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Abstract

Wind is one of the most abundant renewable sources of energy in nature.
Wind energy can be harnessed by a wind energy conversion system (WECS)
composed of a wind turbine, an electric generator, a power electronic
converter and the corresponding control system. The most advanced generator
type is perhaps the permanent magnet synchronous generator (PMSG). This
paper describes the control of power which is flowing from generator to grid
in variable speed wind energy conversion system (WECS). PMSG is
connected to the power network by means of a fully controlled frequency
converter which consist of a Space vector pulse width modulation (SVPWM),
an intermediate dc circuit. and a SVPWM Inverter. Based on the Speed of
Wind Effective MATLAB/Simulink based simulation results are presented.

Key words— PMSG, WECS, SVPWM, Controlled Rectifier, Voltage source
inverter

Introduction

The continuously increasing energy demand, along with the necessity of higher
reliability requirements, are driving the modern power systems towards distributed
generation (DG) as an alternative source. Wind turbines, Fuel cells (FC), Photovoltaic
(PV), Batteries, etc. are nowadays the most common available DGs for generation of
power mostly in peak times or in rural area. Microgrids are combinations of DGs and
load. To deliver high quality and reliable power, the microgrid should appear as a
single controllable unit that responds to changes in the system. Microgrids should
preferably tie to the utility grid so that any surplus energy generated within them can
be channelled to the grid. Similarly, any shortfall can be replenished from the grid. As
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far as microgrid is concerned the loads may be unbalanced and non-linear in nature.
Hence, microgrid should not inject harmonic and unbalanced currents into the grid.
Harmonic currents and negative sequence currents (due to unbalance) will
unnecessary increase the line currents flowing between microgrid and grid. Generally,
harmonics increase losses in ac power lines, transformers and rotating machines. The
load imbalance cause oscillatory torque leading to mechanical stress and malfunctions
in sensitive equipment. Wind is one of the most abundant renewable sources of
energy in nature. Wind energy can be harnessed by a wind energy conversion system
(WECS) composed of a wind turbine, an electric generator, a power electronic
converter and the corresponding control system. Based on the types of components
used, different WECS structures can be realized to convert the wind energy at varying
wind speeds to electric power at the grid frequency. The most advanced generator
type is perhaps the permanent - magnet synchronous generator (PMSG). This
machine offers, compared at the same power level and machine size, the best
efficiency among all types of machines with high robustness and easy maintenance
due to slipring - less and exciter - less features. The inherent benefit of permanent
magnet which supplies rotor flux in synchronous machines without excitation loss
supports the wind power generation development. This thus results in the increasing
use of PMSG.

Il. Wind Energy Conversion System

The development of a WECS involves technologies in various aspects. Up-to-date
technologies have been consistently applied to WECS and results in miscellaneous
designs available on the market or in the literature. However, the modern grid
connected high power WECS utilizes power converters without exception and shares
a common configuration, as shown in Fig. 1. A variable-speed WECS typically
consists of a wind turbine, an optional drive train (gear or gearless), a generator
(synchronous or induction), a power converter and a step-up transformer
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Fig. 1. Basic configuration of the contemporary WECS

The generator rotor is mechanically coupled with the wind turbine through the
drive train, which can be either directly connected or through a gearbox. The gearbox
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works as a speed multiplier to step up the rotational speed of wind turbine to match
that of the generator.

The power converter for WECS can be categorized into two main groups: voltage
source converter (VSC) and current source converter (CSC). Both types of converters
include two-stage power conversions, AC to DC and DC to AC.

I11. Wind Turbine Characteristics

The mechanical power extracted by the wind turbine depends on a few factors. (1)
indicates the power contained in the flowing air passing the defined area of the wind
turbine blades, where p is the mass density of air, A is the swept area of turbine blade
andvy, is the wind speed. Furthermore, with consideration of the power coefficient C,
the mechanical power obtained in the wind turbine can be expressed in (2) [10]:

P = PAV @
P =%cp(/1,ﬁ)Avv3v ()

The power coefficient C, is determined by the aerodynamic design of the turbine
and varies with the turbine blade pitch angle p and tip speed ratio A . A is the ratio of
turbine blade tip linear velocity to the wind speed defined by (3) [9], where @, and R
are turbine rotational speed and radius respectively

a=R 3
V,

w

The power coefficient C, can be modeled by following equation [10],

c Y
Cp(l,ﬂ):cl(zz—csﬂ—c‘l]e’“ +CA (4)
in which
1 1 0.035

A A+0088 B+l

Table 1. lists the values for the coefficients of c;to ¢, from which the sample
curves of C,, can be plotted and are shown in Fig. 2. It can be viewed that there is a
maximum power coefficient for a defined pitch angle B. For example, the
correspondent maximum Cp is about 0. 48 when the optimal tip speed ratio A,,,
equals 8. 1 in the case of zero degree pitch angle.

Table 1. Values ofc;to csfor MPPT

C C, | G |G| G Co
0.5176 | 116 | 0.4 | 5 | 21 | 0. 0068
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It is a natural expectation that the WECS should be controlled to operate at the
optimal rotational speed to maximize the generated power at different wind speeds,
that is the so-called maximum power point tracking (MPPT).

Fig. 2. Power coefficients over tip speed ratio at various pitch angles

IV. Permanent Magnet Synchronous Generator (PMSG) Model

PMSG based WECSs eliminate or reduce the mechanical stages of the gearbox and
saves cost and maintenance. Most designs of PMSG for WECS use a surface-mounted
permanent magnet rotor since it leads to a simple rotor design with a low weight [11].
Because the magnet is surface-mounted and the permeability of a permanent magnet
is very close to that of air, the armature reactance can be much smaller in a PMSG
with surface-mounted magnets than that in an EESG. The surface-mounted PMSG is
also referred to as non-salient pole PMSG, in which the d-and g-axis synchronous
inductances are considered the same. From the literature, the synchronous inductance
of a PMSG for high-power low speed wind applications is usually above 0. 4pu [12,
13].
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Fig. 3. Equivalent circuit of PMSG in synchronous frame
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The generator terminal voltagev,in this case is the same as the capacitor voltage
v, Of the generator-side converter. The dynamic equations are provided in (5)

dy g

|: crd:| dtg _wgwgq Rglgd

v dy

crq g9q
— 04 — Rl
dt g¥ g g'9q (5)
L +
Where {ng d gd. Y
Voo =~ Lolg

Here, v is the magnetic flux linkage of the rotor. R, is the generator resistance.

L, and L, are d-and g-axis synchronous inductances, which are the sum of the leakage
inductance and the magnetizing inductance. Since the rotor is assumed to have
surface-mounted magnet, L, =L, is hence valid for the following discussions

T, :1.5Pigq(y/f —(Lq—Ld)igd) (6)
Ty~ Ty = 14, (7
° Pdt ¢

V. PROPOSED SYSTEM CONFIGURATION
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Fig. 5. Block diagram of the control scheme for the proposed system
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V1. Overview Of The Control System
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The block diagram of the control scheme for the system is shown in Fig. 5 The
currents flowing through the DC link inductance and the switching devices are all

defined by the DC link current

Vc VS

abe H S PLL
dq
* * d/d'
t
V. Ve !
Ve, Ve Qs

Fig.. 7. Grid voltage PLL and coordinate transformation

The g-axis grid voltage v, is then equal to zero. The active and the reactive

powers to the grid can be calculated by,

P=15 Vi | =15,

Q=15 Vil Vel | =150

The related d-, g-axis grid currents, i,s andig;, are then derived by,

i, =P

= /1.5v,
i =Q

as 1.5v,

(8)
(9)

(10)

(11)

The proposed control scheme for DC current minimization based on above

consideration is detailed in Fig below
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Fig. 8. DC voltage minimization

VII. Grid Reactive Power Control
The reactive power and the DC current for the VSI are tightly controlled based on the

adjustment of the modulation index (m,) and delay angle (o). The DC current
reference for inverter i, is compared with the actual i,;, the error isapplied as the
input of the PI regulator, from which the active (d-axis) grid current reference i is
derived, the reactive (q axis) grid current referenceiy; is calculated according to (4. 5-
4). The active and the reactive PWM current, ij,;and i;,,;, can be calculate with

qwi
capacitor bank current compensation being taken into account, as described in (12)
and (13)
idwi - ids +i odi (12)
I qwi = I gs + I cqi (13)

The magnitude of the PWM current referencei;,; and the inverter firing anglea;
are calculated by (14) which can be applied for SVM scheme.

= i)+ ()’

i
a, =tan™t| i/
Idwi

VII. GRID-SIDE MODEL

Today, large wind turbines are required to be connected to medium-voltage or high-
voltage transmission lines. This normally requires a transformer at the output of the
WECS to step up the generated voltage with relatively low magnitudes. A three-phase
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equivalent circuit reflecting the low-voltage side of the output transformer is
illustrated in Fig. 4. 6. 1 The grid is assumed to be stiff and can be simplified as a
voltage source with small source impedance (Lsand Rs). represents the sum of the line
impedance and leakage inductance of the transformer, while Rs stands for the
transformer and line losses.

The three-phase equation can be derived straightforwardly from the equivalent
circuit.

dli
[I(;t]abc :Ii([vci]abc _[Vs]abc_RS[iS]abc) (4 5-10)

The dg-axis equations based on the grid voltage oriented synchronous frame are,

di . .
Vg, + L —%4—w.i,6 —R.i
|:Vcid :| _ sd s dt Wl stsd (4 5_11)
\'

v, + L CIiJ—a)i - R.i
sq sdt s'sd s'sq

ciq

VIl SIMULATION AND EXPERIMENT RESULTS

Table 1. Parameter for generator and grid

PMSG rating 2MW
Stator resistance 0. 168
Ld=Lq 0. 194H
Rated grid phase voltage | 1732V(rms)
Grid frequency 50Hz
Pole pairs 30

The study of the results proves that the control strategy developed in this paper is
well performed. In this simulation it has been applied a step variation in the input
wind speed. This step is increased at 1s with 2m/s. It can be analyzed how the control
parameter are varying in function of the input power variation which will be vary with
the input wind speed variation
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IX. CONCLUSION

The

above work shows the performance of a direct-driven permanent magnet

synchronous generator used in variable speed wind energy system. Control scheme
was developed for independent active and reactive power control while maintaining
the maximum converter efficiency and extracting the maximum power. The proposed
scheme decouples the active power and reactive power control of grid side. The dc
link voltage is minimized in steady state to reduce the devices switching loss and
conduction loss for achieving maximum efficiency. Simulation and experimental
results obtained verified the proposed control strategy

REFERENCES

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

W. W. E. Association. World Wind Energy Report 2013 Avialable:http:/www.
wwindea. org/webimages

L. Barote, C. Marinescu and M. N. Cirstea,”ControlStructureforSingle-Phase
Stand-AloneWind-Based Energy Sources”, IEEE Transactions on Industrial
Electronics, vol. 60, no. 2, pp. 764-772. Feb. 2013.

C. N. Bhende, S. Mishra, S. G. Malla,”Permanent Magnet Synchronous
Generator-Based Standalone Wind Energy Supply System”IEEE Transactions
on Sustainable Energy, vol. 2, no. 4, pp. 361-373. Oct. 2011.

R. Billinton, Bagen and Y. Cui,”Reliability evaluation of small stand-alone wind
energy conversion systems using a time series simulation model”, IEE Proc.-
Generation, Transmission and Distribution, vol. 150, no. 1, pp. 96-100, Jan.
2003

Song, S. H., Kang, S.-l., Hahm, N.-K.:*Implementation and control of grid
connected AC-DC-AC power converter for variable speed wind energy
conversion system”. Proc. Applied Power Electronics Conf. and Exposition,
Miami, USA, February IET Renew. Power Gener., 2011, vol. 5, Iss. 5, pp. 377—
386 2003, pp. 154-158

Z. Chen, E. Spooner,”Current source thyristor inverter and its active
compensation system,”lEE Proc.-Gener. Transm. Distrib., vol. 150, No. 4, July
2003

Jingya Dai, DeweiXu, Bin Wu,”A Novel Control System for Current Source
Converter Based Variable Speed PM Wind Power Generators”, Power
Electronics Specialists Conference, PESC 2007, pp. 1852-1857, 2007.
XiaotianTan, JingyaDai, Bin Wu,”A Novel Converter Configuration for Wind
Applications Using PWM CSI with Diode Rectifier and Buck Converter”, 2011
IEEE International Electric Machines & Drives Conference, 2011

Y. Y. Xia J. E. Fletcher S. J. Finney K. H. Ahmed B. W. Williams,”Torque
ripple analysis and reduction for wind energy Conversions systems using
uncontrolled rectifier and Boost converter”, IET Renew. Power Gener., 2011,
vol. 5, iss. 5, pp. 377-381.

DeBattista, H., Puleston, P. F., Mantz, R. J., Christiansen, C. F.:*Sliding mode
control of wind energy systems with DOIG — power efficiency and torsional



826

[11]

[12]
[13]

[14]

[15]

[16]

NameyAli, Prof. Aziz Ahmad, Alok Agarwal

dynamics optimization’, IEEE Trans. Power Syst., 2000, vol. iss. 2, pp. 728-734
Pena, R., Clare, J. C., Asher, G. M.,”Doubly fed induction generator using back
to back PWM converters and its application to variable speed wind energy
generation”, IET Power Electronics. Appl, 1996, vol. 143, iss. 3, pp. 231-241
M. Stiebler,”Wind Energy Systems for Electric. Power Generation.””Springer-
Verlag Berlin Heidelberg, 2008.

S. Heier,”Grid Integration of Wind Energy Conversion Systems.”© John Wiley
and sons

A. Grauers,”Design of direct-driven permanent-magnet generators for wind
turbines,”School of Electrical and Computer Engineering, Chalmers University
of Technology, 1996.

C. J. A. Versteegh,”Design of the Zephyros Z 72 Wind Turbine with Emphasis
on the Direct Drive PM Generator,”in Nordic Workshop on Power and Ind.
Electro. (NORPIE), Trondheim, 2004, pp. 14-16.

E. Spooner and A. C. Williamson,”Direct coupled, permanent magnet
generators for wind turbine applications,”Electric Power Applications, IEEE
Proceedings, vol. 143, pp. 1-8, 1996



