the wind turbine used here, Cp as a function of λ is expressed by the following 
equation and it is shown in Figure 2.2 It can be noticed that Cp is maximum for 
λ=3.75. 
 

λ λ λ λ λ= + − + −2 3 4 5
pC 0.0284 0.119 0.1508 0.0679 0.0089   (2.2) 

The output power of the wind turbine may be calculated as: 
 

( ) 2 3
t p t

1
P C R v

2
λ ρπ=        (2.3) 

where ρ is air density (kg/m3) 
 
The torque developed by the wind turbine can be written as: 
 

( )
π p3 2

t t
C λ1

T = ρ R v
2 λ

       (2.4) 
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Fig.2.2 Cp versus λ characteristic 

 
For optimum energy extraction, the speed of the turbine should be varied with the 
wind speed so that the optimum tip-speed ratio is maintained.   

Fig.2.3 depicts the characteristics of wind turbine for different wind velocities for 
the simulated wind turbine. 
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Fig.2.3  Power versus speed characteristics for various wind speeds 
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2.3. Permanent magnet synchronous generator 
 
The generator is factionary windings, equipped with surface mounted permanent 
magnets (Ld=Lq). Here, since the direction of energy is defined on the basis of an 
electric motor, all variables are defined as generator variables when negative torque 
is applied to a permanent magnet synchronous motor (PMSM) is applied.  Thus, it is 
modeled by the following voltage equations in the rotor reference frame (Park’s 
transformation in dq axes)[7]: 

λ
ω λ= + ds

ds s ds r qs

d
V R i -

dt
       (2.5) 

λ
ω λ= + +qs

qs s qs r ds
d

V R i
dt

      (2.6) 

λ λ= Ψ + =ds PM s ds qs s qsL i ,  L i       (2.7) 

where λdqs dqs dqsV ,i , , are d, q axis voltages, currents and flux linkages respectively. 

The electrical angular velocity rω , is calculated by: 

ω
= r

e t
dJ

T - T
p dt

        (2.8) 

where J is the combined moment of inertia of generator and the turbine, p is the 

number of pole pairs, tT  is the mechanical torque of the turbine and eT  the 

electromagnetic torque, given by: 

( )λ λ=e qs qsds dsT p i i
3
2

-        (2.9) 

For generating iqs<0, Vds>0 and Vqs>0. 
 
 
2.4. Control of supply-side PWM converter 
 
The task of the grid-side converter (GSC) is to keep dc-link voltage constant. A 
vector-control approach is used, with reference frame orientated along the supply 
voltage vector position, enabling independent control of the active and reactive 
power flowing between grid and supply-side converter [9]. The PWM converter is 
current controlled, with the direct axis current used to regulate Dc-link voltage, 
meanwhile the quadrature current component used to regulate the power factor.  
   The voltage balance for line inductor for three-phase system without a neutral 
connection (Fig.4) can be written as [10]: 
 

⎡ ⎤
⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ − = +⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎢ ⎥⎣ ⎦

*
sa a aA
*
sb B f b f b
* C c csc

V i iV
d

V V R i L i
dt

V i iV

                (2.10) 

where Lf, Rf are the filter parameters, ia, ib, ic are the phase currents and 

sa scsbV  V  V* * *, , the phase voltages that should be produced by the grid inverter. The  
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inductor has to be carefully designed because low inductance will result in a high 
current ripple. A high value of inductance will give a low ripple, but simultaneously 
will reduce the operation range of the converter.[10] 
Those voltages can be calculated using Dc. link voltage and duty cycles as: 
 

⎡ ⎤
⎡ ⎤⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥⎢ ⎥ = ⎢ ⎥⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎢ ⎥⎣ ⎦

*
sa a
* dc
sb b
* csc

V d- -
V

V - - d
- - dV

2 1 1
1 2 1

3
1 1 2

                (2.11) 

Using complex vector notation, the model for the plant in stationary reference frame 
is transformed to synchronous reference frame by substituting the “s” operator with 
“s-jω

grid
” [10]: 

*
1 -d

d d f d f f q
diV V R i L L i
dt

ω− = +                 (2.12) 

*
1

q
q q f q f f d

di
V V R i L L i

dt
ω− = + +                (2.13) 

The dc voltage controller is a proportional-integral (PI) unit which receives as 

input the reference V
dc

* 
and the measured dc voltage V

dc
, and output the reference 

current, Id
*, in synchronous frame. 

 

_* *
_( )( )i Vdc

d p Vdc dc dc

k
I k V V

s
= + −                (2.14) 

Controller gains are constant, k
p_Vdc 

= 10 and k
i_Vdc 

= 50, tuned for slow dynamic 

response, which is desirable in order to avoid interference between the current and 

voltage controllers. The dc. voltage reference is constant, =*
dcV V700 .   

The current controller is a feedback controller which provides pole zero-cancellation 
for the R-L plant with decoupling of cross-coupling and feed-forward voltage 
compensation [10]. 
 

ω= + − + +* *i
p grid fdq dq

k
V (k )(I I ) j L I V

s
              (2.15) 

where = +d qI I jI is filter current and = +d qdqV V jV measured grid voltage vector 

respectively. 
A block diagram of the current control loop in synchronous reference frame including 
the controller (2.15), grid inverter and Rf-Lf plant (2.12, 2.13) is shown in Fig.2.4. 
The grid-side inverter was modeled as a pure delay of two sample periods.  
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Fig.2.4 Block diagram of the grid current controller  

 

The reference for the current controller is = +* * *
d qI I jI . The active reference current, 

*
dI , is the output of the voltage controller while the reactive current, *

qI , is set to 

zero in order to achieve unity power factor. The filter current is measured and then 
transformed in synchronous reference frame. 
The transfer function of current control loop is: 
 

+
=

+ + +

p i
crt

f f p i

k s k
H (s)

s L s R k s k4 3
                (2.16) 

 

 
Fig.2.5 Frequency response of the current control loop in synchronous reference frame 
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The frequency response of the current control loop is shown in Fig.2.5 and it was 
obtained for kp=10 respectively ki=2500. 
A PLL observer is used to estimate the phase of the grid voltage vector Vgrid in order 
to maintain the synchronism of the line inverter voltages. In essence the angle 
estimation error, Δθ=θgrid-θ can be obtained from the imaginary component of the 
product Im(Vgrid,V1

#) where V1
# is unity vector. 

 
θ θ

β β= = + =gridj j
gridV Ve V jV ,     V e1               (2.17) 

( )#
1sin Im( )/ cos sin /gridV V V V V Vβ αΔθ Δθ θ θ≅ = ⋅ = −               (2.18) 

where the superscript # refers to the vector conjugate operator, θgrid is the grid 
voltage angle,  θ is the inverter voltage angle that is the estimation of θgrid and V is 
the rms value of the grid voltage.  
   In PLL from Fig. 2.5b, the PI controller output is the inverter frequency ω, which is 
integrated to obtain the inverter angle θ. 

( )( / ) cos sin /grid p ik k s V V Vβ αω θ θ= + − , θ ω= ∫ griddt ,            (2.19) 

where kp = 7 and ki = 1000 are the PI controller gains. 
The control scheme of the grid-side converter is shown in Fig.2.6.  
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Fig.2.6 Grid-side inverter control 
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2.5. Machine side converter control 
 
The configuration of the proposed motion-sensorless control system for PMSG is 
depicted in Fig.7.The machine- side converter is speed controlled along q-axis. The 

reference *
_q geni  (see Fig.7) is obtained from speed control loop as output of PI 

controller, which has as input the error between the reference speed, *
rω , and 

estimated rotor speed, 
^

rω . 
^* *

_ _ _( / )( )q gen p crt i crt r ri k k s ω ω= + − _ 25p crtk =                (2.20) 

 
where  =p _crtk 25 , =i _crtk 20000 are the PI gains. 

The speed reference is given by: 
 

⋅opt wind*
r

t

λ v
ω =

R
                                                              (2.21) 

where  vwind  is the measured wind speed. 
In order to avoid power fluctuations caused by wind gusts a first order low pass 

filter with transfer function  
1

0.25s+1
  is used. 

The commanded magnetizing current, *
_d geni  in Fig.2.7, is set to zero to operate at 

max. torque/ current (typical for surface PM rotors). 
The current controllers are implemented in rotor reference frame and produce the 

reference voltage vector, = +d gen q gengenV V jV* *
_ _ : 

 

ω= + − +* *
d _gen p _crt i _crt d _gen d _gen r q _gen sV (k k / s)(i i ) i Lˆ            (2.22) 

 

ω λ= + − − +* *
q p _crt i _crt q _gen q _gen r d _gen s PMV (k k / s)(i i ) (i L )ˆ          (2.23) 
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Fig.2.7 Motion sensorless of PMSG 
 
The proposed motion sensorless control algorithm is depicted in Fig.2.8. The stator 

flux estimator sλ , based on voltage model in stator reference frame, employs an 

integrator in close loop with a PI controller to compensate the dc-offset.  
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e
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Fig.2.8 Proposed estimation algorithm 
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The stator flux vector is obtained using the integrator with the corrections from the 

PI controller to integrate the emf vector e : 

•
= = − −∫λ

^
ss s compSˆ e (V i R V )dt                (2.24) 

The stator vector voltage Vs is reconstructed from the duty cycles da, db, dc of the 
voltage source-inverter and the measured dc-link voltage Vdc: 

 

α β= + = − − + −
^

dc a b c dc b csV V jV V ( d d d ) / jV (d d ) /2 3 3             (2.25) 

 The estimated rotor flux ˆ
rλ  is obtain using ˆ

sλ  and the measured stator current 

si : 

 λ λ= − s sr sˆ ˆ L i                             (2.26) 

A phase-locked loop (PLL) state-observer (Fig.2.9) extracts the phase of λrˆ  vector 

to estimate the rotor position r̂θ  and speed ˆ rω . The PLL error ˆ
r rθ θ θΔ = −  is 

obtained from the imaginary part of the vector product λ λrˆIm( , )1  where: 
θ θ

α β

λ λ λ λ λ θ θ−= = + = = −r r̂j j

r 1
r r r r r

ˆ ˆ ˆ ˆ ˆe j ;   e cos j sin                          (2.27) 

β αθ θ λ λ λ θ λ θ≅ = = −r r r rrˆ ˆ ˆ ˆ ˆsin Im( , ) cos sin1Δ Δ              (2.28) 

In PLL from Fig. 2.9, the PI controller output is the PMSG speed 
^

rω , which is 

integrated to obtain the rotor position 
^

rθ . 

α βω λ θ λ θ λ
⎛ ⎞

= + −⎜ ⎟⎜ ⎟
⎝ ⎠

^ ^ ^ ^ ^
r p i r r r r PM(k k / s) cos sin / , θ ω= ∫

^ ^
r r dt ,           (2.29) 

^

rθ

^

rje θ−

θΔ
^

rλ ^

rω

 
Fig. 2.9 PLL observer for speed and position 

 

The PI controller gains are selected as _ 20p PLLk = , _ 10000i PLLk = . 
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The correction term compV is the output of the PI controller which has as input the 

error between the estimated rotor flux
^

rλ , obtained from the voltage model and the 

rotor flux 
'^

rλ  calculated as: 

α βλ λ λ λ θ θ= + = +
'̂ ^ ^

' '
r rr r PMr j (cos j sin )             (2.30) 

α β λ λ= + = + −
'^ ^i _comp

comp comp p _compcomp r r
k

V V jV (k )( )
s

           (2.31) 

The PI controller gains are selected as =p _compk 40 , =i compk 800_ . 

 
2.6. Simulation results 
 
The proposed control algorithm was implemented in Matlab/Simulink with the 
simulation step equal with 100µs. 
The PMSG parameters are illustrated in Table I, respectively the R-L filter and wind 
turbine parameters in Table II, III. 
 

Table I 
PMSG parameters 

Stator resistance per phase Rs 2.6 Ω 
Inductance                          Ls 0.04  H 
Number of pole pairs         p 34 

Rotor permanent–magnet flux (λPM) 0.2 s·rad-1 
Inertia coefficient              J 2  kg·m2 

 
Table II 

R-L filter parameters 
Lf 0.00125 H 
Rf 0.33 Ω 

 
 

Table III 
Air density         ρ 1.225 (kg/m3) 

Radius of the wind turbine Rt 1.2 (m) 
Gear  ratio 2:1 

 
As initial conditions the dc-link voltage across the capacitor is 700 V. The 
performances of the proposed wind energy conversion system have been 
investigated under two different wind profiles. The first (Fig.2.10) presents a 
medium wind speed ramp variation. It can be noticed the tip-speed is maintained at 
λopt for steady state. 
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Fig.2.10 Ramp variation of wind speed 

 
Fig. 2.11 Tip- speed-ratio 

 
Fig. 2.12 Power delivered by wind turbine (Pt) and output power (Pnetwork) for wind speed 

ramp variation 
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Fig. 2.13 a) Actual rotor speed [rpm]; b) estimated rotor speed [rpm] 

 
Fig. 2.14 Rotor speed estimation error [rpm] 

 
Fig. 2.15 a) Actual rotor position [rad]; b) Estimated rotor position [rad] 
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Fig. 2.16 Rotor position estimation error [elec deg] 

 
Fig. 2.17 Dc-link voltage [V] 

 
Fig. 2.18 Grid-side phase A and its current  
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The power extracted by the wind turbine (Pt) and output power delivered in the 
network (Pnetwork) are show in fig.2.12. The actual and estimated rotor speed are 
depicted in Fig.2.13 a, b, respectively the error between those in Fig.2.14. During 
entire simulation period there is a very close agreement between the estimated and 
the actual rotor speed, showing a good tracking performance and good estimation 
results (Fig.2014). The actual and estimated rotor position and the estimation error 
are shown in Fig.2.15a,b respectively Fig.2.16. The dc-link voltage (Fig.2.17) is kept 
constant for any wind speed variation. The grid A-phase and its anti-phase current 
are illustrated in Fig.2.17.  

 
Fig.2.19 Typical wind speed [m/s] 

 
Fig.2.20 Tip-speed ratio 

 
 

BUPT



                                                                           2.6 Simulation results  

 
 

43 

 

 
Fig.2.21 a) Actual rotor speed [rpm]; b) estimated rotor speed [rpm] 

 
Fig.2.22 Rotor speed estimation error [rpm] 

 
Fig.2.23 a) Actual rotor position [rad]; b) estimated rotor position [rad] 
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Fig.2.24 Rotor position estimation error [elec deg] 

 
Fig.2.25 Power delivered by wind turbine (Pt) and output power (Pnetwork) for typical wind speed 

variation 
 

Other simulations were performed for a real wind measured data (Fig.2.19). Again 
the tip-speed is maintained at λopt (Fig.2.20). The estimated and actual rotor speed 
respectively actual and estimated rotor position and the error between them are 
shown in Fig. 2.21-24. A good tracking performance of speed/ position observer 
used for motion-sensorless control of PMSG is notable. The power extracted by 
turbine (Pt) and output power delivered in the network, (Pnetwork) are illustrated in 
Fig.2.25. 
 The cancellations of Dc-offset, the errors of flux –initial positions and variation of 
machine parameters are investigated. 
 
 
  

BUPT



                                                                           2.6 Simulation results  

 
 

45 

 
The DC signal is applied to integrator input =dce .  V0 1 . In Fig. 2.26 shows the 

estimated rotor flux in two case scenarios; first (Fig.2.26a) represent the estimated 
rotor flux obtained from ideal integrator without DC offset cancellation. In the 
second case  
(Fig.2.26b) illustrates the estimated rotor with compensation loop and proves the 
DC- drift cancellation.   

 

 

Fig. 2.26 Drift cancellation (1-
^

pmαλ , 2-
^

pmβλ ); a)ideal integrator ; b) integrator with loop 

compensation  
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Fig.2.27 proves the error cancellation of flux-initial position of 
^

rλ versus ideal 

integrator.   

 

 

Fig. 2.27 Rotor flux initial position error cancellation (1-
^

pmαλ , 2-
^

pmβλ )  ;a) ideal integrator; 

b) integrator with compensation loop 
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Fig. 2.28 Estimated rotor flux (1-
^

pmαλ , 2-
^

pmβλ ) for Rs step change a) ideal integrator; b) 

integrator with compensation loop 
 
An ideal step change from 2.6Ω to 3.9Ω in rotor resistance was simulated at time 
t=1s in Fig. 2.28. It can be noticed that the estimated rotor flux obtained with an  
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ideal integrator (Fig. 2.28a) goes into saturation while with compensation loop it’s 
kept constant after a short transient period.    
 
2.7. The test platform and preliminary results 
 
The electrical block-diagram of the test platform is shown in Fig. 2.30. For driving 
the WECS a 10kW/1500 rpm induction motor is used. The motor was supplied from 
a SN=25 kVA ABB ACS600 bidirectional inverter. The GSC and MSC in Fig. 2.30 are 
two VLT 5004, SN=4.2kVA (Danfoss Drives) inverters.  The control and acquisition 
unit is DS 1103, Dspace GmbH. 
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Fig. 2.30   Test platform 
 
For testing the control of the grid-side converter, some experiments have been 
already carried out. In Fig. 2.31, a few step changes of DC link voltage from 600V to 
630V are shown. The reference DC voltage (Vdc*) and measured DC voltage (Vdc) in 
Fig. 2.31 show fairly good response. 
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Fig. 2.31 Reference Dc voltage(Vdc*) and measured DC voltage (Vdc) for  step changes from 

600V to 630V 
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2.8. Conclusion  
 
A variable-speed wind generation system using and low speed, fractionary windings 
PMSG has been discussed in this paper. A strategy for an optimal extraction of 
power is presented. The PMSG is driven by the sensorless control strategy and, 
thus, the mechanical sensors such as rotor speed sensor and position sensor can be 
eliminated. Simulations confirm that the proposed method gives a good tracking 
performance for different wind speeds and robust cancellation of the DC-offset, 
error in flux initial-position and machine parameter variations. 
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Chapter 3 
 
 
Voltage Sags Ride-Through of Motion Sensorless 

Controlled PMSG for Wind Turbines 
 
 
Abstract –This chapter describes a variable-speed motion-sensorless permanent 
magnet synchronous generator (PMSG) control system for wind energy generation. 
The proposed system contains a PMSG connected to the grid by a back-to-back 
PWM inverter with bidirectional power flow, a line filter, and a transformer. The 
control system employs PI current controllers with cross-coupling decoupling for 
inverters, an active power controller, and a DC link voltage controller. The PMSG 
rotor speed without using emf integration, and the line voltage frequency are 
estimated by two PLL based observers. A D-module filter is used to robustly 
estimate the grid voltage positive-sequence for control in the case of asymmetric 
voltages. The chapter investigates the ride-through performance of this system 
during asymmetric power grid voltage sags. Design details for various parts of the 
control system are presented, together with experimental results for single-, two-, 
and three-phase voltage source sags. Smooth transition through asymmetric 
voltage sags is demonstrated by all experiments. 
 
3.1 Introduction 
 
Nowadays, fossil fuel is the main energy supplier of the worldwide economy, but 
the recognition of it as being a major cause of environmental problems makes the 
mankind to look for alternative resources in power generation. Moreover, the day-
by-day increasing demand for energy can create problems for the power 
distributors, like grid instability and even outages. The necessity of producing more 
energy combined with the interest in clean technologies yields in an increased 
development of power distribution systems using renewable energy [1]. 
Among the renewable energy sources, hydropower and wind energy have the 
largest utilization nowadays. In countries with hydropower potential, small hydro 
turbines are used at the distribution level to sustain the utility network in dispersed 
or remote locations. The wind power potential in many countries around the world 
has led to a large interest and fast development of wind turbine (WT) technology in 
the last decade [2] (see Fig.3.1). 
A study from European Wind Energy Association [4] estimates that wind is capable 
of delivering 12% from the electricity consumption by 2020 and in excess of 20% by 
2030. According with International Energy Agency in the last decade wind power 
had one of the highest average annual growth rates among renewable sources [5]. 
On the same time the wind turbines become in the last decade bigger and bigger 
and currently single units up to 5 MW are commercially available. Europe seems to 
lead at this moment the penetration of the wind power into the electrical network, 
Denmark  
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Fig.3.1 Installed capacity worldwide from 1997-2006 and prediction [3]   

 
northern Germany having the highest level of penetration. In 2006 more than 20% 
from the total electricity consumption in Denmark was provided by the wind power. 
Spain and Ireland as well as Great Britain will install more wind power in the near 
future. The future development of wind power is also expected in Canada, Australia 
and Japan. 
However, in order to achieve objectives as continuity and security of the supply a 
high level of wind power into electrical network implies new challenges as well as 
new approaches in operation of the power system. Therefore some countries have 
issued dedicated grid codes for connecting the wind turbines/farms to the electrical 
network addressed to transmission and/or distributed system. In most of the cases, 
e.g. Denmark, Germany, Ireland these requirements have focus on power 
controllability, power quality, and fault ride-through capability. Moreover, some grid 
codes require grid support during network disturbances e.g. Germany and Spain. 
Denmark has the most demanding requirements regarding the controllability of the 
produced power.  
Wind farms connected at the transmission level shall act as a conventional power 
plant providing a wide range of controlling the output power based on Transmission 
Network Operators demands and also participation in primary and secondary 
control. The power quality requirements are very demanding in respect with flicker 
emission as well as the harmonic compatibility levels for voltages especially at 
Distribution System level comparing with relevant standards. All existing grid codes 
require fault ride- through capabilities for wind turbines. Voltage profiles are given 
specifying the depth of the voltage dip and the clearance time as well. 
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To enable large-scale application of wind energy without compromising power 
system stability, the turbines should stay connected and contribute to the grid in 
case of a disturbance such as a voltage dip, sags. They should similar to 
conventional power plants supply active and reactive power for frequency and 
voltage recovery, immediately after the fault has been cleared [6]. 
A number f papers have been published to investigate the dynamic behaviour and 
protection of DFIG under faults [7, 8]. They demonstrated that over-current and 
over speed phenomenon of DFIG under voltage sags. A traditional scheme to 
protect rotor side circuit under voltage sags was to short circuit the rotor circuit the 
rotor windings with a so called “ thyristor crowbar” [9]. The thyristor crowbar is 
enabled when the rotor current exceeds a certain limit. The crowbar is connected 
until to the rotor windings until the stator is disconnected from the grid. The 
crowbar is made of anti-parallel thyristors or diode bridge with thyristor but this 
method is not suitable for the new grid codes. An active crowbar is full controlled 
switch utilizing IGBTs [10]. The generator is not tripped any more as the active 
crowbar can be disabled regaining the control. However high current oscillations 
occur when the active crowbar is disabled. In [11] the idea was to limit the high 
rotor current via a set of thyristors controlled by pass resistors. Other protection 
scheme was proposed in [12]. Here the power rating of the converters have been 
designed for higher current rating to handle the over-current   of the rotor circuit 
and to remain connected to the grid without any crowbar action. 
The generators are connected to the grid through a voltage source converter 
(VSCs). Benefits of using VSCs are sinusoidal currents, high current bandwidth, 
controllable   reactive power to regulate power factor or bus voltage level and 
minimize resonances between the grid and the converter. 
A major drawback when using grid-connected VSCs is their sensitiveness to grid 
disturbances. This is especially true for variable speed wind turbines, which are 
often located in rural areas and connected to the grid by long overhead lines, easily 
subject to faults. Short-duration grid disturbances often result in forced stoppage of 
the turbine, thus in production losses. In the wide range of power quality 
disturbances, the interest focuses on voltage dips, which can severely affect the 
performance of the VSC. A voltage dip is a drop in voltage with duration between 
one half-cycle and one minute [12], which is in most cases caused by a short-circuit 
fault. A complete classification of voltage dips has been carried out by Bollen [13]. 
Most faults result in dips characterized not only by a positive-sequence voltage 
component, but also by negative- and zero-sequence voltage components. Thus, a 
controller capable of handling steps in both positive and negative sequence 
components is needed. 
In those conditions the VSCs must ensure fast adaptation to faulty conditions 
improving the fault tolerance of the wind generation system and avoiding the post 
fault collapse of the power system because the generators are lost. 
Low pass, band stop and notch filters can detect positive and negative sequence in 
synchronous frame but their response is too slow. An effective detection method for 
its both steady state and transient performance is delay signal cancellation. The 
proposed method implies delaying the signal by one fourth of period at the 
fundamental frequency (5 ms), which constitutes its inherent time delay. Positive 
and negative sequence components thus obtained are then transformed into the dqp 
and the dqn-frame, respectively [14]. 
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When utility frequency is not constant, the usage of phase-locked-loop (PLL) close 
loop adaptive methods, are indeed the most representative especially implemented 
in synchronous reference frame [15]. In case the utility voltage is distorted with 
high-order harmonics, the SRF-PLL can still operate satisfactorily if its bandwidth is 
reduced in order to reject and cancel out the effect of these harmonics on the 
output. But under voltage unbalance however, the bandwidth reduction is not an 
acceptable solution since the overall dynamic performance of the PLL system would 
become unacceptably deficient [16]. This drawback can be overcome by using a PLL 
based on the decoupled double synchronous reference frame (DSRF-PLL) [17] or 
other additional improvements in order to provide a clean synchronization signal 
[18, 19]. 
 In the DSRF-PLL, a decoupling network permits a proper isolation of the positive- 
and negative-sequence components. An alternative technique for frequency-
adaptive positive sequence detection is presented in [20]. Such technique uses a 
single-phase enhanced phase-locked loop (EPLL) for each phase of the three-phase 
system allowing fundamental frequency adaptation. The phase voltages and its 
respective 90-degree shifted versions detected by the EPLL are used by the ISC 
method in order to detect the positive-sequence voltages of the three-phase 
system. Finally, a fourth single phase EPLL is applied to the output of the ISC 
method to estimate the phase-angle of the positive-sequence voltage.  
Another method of synchronization employs the recursive weighted least-squares 
estimation (WLSE) algorithm [21]. The WLSE-based synchronization method of [21] 
rejects the impact of negative-sequence and accommodates variations in the 
frequency. In addition to the threshold and change detection problems, this method 
exhibits two other shortcomings as: 1) long transient time intervals in detecting 
frequency changes and 2) the computational problems associated with the LS 
methods. Moreover, the frequency-varying WLSE-based method is sensitive to noise 
and distortions [21]. 
An advanced variable speed permanent magnet synchronous generator (PMSG) 
connected to the power grid via two back-to-back voltage source PWM inverters 
with bidirectional power flow, as shown in Fig. 3.2, is typical for distributed 
generation systems of the future.  
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Fig.3.2 Distributed generation system  
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3.2 WIND TURBINE EMULATOR 

 
The wind turbine mechanical shaft is emulated using a 14.7Nm-3000rpm PMSM 
driven by a commercial inverter operated in open loop torque control mode. The 
aerodynamic model of the wind turbine is characterized by a non-dimensional curve 
that introduces the performance coefficient Cp as a function of blade tip-speed ratio 
λ defined as: 

λ ω= tR / v         (3.1) 

where Rt is the radius of wind turbine rotor (m), ω is the wind turbine rotor velocity 
(rad/s), and v is the wind velocity (m/s). 
 For the wind turbine used here, Cp as a function of λ is expressed by the following 
equation and it is shown in Fig. 3.3. 

λ λ λ λ λ= + − + −2 3 4 5
pC 0.0284 0.119 0.1508 0.0679 0.0089   (3.2) 

 
Fig.3.3 Cp versus λ characteristic of the wind turbine 

 
The output power of the wind turbine is calculated as: 
 

( )t p tP . C R vλ ρπ= 2 30 5         (3.3) 

where ρ = 1.225 kg/m3 is the air density and Rt = 1.2 m. The torque developed by 
the wind turbine is: 
 

( )λ
ρπ

λ
= p

t t

C
T . R v3 20 5        (3.4) 

Equation (3.4) is implemented in the PMSM prime mover drive that emulates the 
wind turbine in the actual experiments. 
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3.3 PMSG MODEL 
 
The space-vector model of PMSG, equipped with interior permanent magnets, in 
rotor reference frame (Park’s transformation in dq axes) [22] is: 
 

Ψ
ω Ψ− = + +s

s rs s s
d

V i R j
dt

       (3.5) 

Ψ Ψ Ψ λ= + = + +d q PM d d q qs j L i jL i       (3.6) 

where d qsV V jV= + , s d qi i ji= + , and sΨ are the stator voltage, current and flux 

vectors, respectively, Rs is the stator phase resistance, Ld and Lq are the dq 
inductances, λPM is the PM flux, ωr is the rotor speed. 
 
 
3.4 GRID-SIDE INVERTER / FILTER / TRANSFORMER / GRID MODELING 
 
In a typical situation, the distributed generation system is connected through a 
transformer to local grid. The plant considered in this application, shown in Fig. 3.4, 
contains the LC filter attached to the line-side power inverter, a nonlinear resistive 
load and the secondary side of the line transformer. 
 The circuit shown in Fig. 3.4 uses the following quantities to describe its behavior. 
The inverter output phase voltages and phase currents are represented by the 
vectors Vi = [Vai Vbi Vci] and ii = [iai ibi ici], respectively. The transformer secondary 
windings are Y-connected and its phase voltage and current vectors are represented 
by Vt = [Vta Vtb Vtc] and it = [ita itb itc ],  respectively. The transformer primary 
windings are ∆-connected and its line-to-line voltages are represented by Vp = [VAB 
VBC VCA] and phase voltages by Vgrid = [VA VB VC]. 
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fbi fai

Grid
ABi

BCi
CAi

CAV
Ai

Bi

Ci

ABV

BCV
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tci
tbi

aiV
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ciV
cii

bii
aii

AV
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CV

Fig.3.4 Configuration of the grid-side inverter connected through delta-wye 
transformer to local grid 

 
During the experiments the grid was emulated by a programmable ac three-phase 
voltage source that cannot receive power, and for this reason the transformer with 
ac voltage sources are considered as disturbance. Therefore, the single phase  
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equivalent circuit is presented in Fig. 3.5. The transfer function between the current 
if and the inverter voltage Vi is: 

= =
+ ⋅ + +

f
p

i f f Load f Load

i (s)
H (s)

V (s) (sL R ) (sR C ) R
1

1
    (3.7) 

  The filter parameters are: Lf = 0.01 H, Rf = 0.4 Ω, Cf = 0.7 μF, and the resistive 
load RLoad that was set to 80Ω. 
 

iV

fL fR

fC LoadR

ii

ci
fi

LoadV
 

Fig.3.5 Single phase model of the plant 
 

3.5 POSITIVE-SEQUENCE ESTIMATION IN STATIONARY REFERENCE 
FRAME BY D-MODULE FILTER 

 
The grid voltage-vector position is estimated by means of a PLL observer which has 
as input the positive voltage sequence obtained from a band-pass filter using D-
module filter, as shown in Fig. 3.6a. Vector (two-input/output) filters in D-module, 
shown in Fig. 3.6 [23], are a class of filters that can separate the positive and 
negative-sequence frequencies of signals, which is crucial to solve the problem here. 
In this application, a 2nd order scalar filter with the following transfer function was 
considered: 

+ +
=

+ +

b s b s b
F(s)

s a s a

2
2 1 0
2

1 0
       (3.8) 

The D-module filter design is based on the following property: if the parameters of 
the single input-output filter F(s) are designed as low-pass filter (LPF) with an 
appropriate bandwidth, then the associated vector (two input/output) filter in D-

module, ( ( , ))cF D s ω  will be a band-pass filter (BPF) with the central frequency ωc 

and the same bandwidth. 
 Define a 2x2 matrix D(s,ωc) using a real shift-signal ωc and the differential 
operator “s” as [25]:  

  JsI
s

s
sD ω

ω
ω

ω +=⎥
⎦

⎤
⎢
⎣

⎡ −
=),(      (3.9) 

where I is identity matrix and J is a skew-symmetric matrix such as: 
 
 
 

 

BUPT



                3.5 Positive Sequence Estimation In Stationary Reference Frame 

 
 

57 

⎥
⎦

⎤
⎢
⎣

⎡ −
=

01
10

J                   (3.10) 

 

1a

0a

1D−

1b

0b

2b

cω

Jcω

u y

( )a ( )b

V V +

1D−

 
Fig. 3.6 a) 2nd order vector BPF F(D(s,ωc)) with filter in D-module, b) Realization of inverse D-

1(s,ωc) module 
 
The matrix ),( ωsD and a 22X  matrix )( ωjsdiag ± are similar where j indicates 

the imaginary part of a complex number [24]. 
The module filter has the following filtering property [24]: 

 Let two components of 12X  real input u and output y of the module filter be αu , 

βu and αy , βy respectively. We can write: 

 

⎥
⎦

⎤
⎢
⎣

⎡
−−
++

=⎥
⎦

⎤
⎢
⎣

⎡
−
+

))((
))((

βα

βα

βα

βα

ω
ω

juujsF
juujsF

jyy
jyy

              (3.11) 

 
The relation (11) indicates input/output relations of positive and negative phase 
components in the two –phase signals, respectively that the module filter has 
different frequency characteristics for the two components, and the filtering 
characteristics for positive and negative phase components can be dynamically 
changed by the scalar shift signal ω   which can be positive or negative [24]. 
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For this application the focus was mainly on detection of the positive sequence 
component from grid voltages and the shift signal was selected as ωc=100π rad/s. 
The relation (11) now becomes: 

))(( βαβα ω VVjsFjVV c ++=+ ++               (3.12) 

where +++ += βα jVVV  is the positive sequence voltage vector and βα jVVV +=  is 

the grid voltage vector.  
It is known that the filter in the D-module is very robust to distortion of sinusoidal 
input signals, i.e., it produces almost pure sinusoidal output even for distorted input 
[24]. 
The BPF with D-module filter F(D(s,ωc)), shown in Fig. 3.6a, employs the inverse  
D-1(s,ωc) module function with the realization shown in Fig. 3.6b. In the application 
in Fig. 3.7, F(s) is selected as a 2nd-order LPF with b2 = b1 = 0 and b0 = a0. The cut-
off frequency is chosen ω0 = 20 rad/s and the damping factor ξ = 0.7. The 
corresponding BPF parameters are: 
a0 = ω0

2, a1 = 2·ξ·ω0, with ωc = 2π·50 rad/s. 
  Fig. 3.7 shows the response of the proposed calculation method for two phases 
unbalanced voltage sag. The faulty-phases in the transformer secondary are shown 
in Fig. 3.7a. The estimated positive and negative sequence phase voltages in the 
natural abc reference frame are depicted in Fig. 3.7b and Fig. 3.7c, respectively. In 
this case the estimation starts at t = 1.5 s, at the same time as the fault occurs, 
and stops at t = 1.7 s, in order to show the estimator transient response. In the real 
application the estimator works continuously in the background, in order to avoid 
the startup transients. The plots from Fig. 6 confirm the good behavior of the 
proposed estimator. The tracking performance of estimated positive and negative-
sequence is accurate and smooth. 
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Fig.3.7 a) Two-phase voltage sag in the primary of the transformer, b) Positive-sequence 
estimation for unbalanced voltage sag, c) Negative-sequence estimation for unbalanced 

voltage sag 
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A PLL observer is used to estimate the phase of the positive-sequence grid-voltage 
vector V+, in order to maintain the synchronism of the line inverter voltages. In 
essence, the angle estimation error Δθ = θgrid – θ is obtained from the imaginary 

component #
1Im( )V V+ ⋅ , where V1 is a unity vector. 

gridj jV V e V jV ,     V e
θ θ

α β
+ + + += = + =1 ,              (3.13) 

( )#sin Im(V V ) /V V cos V sin /Vβ αΔθ Δθ θ θ+ + + + +≅ = ⋅ = −1 ,            (3.14) 

where the superscript # refers to the vector conjugate operator, θgrid is the grid 
voltage angle, and θ is the inverter voltage angle that is the estimation of θgrid.  
    In PLL from Fig. 3.8b, the PI controller output is the inverter frequency ω, which 
is integrated to obtain the inverter angle θ. 

( )p i(k k / s) V cos V sin / Vβ αω θ θ+ + += + − , dtθ ω= ∫ ,                      (3.15) 

where kp = 7 and ki = 1000 are the PI controller gains. 
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(b)
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je θ−
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Fig.3.8 a) Extraction of grid voltage positive-sequence, b) PLL observer structure 

 
 
 
 

BUPT



    Voltage sags ride-through of motion sensorless controlled PMSG - 3 60 

3.6 GRID-SIDE INVERTER CONTROL SYSTEM DESIGN 
 
The control strategy applied to the grid-side converter consists mainly of two 
cascaded loops. Usually, there is a fast internal current loop, which regulates the 
grid current, and an external voltage loop, which controls the dc-link voltage [25]–
[28]. 
In some works, the control of grid-side controller is based on a dc-link voltage loop 
cascaded with an inner power loop instead of a current loop. In this way, the current 
injected into the utility network is indirectly controlled [29]. Moreover, control 
strategies employing an outer power loop and an inner current loop are also 
reported [30]. 
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Fig. 3.9 a) Grid-side inverter control, b) Active power control loop 

The grid-side inverter is current controlled, with the direct axis aligned to grid-
voltage vector, enabling independent control of the active and reactive power.  
The control scheme shown in Fig. 3.9a utilizes current control loops for id and iq. The 
id

* demand is derived from the PI regulator of the DC-link voltage Vdc (3.14). 
Meanwhile the iq

* reference is set to zero in order to achieve unity power factor. 
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The DC-link controller produces the reference d-axis current: 
 

* *
d p _Vdc i _Vdc dc dci (K K / s)(V V )= + −               (3.16) 

 
The PI controller gains are selected as Kp-Vdc = 0.02 and Ki-Vdc = 0.1 for slow 
dynamic response, to avoid interference between the current and voltage 
controllers.  
The current control scheme is implemented in synchronous reference frame.  The dq 
control structure is normally associated with proportional–integral (PI) controllers 
since they have a satisfactory behavior when regulating dc variables.  Since the 
controlled current has to be in phase with the grid voltage, the phase angle used by 
the αβ � dq transformation module has to be extracted from the grid voltages. As a 
solution, filtering of the grid voltages and using arctangent function to extract the 
phase angle can be a possibility [31]–[33]. In addition, the phase-locked loop (PLL) 
technique [34]–[38] became a state of the art in extracting the phase angle of the 
grid voltages in the case of distributed generation systems. In order to improve the 
performance of PI controller cross-coupling decoupling between the q and d axes 
and voltage feedforward are usually used [26, 39]. 
The cross- coupling decoupling synchronous frame PI current regulator 
approximately moved the plant pole to the location of the controller zero through 
the use of decoupling. The dual to this methodology is to move the controller zero to 
the location of the plant pole by modifying the controller structure. The modified 
form of the synchronous frame PI current regulator which achieves this desired pole 
zero cancellation is shown in Fig. 3.10. This form of the synchronous frame PI 
current regulator is called the complex vector synchronous frame PI current 
regulator [40]. 
The fundamental idq current controller is a complex-coefficient controller with cross-
coupling decoupling and with line voltage feedforward compensation [40]: 
 

* *
dq p i c p f f dqV (k (k j k ) )( i i ) V

s
ω += + + − +

1               (3.17) 

 
where kp = 5, ki = 15000 are the PI controller gains.  

 The reference current vector for the current controller is * * *
f d qi i ji= + , f d qi i ji= +  

is the grid current vector, and qdq dV V jV+ + += +  is the positive-sequence line voltage 

vector. The block diagram of the current controller and the plant (Fig. 3.5), in 
fundamental reference frame, is presented in Fig. 3.10. 
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Fig. 3.10 Block diagram of the current loop of the grid-side inverter 

 
Assuming an ideal inverter, with the grid voltage as disturbance, the transfer 
function of current control loop in stationary reference frame is: 
 

p i c pf
crt

*

f i c p

k s k j kiH (s)
i s k s k sk k j k

ω
ω

+ += =
+ + + +3 2

3 2 1

              (3.18) 

where f Load fk L R C=3 , f f Load fk L R R C= +2 , Load f pk R R k= + +1  

The frequency response of Hcrt in stationary reference frame for positive-sequence is 
shown in Fig. 3.11, on linear scales. The response around 50 Hz is quite good. This 
is important for smooth transition through voltage sags. 

 

Fig. 3.11 Frequency  response of the grid-side inverter current controller 
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3.7 MOTION-SENSORLESS CONTROL OF PMSG 

 

 The configuration of the proposed motion-sensorless PMSG control system is 
depicted in Fig. 3.12a. The PMSG inverter is power controlled along the q-axis. The 

reference *
_q geni  (see Fig. 3.9b) is obtained from the power-control loop as output of 

a PI controller, which has as input the error between the demanded active power P* 
and the active power delivered in the network Vdcid

*. 
* * *
q _gen p _pow i _pow dc di (k k / s)(P V i )= + −              (3.19) 

where p _ powk .= 0 002  and _ 0.1i powk =  are the PI gains. 

The commanded magnetizing current, *
di  in Fig. 3.12a, is set to zero to operate at 

max. torque/ current (typical for surface PM rotors, but acceptable also for small 
saliency inset PM rotors). 
 The current controllers are implemented in rotor reference frame, and produce the 

reference voltage vector, * * *
d qV V jV= + : 
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Fig. 3.12 Motion-sensorless control of PMSG: a) current controllers, b) Rotor speed and 
position estimator 

The current controllers are implemented in rotor reference frame, and produce the 

reference voltage vector * * *
d qV V jV= + : 

* *
d pcrt icrt d d r q qV (k k / s)(i i ) i Lω̂= + − + ,                                   (3.20) 

* *
q pcrt icrt q _gen q r d d PMV (k k / s)(i i ) (i L )ω̂ λ= + − − + ,            (3.21) 

Where kpcrt=25 and kicrt=25000 are the PI controllers gains.  
 The proposed rotor position θr

^ and speed ωr
^ estimator is depicted in Fig.3.12b. 

There are two operation regimes [41]. 
a) The 1st operation regime is for PMSG at startup and low speed, no loading  
(is = 0). From (3.5)-(3.6), θr is obtained from the position angle of the stator 
voltage vector θv : 

  r PM,    d v rsV j V 0,     / 2ω λ θ θ π= − = = − .              (3.22) 

    A PLL state observer extracts the rotor position and speed estimations from the 
measured stator voltage vector Vαβ. The PLL error Δθ = θr – θr

^ is obtained from the 
imaginary part of the vector product in (3.23), where Vs is the stator voltage vector 
amplitude. Finally Δθ is given by (3.22). The PLL goal is to lead Δθ to zero, i.e., 
equivalent to lead Vd to zero (3.22). 

ˆ- j( r- / 2)
s r r̂V Im[V e ],    θ π

αβΔθ Δθ θ θ⋅ ≈ = − ,              (3.23) 

s r r d̂ˆ ˆV V cos V sin Vα βΔθ θ θ⋅ ≈ + = .              (3.24) 

Note that the initial position is not needed, and the estimation is robust to PMSG 
parameter variations, i.e., the position error is independent of them. The PI 
controller gains are selected as kp_est=0.5 and ki_est=100. This estimation is used 
only to prepare the initial rotor speed/ position used in the next regime.   

b) The 2nd operation regime is for PMSG with load, imposing the condition that  
id = 0. From (3.5)-(3.6) the d axis stator voltage estimated component Vd1

^ is  

d1 r q qV̂ L iω̂= .               (3.25) 

Now, a correction is used in PLL, based on the two expressions of Vd: Vd
^ (3.24) and 

Vd1
^ (3.25), that implements an internal minor control loop shown at the bottom 

side of the Fig. 3.12b. This is equivalent to a model reference adaptive system  
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(MRAS), with the reference Vd

^ (3.24), and the adaptive model Vd1
^ (3.25). The 

MRAS goal is to lead the Vd error to zero using a PI controller: 

( )r p _est i _est d d1ˆ ˆ(k k / s) V Vω̂ = + −                (3.26) 

 The stator vector voltage Vαβ can be reconstructed from the duty cycles da, db, dc 
of the PMSG voltage source-inverter and the measured Dc-link voltage Vdc: 

dc a b c dc b cV V ( d d d ) / jV (d d ) /αβ = − − + −2 3 3                         (3.27) 

The new estimator is robust to PMSG parameters variation, depending only on Lq 
(3.25). This estimator is really suitable for PMSG sensorless control in wind turbines 
applications. 
 
 
3.8 TEST PLATFORM AND EXPERIMENTAL RESULTS 

 
 
The electrical-block diagram of the experimental test platform is shown in Fig. 3.13. 
The test setup consists in a 12 Nm PMSG connected to the grid by two back-to-back 
Danfoss VLT 5005 voltage source inverters, and mechanically driven by a PMSM 
prime mover with SIMOVERT MASTERDRIVE.  
 The grid is here replaced by a programmable three phase ac power source 
(California Instruments 5005), capable to create voltage faults. Since the ac power 
source cannot receive power, a resistive local load has been connected to the 
system. 
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Fig.3.13  Experimental test platform 

 
The control structure is implemented in a DSpace 1103 system. The sampling and 
switching frequency is set to 9 kHz. 
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The PMSG parameters are presented in Table I. 
 

Table I  
PMSG Parameters 

 
Number of pole pairs (p) 3 
Rated power 2.2 kW 
Rated speed 1750 rpm 
Rated frequency 87.5 Hz 
Rated torque 12 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 4.1 A(rms) 
Stator resistance per phase (Rs) 3.3 Ω 
d-axis inductance (Ld) 41.59 mH 
q-axis inductance (Lq) 57.06 mH 
Rotor permanent–magnet flux λPM) 0.4832 V s rad-1 
Inertia of the rotating system (J) 10.07*10-3 kgm2 

Viscous friction coefficient (B) 20.44*10-4 Nms/rad 
 
 
3.9 Experimental results  
 
The performance of the proposed control system has been investigated in three 
cases of grid faults: single-phase, two-phase, respectively three-phase symmetrical 
voltage sags. 
 
 
A) Single-Phase Voltage Sag 

 

The ac power source was programmed to perform single-phase voltage sag from 
230VRMS to 120VRMS, from 5.2s – 5.7s in the primary side of the transformer. The 
voltages in the secondary side of the transformer are shown in Fig. 3.14. The faulty 
phase and its current are presented in Fig. 3.15. The Dc-link voltage reference was 
set to 600V (Fig. 3.16) and during the transient the voltage controller is capable to 
maintain the reference value within 6% variation. The estimated and measured 
rotor speeds are shown in Fig. 3.17a, and the error between those two in Fig. 3.17b. 
It can be noticed that during the transient the speed observer shows fairly good 
response. The PMSG phase A current is presented in Fig. 3.18a, and the reference 
and measured q-axis current in Fig. 3.18b. There are no significant transients during 
the fault. However, the grid currents during the fault exhibit quite large transients 
as expected and visible in Fig. 3.19. 
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Fig. 3.14 Grid voltages after transformer with single-phase voltage sag (250V/div) 

 

Fig. 3.15 Grid-side phase voltage and current (250V/div,5A/div) 
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Fig. 3.16 Dc-link voltage during single-phase voltage sag 
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Fig. 3.17 a) Estimated and measured rotor speed, b) Rotor speed error [rad/s] 
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Fig. 3.18 a) PMSG phase current, b) PMSG q-axis reference and measured current 
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Fig.3.19 Grid currents during the fault 
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B) Two-Phase Voltage Sag 

 
The ac programmable source was then set to perform two-phase voltage sag from 
230VRMS to 110VRMS, from 9.4s – 9.9s in the primary side of transformer. The 
voltage waveforms in the secondary side of transformer in this situation are 
illustrated in Fig.3.20. One of the faulty phases and its current are shown in Fig. 
3.21. It may be noticed that at the end of the fault the system recovers rapidly in 
one cycle. The DC-link voltage (Fig. 3.22) is maintained at 600V during the 
transients. The estimated and measured rotor speed and the estimation error are 
shown in Fig. 3.23. A close agreement between estimated and actual rotor position 
is evident certifying a good tracking performance and good estimation results. The 
PMSG phase A current, respectively the reference and measured PMSG q-axis 
current are illustrated in Fig. 3.24. The PMSG currents show only small transients 
during the fault. 
 The grid currents, shown in Fig. 3.25, present at fault starting  transients as large 
twice their steady-state condition but quickly recover (without any transient) after 
the fault clearance.   

 

Fig.3.20 Grid voltages after transformer (250V/div) with two-phase voltage sag 
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Fig. 3.21 Grid-side phase voltage and current (250V/div,5A/div) 
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Fig. 3.22 Dc-link voltage during two-phase voltage sag 
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Fig. 3.23 a) Estimated and measured rotor speed, b) Rotor speed error [rad/s] 
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Fig. 3.24 a) PMSG phase A current, b) PMSG q-axis reference and measured current 
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Fig. 3.25 Grid phase currents during the fault 

 
B) Three-Phase Voltage Sag 

Another type of grid fault is the three-phase voltage sag situation. In this case all 
three phases register the same magnitude of voltage drops. The voltage waveforms 
and one phase current are illustrated in Fig. 3.26. The magnitude of all three 
voltages drops from 230VRMS to 110VRMS from 6.5s – 7s, but no phase jump is 
registered, and the system recovers rapidly in one cycle. The Dc-link voltage shown 
in Fig. 3.27 is kept almost constant at 600V during the fault. The estimated and 
measured rotor speed and the error between them are shown in Fig. 3.28. A good 
tracking performance of speed/ position observer used for motion-sensorless control 
of PMSG is notable. The phase currents of PMSG and q-axis reference, and 
measured currents are illustrated in Fig. 3.29. 
Again, there are no notable transients during the fault. The grid currents depicted in 
Fig. 3.30 during and after the fault clearance, show reasonable spikes. 
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Fig. 3.26 Grid voltages after transformer and phase current (250V/div, 3A/div) 

6.4 6.6 6.8 7 7.2 7.4
550

600

650

time [sec]

 

 

DC-link voltage [V] 

 

Fig. 3.27 Dc-link voltage during three-phase voltage sags 
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Fig. 3.28 a) Estimated and measured rotor speed, b) Rotor speed error [rad/s] 
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Fig. 3.29 a) PMSG phase A current, b) PMSG q-axis reference and measured current 
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Fig.29. Grid phase currents during the fault 

 
3.10 CONCLUSION 

 

 The chapter aimed at documenting through analysis, design and experimental 
tests, the smooth ride-through of asymmetric voltage sags of a motion-sensorless 
controlled PMSG for wind power generation. The presentation focuses on the 
following key attributes of the proposed control system: 
 Band-pass filter based on D-module filter to extract the positive-sequence voltages 
of the power grid. 

 Positive-sequence voltage vector control of the grid-side inverter during 
asymmetric voltage sags. 

 Smooth and fast transition through asymmetric voltage transients has been 
demonstrated through tests, both on the grid-side source and the generator side, 
with small DC-link transients. 

 A comprehensive control system which includes: an active power controller, 
current controllers with cross-coupling decoupling, and a Dc voltage controller, is 
put in place. 

 Good PMSG rotor position and speed estimation without using emf. integration, 
during one-, two- and three-phase voltage sags has been demonstrated. 
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Chapter 4 
 
Motion sensorless bidirectional PWM converter 

control with seamless switching from power grid 
to stand alone and back 

 
 

Abstract – This chapter presents concepts and tests results on a flexible 
sensorless control strategy for a PMSG driven by a small wind turbine with back-to-
back power converters capable to function in both stand alone and grid connection 
mode. A new automatic seamless transfer method, based on phase-locked-loop 
technique, from grid connected to stand alone and vice versa in the event of a fault 
on grid is proposed. Tests results show the proposed method works properly  

 
 
4.1 Introduction  

 
As a result of technological advances in small scale energy generation, deregulation 
of the energy sector and governmental commitments to increase the production of 
electrical energy from renewable sources, the number of Distributed Generation 
(DG) sources directly connected to the distribution grid is increasing and therefore 
the role played by the distribution network is changing from passive to active. This 
change is going to be even more drastic as the presence of coordinated DG further 
increases and micro-grids can be formed [1]. This poses a series of technical 
challenges which need to be addressed in order to guarantee an effective integration 
of DG into the existing network. Among these technical issues, the grid side inverter  
capability to work both in grid-connected but also in stand-alone mode as well as 
the  protection in the case of the fault event are considered to be the most 
challenging in terms of control strategy and the limited fault current. 
In the case of sensitive and mission-critical industrial loads, maintaining a 
continuous, uninterrupted AC power is of utmost importance. Most of the utility-
interactive inverters for distributed energy systems reported in the literature [2, 3, 
4] have the capability to operate in both grid-tied and off-grid modes, but they do 
not address the issue of a seamless transition between the two modes. Recent 
advances in DSPs enable implementation of complex algorithms to control the 
utility-interactive system such that the load is unaffected by the transition from one 
mode to the other. 
Small wind turbines in range of tens KW, with two back-to-back voltage source 
converters, are becoming a viable solution in supplying remote communities. The 
trend is that they should be capable to work in parallel with other generators such 
as photovoltaic and diesel generators in so called hybrid generator systems.    
An advanced variable speed permanent magnet synchronous generator (PMSG) 
connected to the power grid via two-voltage source PWM, with bidirectional power 
as shown in Fig. 4.1 is typical for the distributed generation system of the future. 
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Fig. 4.1 The general system 
 

The phase-locked loop (PLL) technique is used in grid-connected converters, mainly 
for grid synchronization [5], [6]. Two seamless transfer methods from grid-
connected to stand-alone and vice versa for critical loads with a zero load current 
stage, are described is described in [7, 8, 9]. 
The algorithms match the magnitude and phase of the inverter voltage and the grid 
voltage at the time of disconnecting or reconnecting to the grid to minimize any 
sudden voltage change across the load but important inrush current spikes are 
recorded during transition from stand alone to grid connected mode in [7] because 
the PLL regulator is not fast enough in order to limit the rise current below the 
permit limit during the recovery moment.  
In this chapter a novel, seamless (without load current interruption), PLL-method 
for automatic switching of a load from grid, when the grid is disconnected and back 
to the grid when the latter is restored is presented.  

 
 
 4.2 Wind turbine emulator 
 

The wind turbine mechanical shaft is emulated using a 14.7Nm-3000rpm permanent 
magnet synchronous motor driven by a commercial inverter operated in open loop 
torque control mode.  
The aerodynamic model of the wind turbine is characterized by a non-dimensional 
curve (Fig. 4.2) that introduces the performance coefficient Cp as a function of blade 
tip-speed ratio λ defined as: 
 

tR
v
ω

λ =                     (4.1) 

where Rt is the radius of wind turbine rotor (m), ω is the wind turbine rotor velocity 
(rad/s), and v is the wind velocity (m/s). 
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Fig. 4.2 Cp versus λ characteristic of the wind turbine 

For the wind turbine used here, Cp as a function of λ is expressed by the following 
equation and it is shown in Fig. 4.2. 

pC . . . . .λ λ λ λ λ= + − + −2 3 4 50 0284 0 119 0 1508 0 0679 0 0089               (4.2) 

The output power of the wind turbine is calculated as: 

( )t p tP . C R vλ ρπ= 2 30 5 ,                 (4.3) 

where ρ = 1.225 kg/m3 is the air density and Rt = 1.2 m. 
 The torque developed by the wind turbine is 

 ( )p
t t

C
T . R v

λ
ρπ

λ
= 3 20 5 .     (4.4) 

Equation (4.4) is implemented in the PMSM prime mover drive that emulates the 
wind turbine in the actual experiments. 
 
 

4.3 PMSG MODEL 

 

The space-vector model of PMSG, equipped with interior permanent magnets, in 
rotor reference frame (Park’s transformation in dq axes) [10] is: 

 s
s rs s s

d
V i R j

dt

Ψ
ω Ψ− = + + ,     (4.5) 

 d q PM d d q qs j L i jL iΨ Ψ Ψ λ= + = + + ,     (4.6) 

where d qsV V jV= + , d qsi i ji= + , and sΨ are the stator voltage, current and flux 

vectors, respectively, Rs is the stator phase resistance, Ld and Lq are the dq 
inductances, λPM is the PM flux, ωr is the rotor speed. 
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4.4 GRID-SIDE INVERTER / FILTER / TRANSFORMER / GRID MODELING 

 
In a typical situation, the distributed generation system is connected through a 
transformer to local grid. The plant considered in this application, shown in Fig. 4.2, 
contains the LC filter attached to the line-side power inverter, a nonlinear resistive 
load and the secondary side of the line transformer. 
 The circuit shown in Fig. 4.2 uses the following quantities to describe its behavior. 
Vi = [Vai Vbi Vci] and ii = [iai ibi ici], respectively. The transformer secondary windings 
are Y-connected and its phase voltage and current vectors are represented by Vt = 
[Vta Vtb Vtc] and it = [ita itb itc ],  respectively. The transformer primary windings are 
∆-connected and its line-to-line voltages are represented by Vp = [VAB VBC VCA] and 
phase voltages by Vgrid = [VA VB VC]. 
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ABi

BCi
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tci
tbi
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ciV
cii

bii
aii

AV

BV

CV

Fig. 4.2. Configuration of the grid-side inverter connected through delta-wye transformer to 
local grid 

Based on Fig. 4.2, the voltage relation between the two sides of the transformer 
with 1:1 “turns ratio” can be expressed as: 

ta AB

tb BC

tc CA

V V
1

V V
3

V V

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥

=⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

                                            (4.7) 

AB A

BC B

CCA

V V1 1 0
V 0 1 1 V

1 0 1 VV

⎡ ⎤ ⎡ ⎤−⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥= − ⋅⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥−⎣ ⎦ ⎣ ⎦⎣ ⎦

                                     (4.8) 

The relation of the currents flowing through the filter and load is given by: 

i c fi i i= +                                                          (4.9) 

Considering grid voltage and the transformer as perturbation the transfer function 
between the current if and inverter voltage Vi is: 

f
p

i f f Load f Load

i (s) 1
H (s)

V (s) (sL R ) (sR C 1) R
= =

+ ⋅ + +
                 (4.10) 

The filter parameters are: Lf = 0.01 H, Rf = 0.4 Ω, Cf = 0.7 μF, and the resistive 
load RLoad that was set to 80Ω.   
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The equivalent single phase representation of circuit from Fig. 4.2 is shown in 
Fig.4.3.   

iV

fL fR

fC LoadR

ii

ci
fi

LoadV
 

Fig. 4.3 Single phase representation of the plant 
 
 

4.5 Supply side inverter control in grid connected mode 
 
 
In grid-connected mode, the supply-side inverter is current controlled with direct 
axis aligned to supply voltage vector, enabling independent control of the active and 
reactive power. The control scheme thus utilizes current control loops for id and iq, 
with the id demand being derived from the DC-link voltage error through a standard 
PI regulator: 
 

( )i _Vdc* *
d p _Vdc dc dc

K
I K V V

s

⎛ ⎞
= + ⋅ −⎜ ⎟⎜ ⎟
⎝ ⎠

                 (4.11) 

The design of Dc-link voltage controller may carried out in continuous domain, 
knowing the value of the Dc-link capacitor (C=470μF), and assuming that the inner 
current id is ideal . The transfer function of the plant (Fig.4.4) is: 
 

dc
Dc link

d

V (s) 1
H (s)

i (s) sC− = =                (4.12) 

The frequency response of ( )Dc linkH s− on linear scales is represented in Fig.4.5. 

The response was obtained for _ 0.02p VdcK = , and _ 0.2i VdcK = . 

 

*
dcV

dcV

1
Cs
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di

 
Fig. 4.4 Dc-link voltage control loop 
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Fig.4.5 Frequency response of Dc-link controller 

 
The current regulator is implemented in synchronous reference frame with cross-
coupling decoupling and with line voltage feedforward compensation, which provide 
pole-zero cancellation for the plant. The output of the controller is the reference 
voltage vector for the space vector modulation block (SVM)  * *

d qV V jV= + : 

* icrt
d pcrt id grid q d

k
V (k )e - i L V

s
ω= + +                 (4.13) 

* icrt
q pcrt iq grid d

k
V (k )e i L

s
ω= + +                   (4.14) 

where kpcrt and kicrt are PI controllers gains and eid and eiq are the current errors 
respectively. 
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Fig.4.6 a) Supply-side inverter control in grid connected mode; b) Active power control loop 
 

The reference current vector for the current controller is * * *
f d qi i ji= + , f d qi i ji= +  is 

the grid current vector, and dq d qV V jV= +  is the line voltage vector. The block 

diagram of the current controller and the plant (Fig. 4.3), in synchronous reference 
frame, is presented in Fig. 4.7. Using complex vector notation, the model for the 
plant in stationary reference frame is transformed to synchronous reference frame 
by substituting the “s” operator with “s-jω

sa
” [11].  
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Fig.4.7 Block diagram of current loop controller of the grid-side inverter 

 
Assuming an ideal inverter, with the grid voltage as disturbance, the transfer 
function of current control loop in synchronous reference frame is: 

 

p crt i crtf
crt

* 3 2

f 3 2 1 i _crt

k s kiH (s)
i s k s k sk k

− −+= =
+ + +

              (4.15) 

where 3 f Load fk L R C=  , 2 f f Load fk L R R C= + , 1 Load f p _crtk R R k= + +  
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Fig. 4.8 Frequency response of the grid-side current controller  

 

Frequency response of crtH (s)  in synchronous reference is shown in Fig.4.8 on 

linear scales and was obtained for p _crt i _crtk 20,  k 10000= = . 

An observer using phase look-loop (PLL) technique is used to achieve the 
synchronism with the grid. The phase estimation error gridΔθ θ θ= − , gridθ -grid  
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phase angle θ-inverter phase angle, can be obtained from imaginary part 

#
grid 1Im(V ,V )  where 1V is unity vector.  

gridj j
grid grid 1V V e V jV ,  V e cos j sin

θ θ
α β θ θ= ⋅ = + = = +            (4.16) 

( )#
grid 1 grid gridsin Im(V ,V ) /V V cos V sin /Vβ αΔθ Δθ θ θ≅ = = ⋅ − ⋅             (4.17) 

where the superscript ” # ” refers to the vector conjugate operator.   
The reference I*

q-gc_ for machine-side converter is obtained as output of a PI 
controller which utilizes the error between the demanded active power and the 
active power delivered by PMSG as it can be seen also in Fig. 4.6b: 

( )i _ P* *
q gc p _P

K
I K P P

s−
⎛ ⎞

= + ⋅ −⎜ ⎟⎜ ⎟
⎝ ⎠

              (4.18) 

where Kp-P=0.005 and Ki-P=0.08 are controller gains. 
A low pass filter with time constant t=0.02s was employed to reduce the oscillations 
from the measured active power injected into the grid due to nonlinear currents 
generated by the load. 
 
 

4.6 Supply side inverter control for stand-alone mode 

 

In stand-alone mode, the voltages are controlled in terms of amplitude and 
frequency. Two standard PI controllers, implemented in synchronously rotating 
coordinates, in order to keep the voltage  Vd at designated level ( *

dV 220 2= ) and  Vq 

to zero, are used (Fig.4.9).The Dc-link voltage and current limiter controllers will 
decrease the reference voltage only when the dc voltage is below a designated level 
or the load current amplitude exceeds a certain level: 

i _DC _limit *
DC-limit p _DC _limit dc dc

k
V (k )(V -V )

s
= +              (4.19) 

i _ Irms *
Irms p _ Irms rms rms

k
V (k )(I - I )

s
= +              (4.20) 

where kp-Dc-limit=0.2, ki-Dc-limit=4 are Dc-link controller gains respectively kp-Irms=5 ,  
ki-Irms=500 are controller gains for current limiter regulator.  So, finally the reference 
for d-axis voltage can be calculated as: 

* *
d _ref d DC _lim it IrmsV V - V - V=               (4.21) 

In stand-alone operation voltage harmonics direct reduction (by converter inverter 
control) seems preferable for power quality (in contrast to current harmonics 
external reduction by active power filter current hysteresis [12,], dead-beat [13], 
and linear equivalent-PI control with selective harmonic compensation [14]). In our 
case, two proportional resonant controllers in fundamental reference frame rotating 
at frequency ωe are used to generate harmonic voltages with the same magnitude 
but opposite phase to load harmonic voltages. Since coordinate rotation provides a 
frequency shift by –ωe in fundamental reference frame, harmonicsorders k=6n±1 
become k=6n. 
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The controller is implemented as superposition of individual controllers, each 
designed for two pairs k=6n, n=1, 2 of positive and negative sequence harmonics 
(in Fig.4.3 only the 6th and 12th harmonic voltages are closed loop cancelled). The 
harmonic controller is similar to that in [15]: 
 

2 2
pk ik

PR 2 2
en 1

K s K s
H 2

s (k )ω=

+
=

+
∑ , k=6n                       (4.22) 
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Fig.4.9 Supply-side inverter for stand-alone mode 
 
 

4.7 Proposed switching strategy from stand alone to grid 
mode 

 
Initially the grid converter is running in stand-alone mode. When grid is recovered 
(grid voltages suddenly occur), a PLL observer whose output will generate the grid 
frequency and phase processes the grid phase voltages (Fig. 4.10a). If the 
amplitude of the voltages and frequency are within the limits defined by standards, 
a synchronizing signal will be generated, in order to match the supply-side inverter  
 
 

BUPT



    .   Motion Sensorless bidirectional PWM converter control - 4 90 

 
output phase of voltages, still in stand-alone operation, with the phase of grid 
voltages. 
The error grid sa-Δθ θ θ=  can be approximated, considering small arguments, with 

(Fig.4.10b): 

( )grid sa grid sa- sinΔθ θ θ θ θ= ≅ −                (4.23) 

A PI regulator (Fig. 4.10), it’s used to compensate between those two: 

i _comp
comp p _comp

k
(k )

s
θ Δθ= +               (4.24) 
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Fig.4.10 Transfer algorithm from stand alone to grid connected 

 
In order to achieve a smooth synchronization a relatively slow dynamic was imposed 
to the PI regulator.  
The gains of the controller were chosen as: p _compk 1= , i _compk 10=  The 

implementation of the proposed strategy is illustrated in Fig.4.11. 
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Fig. 4.11 Matlab/Simulink implementation of the proposed transition strategy 

from stand-alone to grid connected  
 
When the error is between -0.01 and 0.01 radians, the voltages are considered to 
be synchronized and the control of the supply-side inverter will be switched from 
stand-alone to grid-connected control mode. The online estimation of phase angle of 
stand-alone voltages (Fig.4.12) will remain on even after the system is running in 
grid- connected mode, in order to avoid load current interruption during future 
switching from power grid to stand-alone.  
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Fig. 4.12 Stand alone angle computation  

 
 

4.8.   Transition from grid-connected to stand alone mode 
 
Assume the grid inverter is operating in current controlled mode and that the future 
stand-alone load is connected to the grid in parallel. So the stand-alone load 
remains connected all the time at the supply-side converter output terminals. A fault 
event is simulated by opening the static switch S (Fig. 4.1). In this case, because 
we still have current control of supply-side converter (corresponding still to grid 
connection), there is an increase in load voltage level, and when this exceeds a 
certain threshold or the frequency is out of range of 49.5-50.5 Hz (see Fig.4.12), 
the system switches automatically to stand-alone mode (Fig. 4.13). 
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Fig.4.13 Transfer algorithm from grid connected to stand alone 
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Fig.4.14 Design voltages and frequencies 

 
Because the initial value of the phase angle for stand-alone voltages coincides with 
the last value of the grid phase angle, the transition is smooth without current 
interruption or current major spikes. The Matlab/Simulink implementation of the 
algorithm is shown in Fig.4.15 

 
Fig.15 Matlab/Simulink implementation   

 
 

4.9. Motion- sensorless vector control of machine- side 
converter 

 
The configuration of the proposed motion-sensorless control system is depicted in 
Fig.4.16a.The machine-side converter (MSC) is power controlled along q-axis when 
the system works in grid-connected mode (see the reference I*

q-gc in Fig.4.6b), and  
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voltage controlled when is in stand alone mode. In this   case the reference q-axis 
current is obtained from a PI regulator which has as input the error between the 
reference and measured Dc-link voltage: 

DC
DC DC

iV*
q pV V

k
i k e

s

⎛ ⎞
= ⎜ + ⎟⎜ ⎟
⎝ ⎠

               (4.25) 

where 
DCpVk and 

DCiVk are PI regulator gains and 
DCVe is the Dc-link voltage error. 

The controller gains are chosen as p _ powk 0.03=  and i _ powk 1.1= .       

The current regulators are implemented in synchronous reference frame and 

produce the reference voltage vector * * *
d qV V jV= + : 

^
* icrt
d pcrt id r q s

k
V (k )e i L

s
ω= + +                (4.26) 

^
* icrt rq pcrt iq d s PM

k
V (k )e (i L )

s
ω λ= + − +                (4.27) 

where pcrtk and icrtk are PI controllers gains and ide and iqe are the current errors 

respectively. The gains of current controllers are pcrtk 25.0= and icrtk 25000= . 
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Fig. 4.16 Motion sensorless control of PMSG 
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The motion sensorless control algorithm was described in the previous chapter. 
 
 
4.10. Test platform and experimental results 
 
 
The electrical block-diagram of the test platform is shown in Fig. 4.17. The testing 
setup consists in a PMSG of 12 Nm rated torque driven by a Siemens SIMOVERT 
MASTERDRIVE, and the two inverters are Danfoss VLT 5005. The PMSG data are 
given in the Table 1: 
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Fig. 4.17 Test Platform 

 
 
 
 
 

Table I 
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PMSG parameters 
Number of pole pairs (p) 3 
Rated power 2.2 kW 
Rated speed 1750 rpm 
Rated frequency 87.5 Hz 
Rated torque 12 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 4.1 A(rms) 
Stator resistance per phase (Rs) 3.3 Ω 
d-axis inductance (Ld) 41.59 mH 
q-axis inductance (Lq) 57.06 mH 
Rotor permanent–magnet flux 
λPM) 

0.4832 V s rad-1 

Inertia of the rotating system (J) 10.07_10-3 kgm2 

Viscous friction coefficient (Bm) 20.44_10-4Nms/rad 
 
Comprehensive tests have been run after careful implementation and calibration of 
hardware and software. 
 
 

a) Transition from stand alone to grid connected 

 
First, the system is tested in stand-alone mode. At time t=10.8s the grid is 
connected through switch S and subsequently rendered as recovered. A 
synchronization signal (Fig. 4.8a) is automatically initiated in order to mach the 
phases between load voltages and grid voltages. When the error θΔ  is between 0.01 
≤Δθ ≤ 0.01(Fig. 4.20a), the system switches from stand-alone control to grid 
connected control at t=11.3s (Fig 4.20b). Stand alone angle is synchronized with 
grid angle (Fig. 4.20d) and it can be noticed that there are no spikes in load voltage 
during this process or in the transition moment (Fig. 4.20c), but there are some 
reasonable transients in the  load current (Fig.4.8e). The PMSG currents are shown 
in Fig. 4.20f without any significant transients when then system is switching from 
one control strategy to the other.The Dc-link voltage level was set to 620V (Fig. 
4.8d) and during transition the voltage controller is capable to maintain the 
reference value with 8% variation. The estimated and measured rotor speed 
respectively the speed error is shown in Fig. 4.8 e,f. It can be noticed that during 
the transition the speed observer shows fairly good response. 
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Fig. 4.20 Measured stand alone grid connected transition 

                                                   a) Phase error 
                                                   b)  Synchronizing signal 
                                                   c)  Load voltages 

                                 d)  (1)-Grid angle, (2)-stand-alone angle 
                                                         e)  Load currents 
                                                         f)  PMSG currents 
                                                         g)  Dc-link voltage 

                                                   h)  Estimated, measured rotor speed 
                                        i)  Speed error 
 

For stand-alone the phase voltage and its current waveforms, together with the 
voltage harmonic spectrum, without  harmonic compensation, are presented in 
Fig.4.21 Using proportional resonant regulators for 6th and 12th harmonic voltage 
compensation, the ac voltage waveform is notably improved as it is seen in Fig. 
4.22. 
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Fig. 4.21 Measured current and voltage waveform for diode rectifier load without synchronous 

voltage compensation 

 
                   Fig.4.22 Measured current and voltage waveform for diode rectifier load without 

synchronous voltage compensation 
 
 
b) Transition from grid connected to stand alone 
 
Subsequently a fault event is simulated by opening the static switch S at time 
t=15.8 s (Fig. 4.11a). When the monitoring system detects an increase in load 
voltage level or in frequency (Fig. 4.9a), it switches from grid connected to stand-
alone mode.  
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The Dc-link voltage level was set to 620V (Fig. 4.11b)and during transition the 
voltage controller is capable to maintain the reference value with 15% variation Fig. 
4.11c,d shows the load currents and PMSG currents, which both do not show any 
inrush spikes during entire transition period, indicating a smooth transition. It may 
be noticed that there are no important transients or generator current interruption 
during transition from grid connected to stand-alone mode. The estimated and 
actual rotor speed as well as the rotor speed error for steady state at 180 rad/s is 
depicted in Fig. 4.11e,f showing good tracking performance of position/speed 
observer used for motion- sensorless control of PMSG. 
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   Fig.4.23 Measured stand-alone grid-connected transition 

             a)  Disconnect signal, Urms, fgrid 
                                                        b)  Dc-link voltage 
                                                        c)  Grid currents 
                                                        d)  PMSG currents 
                                                        e)  Estimated and measured rotor speed 
                                                        f)  speed error 
 
 
 
4.11. Discussion and Conclusion 
 
A new, seamless (uninterrupted load current) transfer method from grid –connected 
to stand alone and vice versa was proposed for a motion sensorless PMSG wind 
energy system. Voltage harmonic compensation in stand alone mode is also 
provided. The system was experimentally shown capable of supplying local load in 
good conditions in both operation modes. 
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Chapter 5 
 
Novel motion sensorless control of stand alone 

permanent magnet synchronous generator 
(PMSG): harmonics and negative sequence 
voltage compensation under nonlinear load 

 

Abstract 

The present chapter introduces a novel harmonics voltage compensation solution for 
nonlinear (diode rectifier) load operation in stand alone PMSG with bidirectional 
converter motion sensorless vector control. Both the case of three phases and two 
phase output of the load side converter, with voltage symmetrisation by inversed 
component active cancellation, are treated. The latter is called unbalanced load 
handling. The main solutions for motion sensorless vector control of the two back-
to-back PWM converters with loops to compensate output voltage harmonics and its 
negative sequence for diode rectifier load are introduced, implemented and 
validated through experimental results on 2.2 Kw PMSG systems. 
 
  5.1 Introduction 
 
   In most of the countries worldwide, there are remote communities, which are not 
served by the main electrical grids and may never be connected to them because of 
economical reasons. Diesel generators are mainly used to serve them. The potential 
for wind energy connected to small or isolated grids is likewise enormous, but until 
recently power production from wind energy, fed into small and isolated grids, have 
been economically unattractive due to inefficiency and technical problems with the 
necessary diesel generation back up system. Normally when a diesel engine 
operates at less than 30% of its load capacity, the diesel engine will have a bad fuel 
economy and will be choking thus reducing the efficiency of the engine and causing 
its deterioration[1].  
Recently, technical developments have solved these problems, and with these 
developments it is now possible to operate wind-diesel system up to 100% wind 
penetration. With this development, remote areas and island are offered the 
opportunity to utilize wind energy in combination with diesel generated power (see 
Fig.5.1) for their power production. Such a viable wind/diesel (WD) stand-alone 
system will be able to operate with an estimated 50% to 80% fuel saving compared 
to power supply from diesel generation alone [1]. 
One major advantage of a wind energy based stand-alone power system is that it 
reduces diesel fuel consumption. In general induction generator is widely used in 
small renewable power plants because it offers several advantages over 
conventional synchronous generator: reduced unit cost, ruggedness, brushless (in 
squirrel cage construction), absence of separate DC source, ease of maintenance, 
self-protection against severe overloads and short circuits. Major disadvantage of an 
induction generator is that it requires reactive power for its operation. In case of 
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grid-connected system induction generator can get the reactive power from 
grid/capacitor banks, whereas in case of isolated/autonomous system reactive  
 
power can only be supplied by capacitor banks/synchronous generator. Permanent 
magnet synchronous generators (PMSGs) connected to the grid by inverters are 
widely used in variable-speed wind generators for their high performances. 

 
Fig. 5.1 Schematic of a generalized wind diesel system with induction generator 

 
The main reasons rely on their optimal characteristics, which are, for example, 
higher efficiency and higher generated power-weight ratio than induction 
generators. PMSGs are also convenient, with respect to the losses, because they 
have a loss-free rotor, and the power losses are mainly related to the stator 
windings and the stator core. The ratio of the copper and iron power losses is a key 
issue in determining the maximum efficiency point as function of the mechanical 
torque that is connected to the generator shaft.  
     However, such stand-alone power systems are characterized by low inertia and 
poor reactive power support and therefore face wide voltage and frequency 
variations due to changes in load demand. The integration of wind turbines in such 
systems provokes additional power quality problems in the form of frequency and 
voltage fluctuations, due to rapidly changing nature of the wind [2–4].  
The existing method used to solve these problems involves installation of batteries. 
The batteries are however constrained by their load cycles. There are some 
environmental concerns related to battery storage due to toxic gas generation 
during battery charge/discharge operation. The disposal of hazardous materials 
presents some disposal problems. On the other hand, the technical improvements in 
superconducting magnetic energy storage (SMES) and a better knowledge of dealing 
with cryogenic systems have made the SMES units to penetrate the market very 
fast [5–8]. The dynamic performance of an SMES system is far superior to other 
storage technologies. The shorter response time is the leading advantage and at the 
same time, system operation and life time are not influenced by the number of duty 
cycles or the depth of discharge as is the case for classical batteries. The estimated 
life of a typical SMES system is about 30 years. With the on going fast evolution in  
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power electronics and SMES technology the estimated cost within 10 years is 
expected to be almost 25% of present cost. SMES systems are compact, self-
contained and highly mobile. They contain no hazardous chemicals, produce no 
flammable gases and can be kept at remote locations. 
Another configuration for a hybrid wind generation for stand alone systems is 
depicted in Fig.5.2 [8]. 

 
Fig.5.2 Hybrid energy system  

 
Each generating component of the hybrid system has its raw power converted 
through rectifiers and DC converters to a standardized Dc-link voltage. The DC 
power is then inverted to supply the AC local grid. 
Each of the generators can be controlled for maximum efficiency when possible, or 
to follow the load in the absence of energy storage or in the case of the storage 
being full. 
The PMSG with diode rectifier dc load [10-12] or with bidirectional full power 
converter control for wind energy conversion has been recently proposed due to its 
high efficiency and lack of excitation circuit, both for power grid and stand alone 
applications with ac output constant voltage and frequency control [13,14].  

One of the main challenges is to reduce harmonic pollution caused by nonlinear 
loads which may cause additional losses and heating in the electrical equipment, 
failures of the sensitive equipments, resonances and interference with electronic 
equipment, premature ageing. Active filters are applicable to compensate current-
based distortions such as current harmonics and also voltage based distortion such 
as voltage harmonics voltage flickers, voltage sags and voltage unbalanced. Most of 
these approach the control by means of filter current control implemented in various 
reference frames: stationary, fundamental, or harmonic frame. The stationary 
reference frame current control includes: hysteresis control [15, 16], dead-beat 
control [17], and linear equivalent-PI control with selective harmonic compensation 
[18].  
Nonlinear (diode rectifier dc load, for example) balanced and unbalanced (one load 
side inverter phase terminal open) load performance, with 6, 12,17,19,23 output ac 
voltage harmonic compensation, with bidirectional converter, and motion sensorless 
control, has not yet been demonstrated with experimental results [14].  
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Fig.5.3 Stand alone wind energy conversion system  

 

5.2. PMSG model 

 

The space-vector model of PMSG, equipped with interior permanent magnets, in 
rotor reference frame (Park’s transformation in dq axes) is [15]: 

s
ss s s

d
i R V j

dt

Ψ
ωΨ− = − −                                                                              (5.1) 

d qs jΨ Ψ Ψ= +                                                                                              (5.2) 

d PM d dL iΨ λ= +                                                                                            (5.3) 

q q qL iΨ =                                                                                                     (5.4) 

d qsV V jV= +                                                                                               (5.5) 

d qsi i ji= +                                                                                                  (5.6) 

where: sV , si  and sΨ are the stator voltage, current and flux vector, respectively; 

Rs is the stator phase resistance; Ld and Lq are the dq inductances; λPM is the PM 
flux; p is the pair pole number. Table II shows PMSG specifications. 
A typical stand alone wind energy conversion system connected to a local load 
without any storage equipment is depicted in Fig.5.3. The considered plant in this 
application is the LC filter attached to the load-side inverter and a nonlinear load 
(three-phase diode rectifier).     
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    Fig. 5.4  (a) Configuration of the load-side inverter connected to the local load  

                          (b) Single phase representation of the plant 
 
Based on Fig.4, the relation for the currents flowing through the filter is given by: 

i c li i i= +                                                                                                 (5.7) 

while the voltages can be described as: 
( )i f f c cV = R + sL i +V                                                                                     (5.8) 

c c
f

1
V = i

sC
                                                                                               (5.9) 

l l loadV = i R                                                                                              (5.10) 

Finally the transfer function between the load voltage and the inverter voltage is: 
 

loadl
plant 2i load f f load f f f load f

RV (s)
G (s) = =

V (s) s R C L + s(R R C + L )+ R + R
                        (5.11) 

 
The load and LC filter parameters are listed in Table II. below: 

 
TABLE II 

LC filter parameters 
Rload 50 Ω 
Rf 0.4 Ω 
Lf 0.01 H 
Cf 4.2 μF 

 
 

5.3. Proposed Voltage harmonics and inversed component 
compensation scheme 

 
 
 In stand alone mode the voltages are controlled in terms of amplitude and 
frequency. The voltage control is divided in two distinct parts: fundamental voltage 
control and harmonic voltage control. In the first case the d-axis respectively q-axis 
voltage controllers are standard PI controllers, receive as inputs the reference  
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*
dV 220 2=  voltage respectively *

qV 0= . The dc link voltage and current controllers 

lower the reference voltage for the main voltage controller when the dc link voltage 
is below a designated level; respectively the load current exceeds a certain level 
[16].  

i _DC _limit *
DC-limit p _DC _limit dc dc

k
V (k )(V -V )

s
= +                                                (5.12) 

i _ Irms *
Irms p _ Irms rms rms

k
V (k )(I - I )

s
= +                                                          (5.13) 

where kp-Dc-limit=0.2, ki-Dc-limit=4 are Dc-link controller gains respectively kp-Irms=5 , 
ki-Irms=500 are controller gains for current limiter regulator.  So, finally the reference 
for d-axis voltage can be calculated as: 
 

* *
dref d DC _lim it IrmsV V - V - V=                                                                           (5.14) 

( )plantG s*V

 lV

pk

ik
V

 
Fig.5.5 Fundamental voltage control loop in synchronous reference frame  

 
The fundamental voltage controller (Fig.5.5) is a feedback controller which provides 
pole-zero cancellation for the plant. The reference voltage vector for the 

fundamental voltage controller is * * *
dref qV V jV= + . The PI voltage controller transfer 

GPI(s) is defined as: 
 

            i
PI p

k
G (s) k

s
= +                                                                             (5.15) 

Using complex vector notation, the model for the plant in stationary reference frame 
is transformed to synchronous reference frame by substituting the “s” operator with 
“s-jωsa” [20]. Considering an ideal inverter V=V* the close loop transfer function for 
the voltage control in synchronous reference frame can be written as: 

    PI plant

PI plant

G (s) G (s)
H(s)

1 G (s) G (s)

⋅
=

+ ⋅
                                                                   (5.16) 

The frequency response of H(s) in synchronous frame is represented in Fig. 5.6 on 
linear scales. The response is obtained for kp=0.1 and ki=10.  
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Fig.5.6  Frequency response of fundamental voltage controller in synchronous frame  

 
The nonlinear load in this application (three-phase diode rectifier) generates 
nonsinusoidal currents with harmonic spectrum containing sidebands of multiple of 
the six of the fundamental frequency (Fig. 5.13). Same harmonics are contained 
also in the waveform of the load voltages. 
In a second case the harmonic voltage control uses the line voltage measurements 
to detect the harmonic voltage to be compensated. The filter acts as a harmonic 
voltage source, injecting into the load voltages harmonic voltages with the same 
amplitude and opposite phase to the load voltages. The control structure for the 
load side inverter is shown in Fig. 5.7. Since coordinate rotation provides a 
frequency shift by –ωsa, in fundamental frame, harmonics orders k=6n±1 become 
k=6n. The harmonic voltage controller, is realized as superposition of individuals 
controllers, each design for a specific pair of harmonics (k=6, 12, 17, 19, 23) of 
positive and negative sequence. The harmonic compensator is proportional resonant 
type (PR) defined as [21]: 

( )k

2
pk ik

PR 22
sa

K s K s
G (s) 2

s kω

+
=

+
                                                                           (5.17) 

Due to intense computational effort needed to implement the proposed harmonic 
compensation algorithm and the sample frequency set during the experiments at 9 
KHz, the implementation of the PR controller tuned on 18th harmonic had not the 
expected results. So in order to compensate above 12th order PR resonant 
controllers, implemented in stationary reference frame, have been used for each of 
the odd 17th, 19th, 23th [12]. 
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Fig.5.7 Harmonic voltage compensator structure implemented in: 

  a) synchronous reference frame 
                                            b) stationary reference frame 

 
The voltage control loop, in harmonic frame, is design for dc quantities since the 

harmonic voltage of interest are dc in their own rotating frame. Assuming an ideal 
inverter the transfer function of harmonic voltage loop in synchronous reference 
frame is: 

 

k

k

plant PI PR
k 6,12L

1 *
plant PI PR

k 6,12

G (s) G (s) ( G (s))
V

G (s)
1 G (s) G (s) ( G (s))V

=

=

⋅ ⋅

= =
+ ⋅ ⋅

∑
∑                            (5.18) 

This transfer function provides unity gain for the frequency sakω (k=6, 12). The 

frequency response of the G(s) in harmonic reference frame is shown in Fig.5.8a for 
both positive and negative frequencies, on linear scales. The response was obtained 
for kp6=0.00046, ki6=0.5, kp12=0.0003, ki12=0.9. 
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Fig.5.8 (a) Frequency response of voltage harmonic controller for 6th and 12th  

                        (b) Frequency response of voltage harmonic controller for 17th, 19th,23th 

 
The transfer function of harmonic voltage loop in stationary reference frame is: 

k

k

plant PR
'

k 17 ,19,23
2

L plant PR
k 17 ,19,23

G (s) ( G (s))
V

G (s)
V 1 G (s) ( G (s))

=

=

⋅

= =
+ ⋅

∑
∑

                                         (5.19) 

This transfer function provides unity gain for the frequency sakω (k=17, 19, 23), 

and zero gain for the dc signals, i.e. it guarantees complete rejection of the 
fundamental frequency (which is dc quantity in its own frame). The frequency  
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response of G2(s)

 
in stationary frame is represented in Fig. 5.8b for both positive 

and negative frequencies, on linear scales. The PR parameters are: kp17=0.002, 
ki17=0.06, kp19=0.008, ki19=0.005, kp23=0.00019, ki23=0.0005; 
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Fig.5.9  Load side inverter control  

(a) Load side inverter control  
          (b) Negative sequence compensation 

  (c) Stand–alone angle computation 
 
When an unbalanced ac load is connected (or an output terminal of the load side 
inverter is open), in order to keep the voltage symmetry[22]-necessary for 
remaining ac load- the negative sequence voltage is compensated. We can write the 
magnitude of the fundamental voltage as a sum of its sub harmonics: 

j sa j sa j 5 sa
L 50 50 250V V e V e V e .........θ θ θ⋅ − ⋅ ⋅ ⋅

−= ⋅ + ⋅ + ⋅ +                                 (5.20) 

The voltages are additionally rotated with inversed angle, so eq. (5.20) becomes: 
j sa j sa j sa j sa j 5 sa j sa

L 50 50 250V V e e V e e V e e .........θ θ θ θ θ θ⋅ ⋅ − ⋅ − ⋅ ⋅ ⋅
−= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ + (5.21) 

After this coordinate transformation the negative sequence is compensated in dc 
quantities. In order to eliminate the second order harmonic a second order low pas 
filter (LPF) with cut-off frequency at 50 Hz is used. A PI regulator used to 
compensate the error. The controller gains were selected as: kp_comp=0.2, ki_comp=5. 
The output of the controller is translated in stationary coordinates and added to the 
total reference voltage vector and is realized by a Space Vector Modulation (SVM) 
unit. 

 
 

5.4. Proposed motion sensorless vector control with state 
observers for stand alone 

  
The configuration of the general proposed motion sensorless control system is 
depicted in Fig.5.10. The machine side converter is voltage controlled along the q-
axis. We determine the reference *

qi  by a PI controller which uses the deviation 

between reference dc link and measured dc link voltage.  

    DC
DC DC

iV*
q pV V

k
i k e

s

⎛ ⎞
= ⎜ + ⎟⎜ ⎟
⎝ ⎠

                                                                       (5.22) 

where 
DCpVk and 

DCiVk are PI regulator gains and 
DCVe is the Dc-link voltage error. 

The PI gains have been chosen, pVdck 0.02= and iVdck 0.5= ,for slow dynamic 

response in order to avoid interface between the current and voltage controllers. 
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Fig.10 Sensorless control of PMSG [13] 
 a) General scheme  
 b) The position and speed observer  

The current regulators are implemented in synchronous reference frame and 

produce the reference voltage vector * * *
d qV V jV= + : 

  
^

* icrt
d pcrt id r q s

k
V (k )e i L

s
ω= + +                                                                  (5.23) 

  
^

* icrt rq pcrt iq d s PM
k

V (k )e (i L )
s

ω λ= + − +                                                       (5.24) 

where pcrtk and icrtk are PI controllers gains and ide and iqe are the current errors 

respectively. The gains of current controllers are pcrtk 25.0= and icrtk 25000= . 

The rotor position and speed estimator used is the same as it was presented in 
chapter 3. 
 
 
5.5 Test platform and experimental results 
 
The electrical block-diagram of the test platform is shown in Fig. 5.11. The testing 
setup consists in a PMSG of 12 Nm rated torque driven by a Siemens SIMOVERT 
MASTERDRIVE operated in open loop torque control mode and the two inverters are 
Danfoss VLT 5005.The nonlinear load considered in the experiments is a three-
phase diode rectifier with a variable resistance. The control structure was 
implemented in a Dspace DS1103 hardware platform. The sampling and switching 
frequency are set to 9 kHz In all cases the total harmonic distortion (THD) of the  
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voltage is measured with a three-phase Voltech PM3000 power meter. The PMSG 
parameters are presented in Table II. 
 

Table II 
PMSG parameters 

Number of pole pairs (p) 3 
Rated power 2.2 kW 
Rated speed 1750 rpm 
Rated frequency 87.5 Hz 
Rated torque 12 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 4.1 A(rms) 
Stator resistance per phase (Rs) 3.3 Ω 
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Fig. 5.11  Test platform 

 
The voltage harmonic content was studied for different diode rectifier dc variable 
load . The phase voltage and its current waveform together with the voltage 
harmonic spectrum are presented in Fig. 5.12. without harmonic compensation. 
Using proportional resonant regulators for harmonic voltage compensation the ac 
voltage waveform is improved as it is seen in Fig.5.13. The first peak of the 
spectrum harmonic, which is out of range, is the fundamental voltage magnitude. 
The harmonic spectrum in logarithmic scale is represented in both situations in 
Fig.5.14,15. Using the inverter control in order to compensate the voltage 
harmonics we can eliminate the first voltage harmonics (of the order 6,12,17,19,23) 
despite the fact that they still exist in current (Fig. 5.16) The THD factor for the 
uncompensated harmonic voltages is 1.338% and with harmonic compensation was 
reduced to 0.719%.  
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Fig.5.12 Current and voltage waves for a rectified load harmonics without voltage harmonic 

compensation 

 
Fig. 5.13 Current and voltage waves for a  rectified load  with voltage harmonic compensation 
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The voltage harmonic spectrum without and with harmonic compensation 
obtained from power analyzer are depicted in Table III respectively in Table IV. 

 
Table III Voltage harmonic spectrum without harmonic compensation 

 
Voltage Harmonics 

(VH) 
Channel 1 Channel 2 Channel 3 

VH 1 229.9 229.6 229.9 
VH 5 1.2060 1.0163 1.4500 
VH 7 387.7 m 788.9 m 431.2 m 
VH 11 1.4914 1.8461 1.6053 
VH 13 1.1270 1.1379 986.2 m 
VH 17 7.284 7.360 7.360 
VH 19 5.776 4.633 4.690 
VH 23 6.081 5.445 6.533 

 
Table IV Voltage harmonic spectrum with harmonic compensation 

 
Voltage Harmonics 

(VH) 
Channel 1 Channel 2 Channel 3 

VH 1 231.3 230.1 230.2 
VH 5 637.8 m 416.9 m 855.8 m 
VH 7 638.1 m 264.6 m 606.3 m 
VH 11 580.8 m 821.3 m 276.7 m 
VH 13 1.0726 372.3 m 289.9 m 
VH 17 232.9 m 394.1 m 173.48m 
VH 19 970.5 m 553.1 m 454.3 m 
VH 23 801.0 m 553.1 m 583.7 m 

 

 
Fig. 5.14 Voltage harmonic spectrum without voltage harmonic compensation 
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Fig.15 Voltage harmonic spectrum with   harmonic compensation 

 
Fig.5.16 Ac source (load inverter output) current harmonics for balanced diode rectifier load –

test results 
 
The behavior of the system is investigated for the case when one load side inverter 
terminal is open (t=16.5s) and when the terminal is reconnected (t= 33.2s). The 
generator speed is kept constant at 192 rad/s. The DC link voltage level is kept at 
640V.    
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Fig.5.18  Reference and measured machine side Iq current 

 
When the fault occurs a small increase (cca. 5%) is recorded in the DC link voltage 
level (Fig. 5.17) but no spikes in PMSG currents (Fig. 5.19b). In order to maintain 
the designated level the DC voltage controller reduces the reference for iq current 
controller (Fig. 5.18). When the fault is cleared (t=32.5s) it can be noticed that the 
systems recovers quickly without major spikes in Dc-link voltage and PMSG currents 
(Fig.5.17, 5.18). The estimated and actual rotor speed are depicted in Fig.5.20, 
showing a good tracking performance of the position/speed observer used for 
motion sensorless control of PMSG. 
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Fig.5.19 PMSG currents 

a) one load side inverter terminal is open 
b) one load side inverter terminal is reconnected  
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Fig. 5.20 Measured and estimated rotor speed [rad/s] 
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Fig. 5.21 Ac source (load inverter output) current unbalanced diode rectifier load-test results 

 
When one load side inverter terminal is open (Fig. 5.21), nonsymmetrical voltages 
with notable harmonics occur for same diode rectifier loads (Fig. 5.15). The 
parameters of the supply-side voltages when the negative voltage sequence is not 
compensated are depicted in Table V.  
The asymmetry can be calculated as [22]: 
 

 a b c a b c

a b c

Max(V ,V ,V ) Min(V ,V ,V )
d

V V V
3

−
=

+ +
=0.0608                (5.25) 

Table V 
 Channel 1 Channel 2 Channel 3 

Watts(RMS) 412.3 426.6 61.70 m 
Watts(Fund.) 412.2 426.5 60.26 m 
Volts(RMS) 223.6 228.8 237.6 
Volts(Fund.) 223.6 228.8 237.7 
Amps(RMS) 2.175 2.178 5.509 m 
Amps(Fund.) 2.174 2.177 566.8 u 
Power Factor 0.848 0.856 0.047 

Cos Phi(Phase) -0.848 0.856 -0.447 
Amps(Peak) 3.082 -3.092 15.671m 
Volts(Peak) 317.8 323.4 331.0 

 
When the negative sequence voltage is compensated the voltage asymmetry was 
reduced from 6.08% (Fig. 5.21) to 0.608% and its harmonics content was reduced 
(Fig. 5.22). 
The parameters of the supply-side voltages with the negative voltage sequence 
compensation are depicted in Table VI. 
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Table VI. 

 Channel 1 Channel 2 Channel 3 
Watts(RMS) 248.4 246.1 52.84 m 
Watts(Fund.) 248.3   246.0   51.01 m 
Volts(RMS) 230.2 229.9 231.3 
Volts(Fund.) 230.2 229.9 231.2 
Amps(RMS) 1.2425 1.2428 5.760 m 
Amps(Fund.) 1.2422   1.2424 485.0 u 
Power Factor 0.868 0.861 0.040 

Cos Phi(Phase) -0.868 0.861 -0.455 
Amps(Peak) 326.8 327.0 -325.1 
Volts(Peak) -1.7741 -1.7719 -16.438m 

 

 
Fig. 5.21 Voltage harmonic content for unbalanced rectifier load without negative sequence 

compensation 

 
Fig. 5.22 Voltage harmonic content for unbalanced load with negative sequence compensation 
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5.6 Discussion and Conclusion 
 
A voltage control scheme with selective harmonic compensation for a stand alone 
wind generation PMSG system has been proposed. The system was experimentally 
shown capable of  supplying  local   load in good conditions (with much lower 
negative sequence  ac voltages and lower  harmonics content of the latter) even if 
one terminal of the load- side inverter is open and the load is nonlinear (diode 
rectifier load). 
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Chapter 6 
 

I-F Starting Method with Smooth Transition to 
EMF Based Motion-Sensorless Vector Control of 

PM Synchronous Motor/Generator 
 
 

 
Abstract  

 
 This chapter proposes a novel hybrid motion-sensorless control system for 
permanent magnet synchronous motors (PMSM) using a new robust start-up 
method called I-f control, and a smooth transition to emf-based vector control. The 
I-f method is based on separate control of id, iq currents with the reference currents 
id

*= 0 and iq
* constant, and the reference frequency having ramp variation. This 

solution allows ultra low-speed sensorless control without initial rotor-position 
estimation, and without machine parameters identification. A first-order lag 
compensator is employed to ensure a smooth transition from I-f to emf sensorless 
vector control when the frequency reaches a certain level, and back. The PMSM 
rotor position and speed are extracted by using a PLL state-observer from the 
estimated rotor-flux, which is based on an equivalent integrator in close-loop with a 
PI speed-adaptive compensator to eliminate dc-offset and phase-delay. Digital 
simulations for PMSM start-up with full load torque are presented for different initial 
rotor-positions. The transitions from I-f to emf motion-sensorless vector control and 
back as well, at very low-speeds, are fully validated by experimental results. This 
method is suitable for both surface and interior PMSMs, but the paper refers directly 
only to surface PMSM. Other field of application might be in wind generators safe 
(faster) self starting when connected to the grid, or moving the rotor a little for 
inspections/repairs and for general industrial variable speed drives where slightly 
hesitant but full-load self-starting is allowable.  
 
 

6.1 Introduction 
 
 Recently, PMSM drives have received an increased interest for industrial 
applications due to their higher torque per unit volume easy maintenance, high 
power factor and better efficiency comparing with induction motors. 
Drives of PMSMs require the absolute rotor position information to exactly control 
the motor torque, and the position information has been provided by a resolver or 
an encoder. The resolution of initial position is 180 divided by number of Hall-effect 
detectors if the Hall-effect detector’s signal conditioning has a binary output, i.e., is 
configured as a Hall-effect switch. For classical implementations using three Hall-
effect switches, the error due to the limited angular resolution degrades starting 
torque. Additional resolution can be gained using an analog output Hall-effect 
sensor, at the expense of an additional A/D converter for each sensor. 
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A critical aspect to modern drive applications is reliability. A key factor affecting the 
reliability of motor drives is the position sensor. The additional wiring and 
connections to sensors degrades reliability. A simple, low-cost approach to obtain a 
useful initial position without requiring a position sensor involves using dc current 
excitation to physically align the rotor to an initial position. 
The elimination of the position sensor reduces the drive cost and improves the 
reliability. 
The sensorless control methods for PMSMs can be divided in three main categories: 
methods using fundamental voltage or current models, suitable for middle to high-
speed range [1-7]; techniques based on state observers [8], [9] and extended 
Kalman filters (EKF) [10]–[14]; and methods using high-frequency signal injection 
for standstill and low speeds [15-10]. A combination between these two methods is 
presented in [11]. 
Position estimation based on back-EMF techniques estimates the flux and velocity 
from the voltage and current, which is especially sensitive to the stator resistance at 
low speed range. The actual voltage information on the machine terminal can hardly 
be detected because of the small back-EMF of the machine and the system noise 
produced by the nonlinear characteristics of the switching devices. The back-EMF 
methods have good position estimation in middle and high speed but it fails in the 
low speed region. The magnitude of back-EMF voltage is proportional to the rotor 
speed, thus at standstill it is impossible to estimate the initial position. Therefore 
starting from unknown rotor position may be accompanied by a temporary reverse 
rotation or may cause a starting failure. 
The EKF is one of the most widely used for tracking and estimation for nonlinear 
systems due to its simplicity, optimality, trackability and robustness for low to high 
speed range but still fails to identify initial position. 
In the last decade, several solutions have been proposed to estimate the PMSM 
initial rotor position. Two basic methods are pulse signal injection [15-19], and 
sinusoidal carrier signal injection [20-30]. The pulse signal injection methods are 
often based on estimating of minimum inductance location using a calculated 
obtained during some form of iterative square wave voltage injection to arbitrary 
axes such as that in [16-21]. Such methods can be applied to both surface [16]–
[18], [21] and interior PMSMs [20], [21]. Magnetic axis without polarity was 
estimated via a method named “INFORM” (Indirect Flux detection by On-line 
Reactance Measurement) and the polarity was detected by finding minimum 
inductance on the estimated magnetic axis [19].  In these methods, initial position 
estimation accuracy can be affected by additional spatial harmonics such as 
saturation of the stator teeth. 
Injection of a high-frequency, rotating [20]–[23], [28] and/or pulsating [24]–[28] 
excitation has also been widely used to estimate initial rotor position using either 
voltage [20]–[24], [27], [28] or current injection [25], [26]. 
For polarity-dependent-axis, the magnetic saturation was modeled as a function of 
current by a 2nd-order Taylor series [26]. The magnet polarity was determined from 
the second harmonic of the injected frequency [26]–[28]. 
 I-f open loop control has been proposed for RSM in [31] for wide speed range, 
with superior results than V/f control. 
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 This chapter presents a new safe, robust sensorless start-up method called “I-f 
control” for PMSM without initial rotor-position detection, with very good 
performance at low speeds. Smooth transition to emf-based motion-sensorless 
vector-control method and vice-versa is achieved by employing a first-order lag 
compensator and is demonstrated with fully experimental results [32]. 
 

6.2  PMSM MODEL 
 

The space-vector model of PMSM equipped with interior permanent magnets, in 
rotor reference frame (Park’s rotator operator for transformation in dq axes) [32] is: 

 s
s rs s s

d
V i R j

dt
Ψ

ω Ψ= + + ,     (6.1) 

 d q PM d d q qs j L i jL iΨ Ψ Ψ λ= + = + + ,     (6.2) 

where d qsV V jV= + , d qsi i ji= + , and sΨ  are the stator voltage, current and flux 

vectors, respectively, Rs is the stator phase resistance, Ld and Lq are the dq 
inductances, λPM is the PM flux, and ωr is the rotor speed. 

 
a) 
 

 
b) 

Fig. 6.1 The model of PMSM: a) mask of the model, b) implementation of equations 
 
 
 

BUPT



    .   I-f starting method with smooth transition to emf based sensorless control- 6 130 

 
6.3 I-F CONTROL METHOD 
 
 

 I-f control method consists in ramping the stator current frequency while *
qi  and 

*
di  references are maintaining constant. During the experiments, the frequency 

time- variation form is chosen as: 
* 2

ff k t=         (6.3) 

where kf is a positive constant (kf = 1, in our case). 
 The frequency is used to calculate a reference angle (Fig.6.2) crtθ , which is the 

feedforward position-angle corresponding to an imposed synchronous reference 
frame: 

*
crt 2 f dtθ π= ∫         (6.4) 

2π crtθ*f
crtπ θ π− ≤ ≤

 
Fig. 6.2 Reference angle calculation during I-f starting 

 
Two PI current controllers, implemented in synchronous reference frame, are used 

to “reproduce” *
dqi currents in motor by a current vector control system. 

 
 
6 .4 MOTION-SENSORLESS CONTROL OF PMSM 
 
 
The configuration of the proposed motion-sensorless vector control system for 
PMSM is illustrated in Fig. 6.3a. The PMSM is current vector controlled. The 

reference current *
qi  is set according to reference frequency variation. To avoid large 

speed transients during experiments, a small value (0.3A) is imposed until the 
frequency exceeds 10 Hz for start-up with no load. The commanded magnetizing 

current 
*
di  is set to zero to operate at max. torque/ current (typical for surface PM 

rotors, but acceptable also for small saliency inset PM rotors). 
 The current controllers are implemented in rotor reference frame, and give the 

reference voltage vector  * * *
d qV V jV= + : 

* *
d pcrt icrt d d r q qV (k k / s)(i - i ) i Lω̂= + −      (6.5) 

* *
q pcrt icrt q _gen q r d d PMV (k k / s)(i i ) (i L )ω̂ λ= + − + +    (6.6) 
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where kpcrt = 15 and kicrt = 20 are the PI controller gains. 
The axis decoupling terms in (6.5), (6.6) are introduced only when the control 
strategy runs in emf motion-sensorless control mode. 

Fig. 5.3b shows the rotor position r̂θ and speed ˆ rω estimator that includes the 

following main components. The stator flux estimator ˆ
sλ , based on the voltage 

model in stator reference frame, employs an equivalent integrator (I+API) in close-
loop, with a speed-adaptive PI controller to compensate the dc-offset and phase-
delay [17]. The target is to find a structure with same frequency behavior as an 
ideal integrator. 
 The transfer function of I+API is: 

2
p i

ˆ s
H(s)

e s k s k

λ
= =

+ +
       (6.7) 

The denominator canonical form is: 
 

2 2 2
p i 0 0(s) s k s k s 2 sΔ ξω ω= + + = + +       (6.8) 

where ω0 is the corner frequency and ξ is the damping factor. 
 The expressions for the speed adaptive PI gains are [33]: 

pk 2 ;ˆ
d
ξ ω=

2

i 2
ˆk
d

ω
= ; 0

ˆ
d
ωω = ;       (6.9) 

where ω̂  is the module of estimated speed; d=12, ξ=0.15 and kp and ki have 
minimum values, e.g., 1 and 10, respectively.  
 Now, in the frequency domain, H(jω) from (6.7) becomes: 

jH He φ= ,                         (6.10)  
where H is the magnitude and Φ is the phase of H.  

 
2

2 2 2 2 2

d
H

(d ) (2 d )ˆ ˆ

ω

ω ω ξ ωω
=

− +
,              (6.11) 

and  
2 2 2
2 dˆatan

2 d ˆ

π ξ ωωφ
ω ω

= − +
−

.              (6.12) 

 When ω̂ ω= , the expressions (6.11), (6.12) become: 
 

2

2 2 2

1 1 2

1 d
H  a;       a= ;

(d -1) (2 d)

2 d
;  atan .

2 d 1

ω ξ
π ξφ φ φ

=
+

= − + =
−

                        (6.13) 

 Note 1. Using the speed adaptive expressions for kp and ki (6.9), the magnitude 
correction a and the phase correction Φ1 have constant values. Therefore, an ideal 
integrator H^ in the frequency domain is obtained [33]: 
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1
jj 21 1

Ĥ e H e
a

π
φ

ω

−−= =               (6.14) 

 The stator flux vector ˆ
sλ  is obtained using the adaptive integrator (6.7), (6.9) 

with the corrections (6.14) to integrate the emf vector e : 

 

ss ssˆ e (V i R )dtλ = = −∫ .              (6.15) 

The stator vector voltage Vs is reconstructed from the duty cycles da, db, dc of the 
voltage source-inverter and the measured dc-link voltage Vdc: 
 

dc a b c dc b csV V jV V (2d d d ) / 3 jV (d d ) / 3α β= + = − − + −   6.16) 

 The estimated rotor flux r̂λ  is obtain using sλ̂  and the measured stator current 

si : 

 

s sr sˆ ˆ L iλ λ= − .      6.17) 

A phase-locked loop (PLL) state-observer (Fig. 6.3c) extracts the phase of r̂λ  vector 

to estimate the rotor position r̂θ  and speed r̂ω . The PLL error r r̂Δθ θ θ= −  is 

obtained from the imaginary part of the vector product r 1ˆIm( , )λ λ  where: 

r r̂j j
r r r r rr 1ˆ ˆ ˆ ˆ ˆe j ;   e cos j sinθ θ

α βλ λ λ λ λ θ θ−= = + = = −             (6.18) 

r r r rr 1ˆ ˆ ˆ ˆ ˆsin Im( , ) cos sinβ αΔθ Δθ λ λ λ θ λ θ≅ = = −                        (6.19) 

  
In practice, to simplify (6.9), the PI controller gains, that are speed adaptive, are 
chosen as: 

p ik 5 2 | |,   k 1 0.5 | |ˆ ˆω ω= + = +               (6.20) 
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Fig. 6.3 Motion-sensorless control of PMSM: a) current controllers, b) rotor speed and position 

estimator, c) PLL state-observer structure 
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6.5  TRANSITION STRATEGIES 
 
A. Transition from I-F Control to EMF Sensorless Control 

 
The system uses I-f control for start-up and low speeds. When the reference 
frequency exceeds a certain level (fmin), the transition to emf motion-sensorless 
vector control is automatically initiated (Fig. 6.4a). In order to achieve a smooth 
transition, a first-order lag compensator is used having zero input, and the error 

crt r̂θ θ−  set as initial condition. The time constant Tc = 0.04s is chosen. Therefore, 

the angle θ, used for Park rotator operator, goes smoothly from crtθ to r̂θ . 

comp1 crt r comp1 crt r
c

1 ˆ ˆ( ),    (0)= 
1 sT

θ θ θ θ θ θ= − −
+

            (6.21) 

r comp1ˆθ θ θ= +          6.22) 

When the reference frequency reaches fmax, the control strategy switches to the emf 
motion-sensorless vector control ( r̂θ θ= ) and the first order delay (1→2) is disabled 

(θcomp1=0) (Fig. 5a). 

1

2

( )a

2

3 tt
( )b

minf

maxf ω

ω

 
Fig. 6.4 Control strategy: 1) I-f control; 2) emf motion-sensorless vector control; 3) I-f control 
 

B. Transition from EMF Sensorless Control to I-F Control  

 

 Transition from emf motion-sensorless vector control to I-f control is realized 
when the estimated rotor speed ˆ rω  is below a certain level (Fig. 6.4b). In that case, 

the control system automatically generates an angle (θcrt1 - feedforward position 
angle) having the same frequency as the last value of the estimated rotor 
frequency: 

crt1 dtˆθ ω= ∫                (6.23) 

 The transition to I-f control is performed smoothly by employing the first-order 
lag compensator (2→3) (Fig. 6.5a) having zero input and the error r crt1θ̂ θ−  as 

initial condition.  
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comp2 r crt1 comp2 r crt1
c

1 ˆ ˆ( );    (0)
1 sT

θ θ θ θ θ θ= − = −
+

.             (6.24) 

Now the angle used in Park rotator operator becomes: 

1 2ctr compθ θ θ= + .               (6.25) 

 

Control
Strategy 1

2
3

θ
1

2

2

3

*f

crtθ

^

rθ

^

rθ
1crtθ

1crtθω 1crtπ θ π− ≤ ≤

0x

2 3→
0x

1 2→

1compθ

2compθ

1 2→

2 3→

cT

cT

( )a

( )b

ω

 
Fig. 6.5. a) Transition strategy (1→2): I-f  emf motion-sensorless control; (2→3): emf motion-

sensorless control  I-f; b) θcrt1 calculation 
 
 

6.6 SIMULATION RESULTS 
 

The proposed start-up strategy is simulated using Matlab/ Simulink and is 
implemented on DSpace 1103 control board. The simulation step was set to 100µs 
and the solver is Runge –Kutta. 
 Since the initial position is unknown, the I-f control performance is investigated 
for different initial values of the rotor position with full load. Fig. 6.6a shows the 
start-up of PMSM with constant full load. Until 0.02s the actual rotor speed is 
considered zero until the electromagnetic torque is equal with the rated torque. 
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6 Fig. 6.6 Rotor speed: a) Start-up with full load torque; b) Start-up with load torque variable 

with rotor speed 
 

Note that, for rotor position values higher than π/4 of the initial rotor position, the 
PMSM exhibits a brief backward rotation. Better results are obtained for a load 
torque proportional with the rotor speed (Fig. 6.6b). In this case, backward rotation 
is recorded only for values higher than π/2 of the initial rotor position. It seems safe 
to consider that the machine is able to start from any position at full load torque, 
after few oscillations around zero speed, provided by the reference current that is 
large enough. 
The transition from I-f control to emf based sensorless control is investigated in Fig. 
6.7. The reference frequency in Fig. 6.7a has a ramp variation. When it reaches 30  
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Hz, the first-order lag compensator is triggered (Fig. 6.7b), and the rotator-operator 
angle θ(1) has a smooth transition from the current vector angle θcrt(2) to the 

estimated rotor position angle r̂θ (3) shown in Fig. 6.7c. Fig.6.7d shows the PMSM 

currents which do not exhibit any transients during transition period from one 
control strategy to other.   
 After the control strategy switches to emf based sensorless control, the machine 
accelerates until 1400 rpm with load torque proportional with speed. The actual 
rotor speed, the estimated rotor speed, and the error between them are depicted in 
Fig. 6.7e,f,g. Note that during the acceleration and deceleration process the 
proposed motion-sensorless control algorithm shows a very good tracking 
performance.  
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Fig. 6.7 Transition to emf based control 

a) Reference  frequency 
b) Trigger to start emf control 

c)  zoom to see transition of θ (1): θcrt(2) → r̂θ (3) 

d) PMSM currents [A] 
e) Actual rotor speed [rpm] 
f) Estimated rotor speed [rpm] 
g) Rotor speed estimation error [rpm] 

 
A deceleration is produced by setting the q-axis reference current from 4A to 1.2A 
(Fig. 6.8a). When the estimated rotor frequency (Fig. 6.8b) reaches 20 Hz, the 
control strategy automatically switches from emf based control to I-f control (Fig. 
6.8c), with the currents frequency equal with the last value of the estimated rotor 
frequency. Fig. 6.8d shows the PMSM currents which do not exhibit any transients 
during transition period from estimated rotor position to current vector control. The 
actual and estimated rotor speed, as well as the error between those two are 
illustrated in Fig.8e,f during the transition. Fig. 6.8g  shows smooth transition of the 

rotator-operator angle θ(3) from the estimated rotor position angle r̂θ (2) to the 

current vector angle θcrt(1). 
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Fig. 6.8 Transition to If based control 

a)  q-axis reference and measured current [A]; b) estimated rotor frequency [Hz];c) 
Trigger to start If control; d) PMSM currents [A]; e) actual and estimated rotor 
speed [rpm]; f) rotor speed estimation error [rpm]; g) Zoom to see angle 

transition of θ (3): r̂θ (2)→ θcrt(1) 

 
6.6.1 Simulations for Start-Up and Very Low Speed without Load 
with I-F Control 
 
 
Low speed reversal was simulated from 0.01Hz to -0.01Hz. The reference frequency 
is set to 0.01Hz (Fig. 6.9a) and θcrt used for coordinate transformations is shown in 
Fig. 6.9b. At time t=150s the frequency is reversed at -0.01Hz. The actual rotor 
speed is depicted in Fig. 9c without any significant transients when the frequency 
reverses the sign. The PMSM currents are shown in Fig. 6.9d and again there no 
transients at speed reversal.  Q-axis reference and actual current (Fig. 6.9e,f), 
respectively d-axis reference and actual current (Fig. 6.9g,h)  show no transients 
during the reversal process proving good performance of the current controllers. 
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Fig. 6.9 Start up and reversal at 0.01Hz measurements 

a) Reference frequency [Hz];b) Theta current [rad]; c) Actual rotor speed [rpm] 
d) PMSM currents; e) q-axis reference current [A]; f) q-axis current [A]; g) d-axis 

reference 
current [A]; h) d-axis current 

 
A step change was performed in the q-axis current from 1A to 3A under no load 
(Fig.6.10) at the same frequency, 0.01Hz. The speed remains constant (0.2 rpm) 
even with a notable increase in iq (see Fig.6.11). A very good dynamic response of 
the current controller with no transient in stator currents is shown in Fig.6.12. 
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Fig.6.10 Reference and measured q-axis current 
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Fig.6.11 Actual rotor speed [rpm] 
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Fig.6.12 Stator currents 

 
 
6.7  TEST PLATFORM AND EXPERIMENTAL RESULTS 

 
The experimental test platform is shown in Fig. 6.13. The test setup mainly consists 
in: motor of 12 Nm PMSM driven by a Danfoss FC-302 voltage source inverter; load 
of PMSM driven by Simovert Masterdrive; DSpace 1103 platform. 

PMSMPMSM

Inverter

FC-302

Dspace
1103

PWM 1
PWM 2
PWM 3

EN
STOP

3∼

3∼

 
Fig.6.13 Experimental test platform 
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The sampling and switching frequency is set to 10 kHz. 
The PMSM parameters are presented in Table I. 
 

TABLE I  
PMSM PARAMETERS 

Number of pole pairs (p) 3 
Rated power 2.2 kW 
Rated speed 1750 rpm 
Rated frequency 87.5 Hz 
Rated torque 12 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 4.1 A(rms) 
Stator resistance per phase (Rs) 3.3 Ω 
d-axis inductance (Ld) 41.59 mH 
q-axis inductance (Lq) 57.06 mH 
Rotor permanent–magnet flux λPM) 0.4832 V s rad-1 
Inertia of the rotating system (J) 10.07*10-3 kgm2 

Viscous friction coefficient (B) 20.44*10-4 Nms/rad 
 
The performance of the proposed control system is investigated in three cases: 
start-up and ultra very-low speed with I-f control; start-up with I-f strategy and 
transition to emf motion-sensorless vector control, and back (vice-versa) when the 
estimated speed is below a certain level. 
 
 
A. Start-Up and Very Low Speed without Load with I-F Control 
 
 
 Low-speed reversal is performed from 0.01Hz to –0.01Hz. The reference 
frequency is set to 0.01Hz (Fig. 14a) and the angle θcrt, used in rotator operator, is 
shown in Fig. 6.14b. At time t = 133s, the frequency is reversed at –0.01Hz. The q-
axis measured and reference current is depicted in Fig. 6.15a, their error - in Fig. 
6.15b, and the d-axis measured and reference current - in Fig. 6.16. Good 
performance of the current controllers during entire test is proved. The measured 
rotor speed is shown in Fig. 6.17, without significant transients at start-up, or when 
the frequency reverses the sign. The stator currents are shown in Fig. 6.18 and 
again, there are no transients at start-up or at speed reversal. The estimated stator 
voltage vector, obtained from the measured dc-link voltage and inverter duty cycles, 
has the hodograph almost circular (see Fig. 6.19). 
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Fig.6.14 a) Reference frequency; b) position-angle of current vector 
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Fig.6.15 a) Measured and reference Iq current; b) Iq error 
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Fig.6.16 Measured and reference id current  

 
Fig.6.17 Measured rotor speed [rpm] 
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Fig.6.18 Stator currents 
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Fig.6.19 Estimated stator voltages in αβ-plane 
 
A step change is performed in the q-axis current from 1A to 3A under no load (Fig. 
6.20) at the same frequency. The speed (0.2 rpm) remains constant even with iq 
notable variation. A very good dynamic response of current controller with no 
transients in stator currents (see Fig. 6.21) is proved. 
 

 
Fig.6.20 a) Measured and reference Iq current, b) measured rotor speed [rpm] 
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Fig. 6.21 Stator currents for increased iq* step 

 
B. Transition from I-F to EMF Sensorless Vector Control 

 

 To ensure a smooth start-up, a ramp variation up to 30 Hz is imposed to the 
reference frequency (Fig. 6.22a). The control strategy switches automatically from 
I-f strategy to emf sensorless vector control when the reference frequency reaches 
30 Hz (Fig. 6.22a). To avoid large speed transients, the q-axis reference current is 
set to 0.3A until the reference frequency reaches 10 Hz, and after that, the current 
reference is set to 4A. 
In Fig. 6.22b, the measured q-axis current is without significant transients at start-
up or in the switching moment t = 8.5s when one strategy goes to the other (Fig. 
6.23a).  
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Fig. 6.22 a) Reference frequency; b) q-axis current 
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Fig. 6.23 Transition from I-f to emf sensorless control: a) switching signal; b) stator currents; 

c) estimated and measured rotor speed 
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Fig. 6.24 Current vector angle, estimated rotor position angle, and rotator operator angle [rad] 

in transition to emf sensorless control 
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Fig. 6.25 Measured and estimated rotor speed [rpm] in transition strategies 
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Fig. 6.26 Position estimation error [elec. deg] in transition strategies 

 
The estimated and measured rotor speeds are displayed in Fig. 6.23c with good 
speed response, with no significant transients when the strategies are switched. In 
Fig. 6.24 the current vector angle, the estimated rotor angle and the rotator 
operator angle are shown. When the system automatically switches between the 
two control-strategies, the rotator operator angle switches smoothly from current  
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vector angle to estimated rotor angle. After transition, the system accelerates until 
1060 rpm, and then it decelerates safely to 400 rpm with emf-based control (Fig. 
6.25). During entire transient process, from the switching moment to steady state, 
there is a very close agreement between the estimated and the measured rotor 
position, showing a good tracking performance and good estimation results (Fig. 
6.26). 
 
 
C. Transition from EMF Sensorless Control to I-F Control 

 

 Initially, the system is running using estimated rotor position with r̂θ θ= . A 

deceleration is produced setting the q-axis current from 4A to 1A (see Fig. 6.27a). 
When the estimated rotor frequency (Fig. 27b) reaches a certain level (20Hz), the 
control strategy automatically switches from emf motion-sensorless vector control to 
I-f vector control (Fig. 6.28a) with currents frequency equal with last value of the 
estimated rotor frequency.  
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Fig. 6.27 Transition from emf sensorless control to I-f control: a) q-axis current; b) estimated 

rotor frequency [Hz] 
 
 
 
 

BUPT



                                                 6.7 Tesst Platform And Experimental Results 

 
 

153 

 

33.8 33.9 34 34.1 34.2 34.3 34.4 34.5 34.6

2

3

4

33.8 33.9 34 34.1 34.2 34.3 34.4 34.5 34.6

-1

0

1

2

P
M

S
M

 c
u

rr
en

ts
 [A

]

33.8 33.9 34 34.1 34.2 34.3 34.4 34.5 34.6
380
400
420
440

time [sec]
 

 

measured rotor speed [rpm] estimated rotor speed [rpm]

I/f control strategy

emf sensorless vector control  
(a)

(b)

(c)

 
Fig. 6.28 Transition from emf sensorless control to I-f control: a) switching signal; b) stator 

currents; c) Estimated and measured rotor speed 
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Fig. 6.29 Current vector angle, estimated rotor position angle, and rotator operator angle [rad] 

in transition to I-f control 
 
A smooth transition without significant transients in stator currents is demonstrated 
in Fig. 6.28b. A closed agreement between estimated and actual rotor position is 
confirmed in Fig. 6.28c, certifying a good tracking performance and good estimation 
results. The current vector angle, estimated rotor position angle, and rotator 
operator angle, as well as the transition from estimated rotor position to current 
vector angle is shown in Fig. 6.29. 
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6.8  CONCLUSION 

 

 This paper proposes a new hybrid motion-sensorless control system for PMSM 
drives with smooth transition between I-f sensorless control at start-up to emf 
sensorless vector control. This solution is validated through extensive digital 
simulation results and experimental test results. The main features are the 
following: 
 I-f sensorless control strategy for start-up and ultra-low speeds under load, which 

is independent of machine parameters variation and without initial rotor position 
detection, has been investigated through tests. 
  Smooth transitions from I-f sensorless control to emf sensorless vector control 

and vice-versa have been demonstrated in detail, with small current transients. 
 Good PMSM rotor position and speed estimations have been proved throughout 

tests. 
 The proposed method seems quite practical for general industrial applications with  
 variable-speed PMSM drives in large speed-range and suitable for wind generators 

safe (faster) self starting when connected to the grid, or moving the rotor a little for 
inspections/repairs. 
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Chapter 7 
 

The experimental test platform 
 
 
Abstract 
This chapter presents an extended description of the laboratory setup used for 
experiments in chapters 3-6. 
It was realized in the Dspace Lab, Institute of Energy Technology, Aalborg Denmark, 
with the intended purpose to prove and gain new information about the control of 
permanent magnet synchronous generator with two back-to-back connected 
inverters to the power grid or in stand alone, as the main part of the thesis. 
 
 
     7.1 Laboratory setup for Chapters 3,4,5  
 
The test setup consists in a 12 Nm PMSG connected to the grid by two back-to-back 
Danfoss VLT 5005 voltage source inverters, and mechanically driven by a PMSM 
prime mover with SIMOVERT MASTERDRIVE. 
 
 
 7.1.1 Hardware specifications 
 
The main component in the setup is the permanent synchronous generator(PMSG) 
manufactured by Yaskawa (see Fig.7.1). 
 

 
Fig.7.1 PMSG (right) and its driving motor (left) 

 
Parameters of the PMSG are shown in Table I: 
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Table I  
PMSG Parameters 

Number of pole pairs (p) 3 
Rated power 2.2 kW 
Rated speed 1750 rpm 
Rated frequency 87.5 Hz 
Rated torque 12 Nm 
Rated phase to phase voltage 380 V(rms) 
Rated phase current 4.1 A(rms) 
Stator resistance per phase (Rs) 3.3 Ω 
d-axis inductance (Ld) 41.59 mH 
q-axis inductance (Lq) 57.06 mH 
Rotor permanent–magnet flux λPM) 0.4832 V s rad-1 
Inertia of the rotating system (J) 10.07*10-3 kgm2 

Viscous friction coefficient (B) 20.44*10-4 Nms/rad 
 
 

7.1.2 The power inverters VLT 5004 and their interface and 
protection 

 
The power inverters are commercial VLT 5004, 4.2 kVA manufactured by Danfoss 
Drives, Denmark (see Fig. 7.2 for a photo of the inverters). The main data for them 
are given in Table II. 

 
Fig.7.2 The Danfoss power inverters equipped with interface and protection cards (IPC) left – 

GSC, right – MSC. 
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Table II 

Danfoss inverters specifications 
 

Rated Power 
 

4.2 kVA 
 

Nominal Voltage 
 

380 V 
 

Nominal Current 
 

6.5 A 
 

Maximum DC Link Voltage 
 

1200 VDC 
 

Switching Frequency 
 

10 kHz 
 

 
Their original interface cards and control panels were replaced with interface and 
protection cards (IPC – see Fig.7.3), produced by IET, Aalborg University. 

 
Fig. 7.3 Physical layout of the Interface and Protection Card for the power inverters 
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IPC is a PCB card with the same dimensions and mounting layout as the original 
VLT5004 control card. It has two flat cables connected to VLT power-card K103 and  
MK104 sockets and four BNC sockets for output currents IU-VLT, IVVLT, IW-VLT 
and DC-voltage UD-VLT signals (not used in our case). 
The gate signals can be brought-in via optic fiber using the eight receivers onboard 
or directly in TTL format, using the J2-socket. Besides the seven IGBT gate signals 
(UP, UN, VP, VN, WP, WN and BR), there is an enable signal (EN) that inhibits 
the gate drivers if it is kept low (coasting). 
The interface board is featured with two push-buttons: RESET (RST) and MANUAL 
TRIP (MT) as they are labeled on the card. Any fault that might occur need to be 
cleared out by pressing RST in order to release the gate signals. MT forces a trip 
when pressed. All faults can be read out the LED digit display, as shown in Table III. 

Table III 
VLT fault description 

 
IGBT gate signals. The VLT5004 gate drivers require the gate signals to be 
modulated with 4 MHz. All seven gate signals (UP, UN, VP, VN, WP, WN and BR) 
are brought to a CPLD where 4 MHz modulation with edge synchronization is carried 
out. Because the optic fiber receivers are inverting devices, gate signals are inverted 
at the input of the CPLD logic block. An asynchronous clear is performed by the 
active high INHIBIT signal, which is signals, OR-ing them for all three phases and 
negating for turning it in an active high signal. In this design a 2 μs dead-time was 
implemented in the CPLD. Hence, each 
inverter is controlled through 3 signals (UP, VP, WP) – for the upper IGBTs – and an 
enable signal (EN) – see Fig. 7.4 
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Fig. 7.4 Interface and protection card (for one inverter – for the other is identical) 

 
 

   7.1.3 Grid emulator 
 
The grid is here replaced by a programmable three phase ac power source 
(California Instruments 5005 from iX Series II), capable to create voltage faults. 
Each phase was emulated by a programmable AC source. 
The iX Series II represents a new generation of AC and DC power source that 
addresses increasing demands on test equipment to perform more functions at a 
lower cost. By combining a flexible AC/DC power source with a high performance 
power analyzer, the iX Series II systems are capable of handling complex 
applications that have traditionally required multiple instruments. 
The sleek integrated approach of the iX Series II avoids the cable clutter that is 
commonly found in AC test systems. The i/iX Series II is rack mountable with a 4U 
chassis design. All connections are made internally and the need for external digital 
multimeters, power harmonics analyzer and current shunts or clamps is completely 
eliminated. 
Windows® Instrument Control Software is included with the Compact iX and i 
Series1 . This software provides easy access to the power source’s capabilities 
without the need to develop any custom code. The following functions are available 
[1]: 
 • Steady state output control (all parameters) 
 • Create, run, save, reload & print transient programs 
 • Generate & save harmonic waveforms [iX only] 
 • Generate & save arbitrary waveforms [iX only] 
 • Measure & log standard measurements 
 • Capture & display output voltage & current waveforms [iX only] 
 • Measure, display, print & log harmonic voltage & current measurements [iX only] 
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 • Display bus traffic to & from the AC Source to help you develop your own test 
programs. 
The iX and i Series II controllers have a powerful AC and DC transient generation 
system that allows complex sequences of voltage, frequency and wave shapes to be 
generated. This further enhances the i/iX’s capability to simulate AC line conditions 
or DC disturbances. When combined with the multi phase arbitrary waveform 
capabilities, the AC and DC output possibilities are truly exceptional. In three phase 
i/iX system configurations, transient generation is controlled independently yet time 
synchronized on all three phases. Accurate phase angle control and synchronized 
transient list execution provide unparalleled accuracy in positioning AC output 
events. Transient programming is easily accomplished from the front panel where 
clearly laid out menu’s guide the user through the transient definition process. The 
front panel provides a convenient listing of the programmed transient sequence and 
allows for transient execution, Start, Stop, Abort and Resume operations [1]. 
Fig.7.5 shows an example Graphical User Interface program supports transient 
definitions using a spreadsheet-like data entry grid. The programmable three phase 
source used during experiments is illustrated in Fig.7.6. 

 
Fig. 7.5 Transient List Data Entry in GUI program. [1] 

 
 

BUPT



                                                         7.1 Laboratory setup for chapter 3,4,5 

 
 

163 

 
Fig.7.6 California Instruments 5005 [1] 

 
 
7.1.4 Wind turbine emulator 
 
The wind turbine mechanical shaft is emulated using a 14.7Nm-3000rpm PMSM 
driven by a commercial inverter operated in open loop torque control mode 
(SIMOVERT MASTERDRIVE Fig.7.7).  
SIMOVERT MASTERDRIVES are systems-based. They have a uniform operator 
control philosophy, they can be combined as required, even with units with different 
control versions and they have a unified design. They always provide the optimum 
solution as system modules - whether as single drives or as multi-motor drives. 
The SIMOVERT MASTER DRIVES product group comprises the following components 
[2]: 

• Converters 
• Inverters 
• Rectifier units 
• Rectifier/regenerative feedback units (RE, AFE) 
• Active front end (AFE) incoming units 
• Braking units and braking resistors 
• DC link bus for cabinet units 
• Interference suppression filter 
• Line commutating reactor 
• Line filters 
• Fuses 
• Output filters (dv/dt and sine filter) 
• Technology modules 
• Sensor boards (SBx) for speed and position sensing 
• Communication boards (CBx) for field bus interfacing 
• SIMOLINK (SLx) for fast transmission of setpoints and actual values 
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Fig.7.7 SIMODRIVE inverter 

 
The advantages of this system are [2]: 

• Can be expanded in a modular fashion: Using operator control panels, 
terminal expansion modules, braking modules, input and output filters  

• High speed and torque accuracy  
• Excellent dynamic performance  
• Extremely smooth running characteristics at low speeds  
• High overload capability  
• High power density  
• Optimum price-performance ratio  
• Can be simply engineered using PATH, in a user-friendly fashion  

The PMSM motor was equipped with an incremental encoder which provides a 
resolution of 2048 lines per revolution. The output is a usual A QUAD B (A+, A-, B+, 
B-, N+, N-) which can be directly connected to the control system as it provides 
encoder interfaces. 
   
 
7.1.5 Voltage and current sensors 
 
As can be seen in Fig.7.1, are 4 currents and 3 voltages are acquired to fulfill the 
control system requirements. These are: 
 

- 2 stator currents (the third is calculated in the control algorithm taking into 
account that the sum of them is zero). 

- 2 grid currents (the third is calculated in the control algorithm taking into 
account that the sum of them is zero). 
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- 2 grid line-to-line voltages which are in fact used to calculate the phase 
voltages of the grid 

- DC voltage    
The acquisition system was designed as follows: 
- two boxes with 2 current sensors, one for PMSG currents and the other for 

grid, each type LEM LA 55-P with adequate signal conditioning such that at 10A 
measured current the sensor output will be 10V, required for the control 
system’s A/D channels. 

- one box with 3 voltage transducers type LEM LV 25-P with appropriate signal 
conditions such as the output of the sensor is 10V, required for acquisition 
system.   

 
 

7.1.6 LC filter  
 

Between the grid inverter the grid itself a LC filter was introduced in order to reduce 
the harmonic content in the line current produced by switching. The filter 
parameters are: L

f 
= 0.01 H, R

f 
= 0.4 Ω, C

f 
= 0.7 μF. 

 
7.1.7 Control hardware 
 
Dspace 1103 is a very flexible and powerful tool, featuring both high computational 
capability and comprehensive I/O periphery, built for real-time control system with 
just one controller board (Fig.7.8). Dspace 1103 has been used in all experiments in 
this thesis. 

 
Fig.7.8 DS1103 PPC Controller Board [3] 

 
Used with Real-Time Interface (RTI), the controller board is fully programmable 
from the Simulink® block diagram environment. The user can configure all I/O 
graphically by dragging RTI blocks from Matlab® libraries. This is a quick and easy 
way to implement your control functions on the board and also reduces the 
implementation time to minimum. 
For additional I/O tasks, a DSP controller unit built around Texas Instruments 
TM320F240 DSP is used as a subsystem (Fig. 7.9).  
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Fig.7.9 DS1104 R&D Controller Board [3] 

 
An overview of the functional units of Dspace 1103 is shown in Fig.10 

 
Fig.10 Block diagram of Dspace 1103 [3] 

 
7.1.8 The transformer 
 
The PMSG was connected to the local grid through a 1:1 Δ/Y transformer. The short 
circuit parameters are listed in Table IV. 
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Table IV  
Lt 0.002 H 
Rt 0.255 Ω 

  
 
7.1.9 The static switch 
 
A three-phase static switch (Fig.7.11) is used in Chapter 4 to simulate a fault event 
on grid side. The static switch used in experiments is a three-phase solid state 
Crydom® Series 53TP relays capable to  switch up to 530 Vrms directly to loads such 
as motors, transformers, heating elements, etc.  
The control signal for the static switch is brought via optic fiber from Digital I/O of 
the Dspace 1103 unit. 
 

 
Fig.11 Static switch  [4] 

 
7.1.10 Power analyzer 
 
In chapter 5 the total harmonic distortion (THD) content of the voltage is measured 
with a three-phase Voltech PM3000 power meter (Fig.7.12).  
The main characteristics of this system are [5]:  

• 0.1% basic accuracy 
• DC to 250kHz bandwidth 
• 1000Vpk/20A RMS direct inputs 
• Graphics display of waveforms and harmonic bar-charts 
• W, V, A, VA, Var, power factor, cosφ, Vpk, Apk, crest factors and frequency 
• Channel 1, 2, 3, SUM( ) and neutral quantities on the PM300 three-phase 

analyzer 
• Harmonics V, A, (incl. phase) and W to the 50th; total harmonic distortion 
• Integrator for W-hr, VA-hr, A-hr, VA-hr, average and target PF 
• Easy-to-use menu structure available in different languages 
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• Accepts and scales for external current and voltage transducers; external 
shunt inputs for current transducers with voltage output 

 
Fig.7.12 Three-phase Voltech PM3000 power meter [5] 

 
The results from the power analyzer can be displayed on computer with VPAS Lite 
Windows software under numerical data and harmonic bar charts.    
 

 
 

Fig.13 VPAS Lite software [5] 
 
  7.2 Laboratory setup for chapter 6 
 
                7.2.1 Power inverter FC 302 
 
In chapter 6 the power converter used in experiments is Danfoss FC 302 type (Fig. 
7.14a). The original interface card and control panel were replaced with interface 
and protection cards (IPC2 – see Fig. 7.14), produced by IET, Aalborg University. 
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a) b) 
Fig.7.14 Experimental setup used in Chapter 6 

 
Fig.7.15 IPC2 interface card for FC 302  

 
IPC 2 is a PCB card with the same dimensions and mounting layout as the original 
FC 302 control card. It offers the possibility to be connected with an external digital 
controller (ex (Zdsp TMS 320F2812). The dead time for switches is hardware 
implemented on IPC board and the user can choose between 1.5-3µs. 
The interface board is featured with two push-buttons: RESET (RST) and MANUAL 
TRIP (TRIP) as they are labeled on the card. Any fault that might occur need to be  
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cleared out by pressing RST in order to release the gate signals. MT forces a trip 
when pressed. 
IPC 2 card is connected through optical interface IPC2OPTI card with dSPACE 
DS1103/DS1104. The IPC2OPTI can be featured with 1 or 2 sets of optical cables 
available for control of back-to-back converters. 
 

 
Fig.16 IPC2OPTI card for dSPACE DS1103/DS1104 

 
7.3 Software 
 
The control algorithms were implemented in Simulink environment, compiled 
automatically using Microtec C compiler for Motorola Power PC and Texas 
Instruments C compiler and built/downloaded automatically using the dSpace 
system specialized MLIB/MTRACE mechanism (Fig.7.17). 
The software used in Chapters 3,4,5 has two parts: 

- wind turbine emulator triggered by a PWM interrupt at 1ms. 
- control of the machine-side converter respectively grid-side converter triggered 

by a PWM interrupt at 9KHz.    
 
 
 

BUPT



                                                                                               7.3 Software 

 
 

171 

DS1103  SLAVE Board 
PWM Interrupt 1

Wind 
Turbine

DS1103  SLAVE Board 
PWM Interrupt

Trigger()

PMSG
Vector
Control

Host Service #1
< Service Name>

Data Capture

RTI Data

Trigger()

 
Fig.17 The Simulink software 

 
The content of the wind turbine block is shown in Fig.7.18 where INCLINES 
represents the number of lines per revolution and h is sample frequency. The torque 
value for the wind turbine, Tt, is sent from DACch1 of Dspace 1103 interface via a 
galvanic separation unit ISO-SIMO (see Fig.7.19) to SIMOVERT drive.  
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Fig.7.18 Wind turbine emulator implemented with Matlab/Simulink 
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Fig. 7.19 Connections of SIMOVERT drive system to the DS1103 controller card 
 
The PMSG control block contains: 

- acquisition block 
- protection 
- grid-side inverter control 
- machine-side inverter control 

The grid and stator currents are acquired on the 4 nonmultiplexed A/D channels 
with 12-bit resolution, 800 ns sampling time. The rest of the voltages are acquired 
on the multiplexed channels with 16-bit resolution, 4 μs sampling time. 
The mask of the protection block is shown in Fig. 7.20. The block has as inputs the 
grid and stator currents respectively measured DC link voltage. In order to prevent 
any damage upon the power converters, four protections have been implemented: 
overcurrent in the grid, overcurrent in the stator, overvoltage in Dc link, 
undervoltage in the DC link. 

 
Fig. 7.20 Protection block 
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The outputs of the protection block are enable and stop signals for the grid –side 
inverter respectively machine-side inverter.  
When the Dc link voltage level exceeds a certain level the damping chopper control 
is activated and discharges the energy in excess stored in the DC link (see Fig. 
7.21). 

 
Fig. 7.21 Chopper control  

 
The grid side control software 
 
Grid-side inverter control consists mainly of two cascade loops (Fig. 7.22). The Dc-
link voltage controller is designed for balancing the power flow in the system, while 
the current control loop is responsible for power quality issues, power factor and 
current protection.  

 
Fig. 7.22 The Simulink Grid-side control 
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In Fig. 7.22 is depicted the grid –side inverter control implemented in 
Matlab/Simulink used in chapter 2 and chapter 4 (when the WGS is connected to the 
local grid).  
Due to large penetration of the WGSs, new requirements have been imposed for 
interconnecting DPGS to the grid. Among all, the capability of DPGS to ride through 
short grid voltage and frequency disturbances is one of the most difficult challenges.  
One of the strategies applied in these situations is to follow the positive sequence of 
the grid voltages.   
A D-module filter is used to identify the positive voltage sequence of the power grid 
during the asymmetric voltage sags. The software implementation of the proposed 
method in Simulink is illustrated in Fig. 7.23.  

 
Fig. 7.23 The Simulink grid-side inverter control used in Chapter 3 
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A detail view of the D-module block is presented in Fig. 7.24 for both positive and 
negative components. 

 

 
Fig.7.24 D-module filter Simulink implementation  

 
When the DPGS operates in stand-alone mode the voltages are controlled in terms 
of amplitude and frequency. The voltage control is divided in two distinct parts: 
fundamental voltage control and harmonic voltage control. In the first case the d-
axis respectively q-axis voltage controllers are standard PI controllers. The dc link 
voltage and current controllers lower the reference voltage for the main voltage 
controller when the dc link voltage is below a designated level; respectively when 
the load current exceeds a certain level [4]. In a second case the harmonic voltage 
control uses the line voltage measurements to detect the harmonic voltage to be 
compensated. The filter acts as a harmonic voltage source, injecting into the load 
voltages harmonic voltages with the same amplitude and opposite phase to the load 
voltages.  
Due to intense computational effort needed to implement the proposed harmonic 
compensation algorithm and the sample frequency set during the experiments at 9 
KHz, the implementation of the PR controller tuned on 18th harmonic had not the 
expected  
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results. So in order to compensate above 12th order PR resonant controllers, 
implemented in stationary reference frame, have been used for each of the odd 
17th, 19th, 23th. 
The Simulink implementation is shown in Fig.7.25 below. 

 
Fig. 7.25 Supply-side inverter control in stand-alone mode 

 
The machine-side converter control software 
 
The machine-side converter (MSC) is power controlled along q-axis when the 
system works in grid-connected mode and voltage controlled when is in stand alone 
mode (Fig.7.26). 
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Fig. 7.26 The Simulink  machine-side inverter control 

 
The rotor position and speed estimator used, in chapters 3, 4, 5 implemented in 
Matlab/Simulink, is illustrated in Fig.27.  
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Fig. 7.27 The Simulink rotor position and speed estimator used in chapters 3,4,5   

 
In chapter 6 a new safe, robust sensorless start-up method called “I-f control” for 
PMSM without initial rotor-position detection, with very good performance at low 
speeds is proposed. The Simulink implementation is shown in Fig.28. The entire 
algorithm is triggered by a general PWM interrupt at 10 KHz. The Start-up PMSM 
block contains: 

• acquisition block 
• protection 
• inverter control 
• current control 
• rotor position and speed estimator 
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Fig.7.28 Simulink software 

I-f control method consists in ramping the stator current frequency while *
qi  and *

di  

references are maintaining constant. The software implementation of the stator 
frequency variation algorithm under two S-functions in C code is shown in Fig.7.29. 

 
Fig.7.29 Ramp variation of stator frequency in Simulink code 

 
The system uses I-f control for start-up and low speeds. When the reference 
frequency exceeds a certain level (fmin), the transition to emf motion-sensorless 
vector control is automatically initiated. 
Transition from emf motion-sensorless vector control to I-f control is realized when 
the estimated rotor speed ˆ rω  is below a certain level (see Fig.7.30). 
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Fig. 7.30 Transition to emf and back to I/f sensorless control algorithm 
 

The stator flux estimator, based on the voltage model in stator reference frame, 
employs an equivalent integrator (I+API) in close-loop, with a speed-adaptive PI 
controller to compensate the dc-offset and phase-delay. The Simulink 
implementation of the proposed algorithm is shown in Fig.7.31. 
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Fig.7.31 Simulink implementation of the proposed algorithm for rotor position and speed 

estimation 
 
 
7.4 Conclusion  
 
 
The experimental test platform used during the tests of state observers and 
sensorless control of a permanent magnet synchronous generator system was 
presented in this chapter. 
The main application for this test platform is wind power.  
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All the hardware components of the system were presented, discussed and 
analyzed. The software used for measurements and protections, signal conditioning, 
vector control for both inverters is presented. 
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Chapter 8  
 
Conclusion and Contributions  
 
 
 
 
The present work was dedicated to advanced motion sensorless control of variable 
speed permanent magnet synchronous generators for wind power. 
 The thesis focused on several major topics like: 
 

• Variable speed generators for wind applications. 
• Experimental sensorless control of PMSG with two back to back converters 

under grid faults. 
• Experimental seamless transition from grid connected to stand alone and 

back for sensorless controlled PMSG.  
• Experimental selective harmonic and negative sequence compensation for a 

stand alone wind generation system with PMSG.  
• Experimental sensorless motoring control of the system 

Based on the presented topics the main conclusions are presented below: 
• Variable speed generators are attractive for wind turbines for a number of 

reasons: it will reduce the mechanical stress in the gearbox, increase the 
amount of energy captured from the wind and improve the controllability 
of the active and reactive power, which becomes more and more 
important in respect to integrate the wind turbines into the grid.  

•   Permanent magnet synchronous generators (PMSG) with two back-to-back 
inverters are good candidates for wind power applications for number 
reasons: four quadrant control at variable speed with ± 100% active and 
reactive power capabilities, high efficiency reasonable cost and high 
flexibility.  

• Due to large penetration of wind systems in the electrical network, 
according to the latest regulations, the high power wind turbine must 
remain connected to the grid during the faults. One method to prevent the 
damage of the power electronics is to follow the positive sequence of the 
grid voltages.  

• If the grid is not recovered into amount period of time the system should 
be capable to switch automatically to stand alone control mode and vice 
versa without major transients.  

• When the system is running in stand alone mode the one of the main 
challenges is to reduce harmonic pollution caused by nonlinear loads 
which may cause additional losses and heating in the electrical equipment, 
failures of the sensitive equipments, resonances and interference with 
electronic equipment, premature ageing.  

 
 
 
 

 

BUPT



    .   Conclusion and Contributions - 8 184 

 
Original contributions  
 
The present thesis includes, from the author point of view, following major original 
contributions: 

• Simulation under Simulink® environment of the whole PMSG system as 
solution for wind applications. The simulation includes the mode of the wind  

• turbine, PMSG generator itself and the both inverters each of them with 
their vector control [1]. 

• Experimental smooth voltage sags ride through of motion sensorless 
controlled PMSG with two back to back PWM converters for wind turbines 
[2]:  

- development of a band-pass filter based on D-module filter to extract 
the positive-sequence voltages of the power grid. 

                   -  Positive-sequence voltage vector control of the grid-side inverter 
during       asymmetric voltage sags. 

  development of rotor position and speed estimator without emf I 
integration which was successfully tested during one-, two-, three 
phase voltage sags. 

• Experimental motion sensorless bidirectional PWM converter control with 
seamless switching from power grid to stand alone and back for a PMSG [3]. 

• Experimental sensorless control of stand alone permanent magnet 
synchronous generator (PMSG): development and implementation of 
selective harmonic and negative sequence voltage compensator under 
nonlinear and non symmetric load [4].  

• Digital simulation and experimental validation of a motion-sensorless control 
system for permanent magnet synchronous motors (PMSM) using a new 
robust start-up method called I-f control, and a smooth transition to emf-
based vector control. Their field of application might be in wind generators 
safe (faster) self starting when connected to the grid, or moving the rotor a 
little for inspections/repairs and for general industrial variable speed drives 
where slightly hesitant but full-load self-starting is allowable [5].  

• Implementation of 2.2 KW PMSG setup using Dspace  1103 system, to 
validate the proposed solutions for following situations: 

- voltage sags ride-through.  
- seamless switching from grid connected to stand alone and back. 
- selective voltage harmonic and negative sequence compensation in 

stand alone mode. 
• Implementation of 2.2 KW PMSM setup using Dspace 1103 system to 

validate the proposed I-f start-up method and smooth transition to emf. 
based motion sensorless vector control and back. 
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Summary in Romanian 
 
Sumar  
 
Teza de faţă este dedicată controlului de înaltă performanţă al generatoarelor de 
turaţie variabilă având ca sursă primară energii regenerabile şi în special pentru 
aplicaţii cu turbine de vânt. Lucrarea ofera câteva soluţii   moderne pentru controlul 
generatorului cu magneţi permanenţi conectat la reţea prin intermediul unui  
invertor bidirecţinal cât şi pentru regimul de funcţionare autom. 
În ultimii ani energia eoliană a avut una dintre cele mai mari rate de crestere în 
raport cu celelalte surse de energie regenerabile. Concomitent turbinele de vânt au 
devenit din ce în ce mai mari, pe piaţă fiind deja disponibile unităţi de 6 MW în 
2007. Din punct de vedere al ponderii în sistemul energetic naţional Europa se află 
pe primul loc, Danemarca şi nordul Germaniei având gradul cel mai înalt de 
penetrabilitate. 
Aceasta situaţie implică noi cerinţe, grupate în aşa numitele coduri de reţea (grid 
codes), turbinelor de vânt privind  capacitatea acestora de a suporta un interval 
determinat de timp anumite regimuri de avarie a retelei respectiv aspecte privind 
calitatea puterii. 
Obiectivul principal al tezei este de a oferi soluţii performante pentru controlul 
generatorului sincron cu magneţi permanenţi conectat la reţea prin intermediul unui 
invertor bidirecţional a cărui cotă de piaţă este în continuare creştere. 
Partea experimentală a fost realizată în laboratorul Dspace din cadrul “Institute of 
Energy Technlogy”, Aalborg, Danemarca şi în Laboratorului de Reglaj Inteligent al 
Miscarii, Facultatea de Electrotehnica, Universitatea “Politehnica”, Timisoara, 
Romania. 
. 
Organizarea tezei 
 
În primul capitol este prezentată o viziune de ansamblu asupra generatoarelor cu 
turaţie variabilă utilizate in coversia energiei eoliene în energie electrică cât şi 
electronica de putere care le deserveşte. Sunt analizate principalele soluţii existente 
pe piaţă evidenţiindu-se avantajele şi dezavantajele fiecăreia atât din punctul de 
vedere al generatorului cât si al tipului de invertor folosit. 
În capitolul doi modele de simulare dezvoltate pentru analiza sistemului cu 
generator sincron cu magneţi permanenţi conectat la reţea prin intermediul unui 
invertor bidirecţional sunt prezentate. Un algoritm sensorless este introdus şi testat 
cu rezultate bune şi discutat pentru diverse regimuri dinamice. 
În capitolul trei, experimental, este investigată comportarea sistemului în condiţiile 
unor regimuri nesimetrice ale reţelei. Un algoritm sensorless pentru controlul 
generatorului sincron cu magneţi permanenti fara  a integrara tensiunii 
electromotoare indusa este dezvoltat şi testat. Rezultatele sunt ilustrate şi discutate. 
Estimarea pozitiei este dovedită în toate situaţiile. Un estimator pentru secvenţa 
pozitivă a tensinii reţelei bazat pe un filtru în modul D este propus iar performanţele 
sale dinamice au fost investigate  
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pentru cele trei regimuri considerate. Rezultatele experimentale au dovedit 
capacitatea estimatorului, din momentul declanşării regimurile nesimetrice si pe 
durata acestora, de a extrage foarte rapid secvenţa pozitiva din tensiunile reţelei 
protejând astfel invertorul. Trecerea sistemului prin toate aceste regimuri 
nespecifice reţelei cu mici variaţii ale tensiunii din intermediar este amplu detaliat cu 
rezultate experimentale.     
În capitolul patru, experimental, este investigată capacitatea sistemului de a trece 
rapid, fără regimuri tranzitorii din starea de conectat la reţea (grid connected) la 
aceea de a furniza energie unui consumator local (stand alone) în cazul unei avarii. 
Un sistem de monitorizare al parametrilor reţelei (frecvenţă , amplitudine) este 
propus şi implementat. În momentul în care se constată funcţionarea în afara 
limitelor admise, sistemul de control decide în mod automat schimbarea strategiei 
de control pentru invertorul legat la reţea: de la controlul în curent (grid connected) 
la cel în tensiune (stand alone). Un algoritm de trecere între cele două strategii este 
propus si implementat. Rezultatele sunt ilustrate şi evidenţiaza trecerea lină fără 
variaţii semnificative ale curenţilor sau ale tensiunii din intermediar. Când sistemul 
de monitorizare detecteaza revenirea parametriilor reţelei în limitele admise, se 
declansează automat procedura de sincronizare între cele doua sisteme de tensiuni. 
Cand eroarea de unghi este foarte mică sistemul de control comandă invertorul 
dinspre reţea în tensiune. Rezultatele evidenţiază o trecere lină fără şocuri de 
curent. Soluţia sensorless este cea folosită în capitolul trei, iar rezultatele 
experimentale confirmă performanţele dinamice excelente.   
În capitolul cinci, experimental, este investigată funcţionarea senorless a 
generatorului cu magneti permanenţi in cazul alimentării unui consumator local 
nesimetric (în acest caz, un redresor trifazat cu diode). Aspectele considerate sunt:  
- compensarea armonicilor din tensiune  
- compensarea secventei inverse a tensiunii în cazul connectării unui consumator 

local  nesimetric 
Performanţele algoritmului de a compensa  armonici în tensiune până la ordinul 23 
cât si reducerea nesimetriei de zece ori sunt evidenţiate şi discutate.  
În capitolul şase, experimental, este investigată autopornirea şi funcţionarea 
sistemului în regim de motor. O noua metoda de pornire sensorless, independentă 
de parametrii maşinii, este propusă si investigată prin ample simulări numerice şi 
validată experimental. În momentul în care viteza estimată atinge un anumit prag, 
sistemul trece automat la estimarea vitezei şi poziţiei rotorului pe baza unui 
algoritm sensorless cu rezultate foarte bune în domeniul vitezelor medii şi mari . 
Structura de control este capabilă să comute automat, fără  regimuri tranzitorii, de 
la algoritmul sensorless la algoritmul folosit pentru autopornire şi funcţionare la 
viteze mici. Rezultatele sunt ilustrate şi discutate. 
Capitolul şapte este dedicat standurilor experimentale folosite pentru toate testele. 
Capitolul opt este unul de sinteză unde sunt prezentate concluziile şi contribuţiile 
tezei. 
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Contribuţiile tezei  
 
După părerea autorului teza conţine următoarele contribuţii originale: 
 
- Simularea în mediul Similink® a sistemului cu generator sincron cu magneţi 

permanenţi. Simularea conţine include modelele turbinei de vant, generatorul 
propriu-zis si ambele invertoare conectate spate in spate, fiecare având propriul 
control vectorial [1]. 

- Dezvoltarea unei metode fara traductori de poziţie (sensorless) pentru sistemul 
cu PMSG cu estimarea precisă a vitezei şi poziţiei rotorului inclusiv în 
următoarele condiţiile:  regimuri nesimetrice ale reţelei, trecerea de la regimul 
de funcţionarea conectat la reţea (grid connected) la cel autonom (stand 
alone)[2,3,4]. 
SDezvoltarea unui control vectorial pentru invertorul conectat la reţea bazat pe 
un estimator de secvenţa pozitivă a reţelei. Acesta conferă sistemului 
capacitatea de a rămâne conectat în timpul diverselor regimuri nesimetrice ale 
reţelei [2]. 

- Dezvoltarea unei noi metode de  trecere automată, lină, fără întreruperea 
curentului,  a sistemului din regimul de conectat la reţea la cel autonom şi 
invers câand se detectează revenirea parametrilor reţelei la cei nominali [3]. 

- Dezvoltarea unei scheme de control pentru compensarea selectivă a armonicilor 
din tensiune, precum şi compensarea nesimetriei tensiunilor în cazul connectării 
unei sarcine nesimetrice pentru regimul de funcţionare autonom [4]. 

- Dezvoltarea unei strategii hibride de autopornire, funcţionare, la viteze foarte 
mici independentă de variaţia parametrilor MSMP şi trecerea lină  la o metoda 
de control fără traductori de poziţie pentru domeniul de viteza mediu şi mare şi 
invers [5]. 

- Implementarea unui stand cu MSMP de 2.2 KW pentru studiul regimurilor de 
generator şi motor. Este efectuată analiza algoritmilor de control în cazul 
apariţiei unor regimuri nesimetrice, trecerii de la regimul de funcţionare la reţea 
la cel autonom şi înapoi, respectiv funcţionarea în regim autom. 
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