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Abstract: The article presents control strategy for the operation of a variable-speed wind energy
conversion system with permanent magnet synchronous generator (PMSG). The electrical system of
wind turbine consists of PMSG, Switch Mode Rectifier (SMR) and Grid Side Converter (GSC). The
SMR converter is composed of an uncontrolled diode bridge and a DC/DC boost converter. In the
control of the DC/DC boost converter the algorithm of Maximum Power Point Tracking (MPPT) has
been applied. The MPPT algorithm allows the wind turbine to operate at maximum value of power
coefficient in a wide range of wind speed. In the control of Grid Side Converter a method of Voltage
Oriented Control (VOC) has been applied. High efficiency and accuracy of this control system were
confirmed by simulation studies.
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1. INTRODUCTION

The number of wind energy systems has grown rapidly over the last decade [1]-{4].
According to the construction of the wind turbine system, the turbines are classified as
the geared and the direct-driven types [5], [11]. Currently, the direct-driven wind
turbine systems with permanent magnet synchronous generator (PMSG) are most of-
ten applied [5]. The PMSG generators are widely used because of their high reliability
and simple control structure. The PMSG generator can be constructed with a large
number of poles and can be operated as the direct-driven system without gearbox.
Nowadays the direct-driven PMSG is suitable for the wind turbine system application
due to its high power, high efficiency, high torque, no gear and simple control meth-
ods. This results in a reduction of installation and maintenance costs and provides an
advantage over the other types of generators [11].

* Manuscript received: March 10, 2016; accepted June 20, 2016.
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In wind power systems with PMSGs the power converters should be applied in or-
der to convert and control the electrical energy produced. Converter systems of wind
energy conversion can be divided into two common topologies: the high and low cost
systems [1], [5], [7], [11].

The first topology is designed as a full size back-to-back configuration with two
voltage source converters: Machine Side Converter (MSC) attached to the stator
winding of the PMSG and Grid Side Converter (GSC) attached to the grid [2], [3], [5].
A dc-link capacitor is connected between two converters (MSC and GSC). This ca-
pacitor provides decoupling between the Machine Side Converter and Grid Side Con-
verter.

The second widely used topology is presented in Fig. 1. This configuration is
much cheaper than the conventional back-to-back system. The system consists of two
basic converters: Switch Mode Rectifier (SMR) and Grid Side Converter (GSC). The
Switch Mode Rectifier contains two converters: diode bridge rectifier and DC/DC
boost converter. In this topology, the uncontrolled rectifier is connected to the PMSG
terminals. The dc output voltage of the rectifier is converted by DC/DC boost con-
verter. The additional capacitor C, is connected between the rectifier and DC/DC
converter. The DC/DC boost converter provides the step-up of dc voltage obtained from
the diode rectifier. Grid Side Converter is connected to the grid through a 3-phase induc-
tance filter. The dc link capacitor C, is connected between the DC/DC converter and
GSC. The principle of control of the boost converter has been based on the application
of the Maximum Power Point Tracking (MPPT) algorithm [1], [2], [7], [9]. This algo-
rithm ensures the extracting of maximum power from the wind turbine.
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Fig. 1. Scheme of wind turbine system with direct-driven PMSG generator and converter systems

The aim of the paper is to analyze the converter system with PMSG presented in
Fig. 1 in order to investigate the effectiveness of the wind energy conversion systems.
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The mechanical system of wind turbine and direct driven PMSG is considered as re-
duced one-mass system. The studies considered in this paper are the continuation of
studies presented in [2], [3]. In comparison with the previous papers, in this article, the
other topology of MSC converter, which consists of SMR converter has been de-
scribed and investigated.

2. ANALYSIS OF MPPT ALGORITHM

In the wind turbine system considered the MPPT algorithm has been applied,
which ensures the possibility to obtain the maximum mechanical power of converted
wind energy. The output mechanical power of wind turbine can be calculated as

[5HDII, [12]
P, =0.5p7R*v,C,(4,) (1)

where p — air density; R — radius of the turbine blade; v,, — wind speed; C, — power
coefficient of the wind turbine; A — tip speed ratio; f — blade pitch angle.

Considering the relationship between the wind speed and tip speed ratio [7], [11],
the wind turbine power can be expressed as a function of the rotational speed w,, of
wind turbine

C, (4,
P, =0.5pR’ Mwﬁn. )

The maximum value of wind turbine power P,y 1s specified at maximum value of
Comax, Which is obtained at optimal value of tip speed ratio A,,. Replacing A by 4,,, and
inserting C,(4, ) = Cpmax(Aop» f) the maximum power of the wind turbine can be
expressed as [4]

P =K o 3)

t max opt~'m
where K,,, — coefficient of wind turbine
Cp max (j’opt ’ﬂ)
BT E——

opt

K, =0.5paR’ 4)

According to equations (3) and (4) it can be stated that the maximum torque of tur-
bine is the function of the second power of the rotational turbine speed and can be
expressed as follows

Pmax 2
Ttmax =~ = Kopta)m . (5)
)

m



82 P. GAJEWSKI, K. PIENKOWSKI

In order to obtain the maximum power from the wind, the turbine should operate at
optimum tip speed ratio A,, by using the method of optimal torque control. The opti-
mal torque control means that the wind turbine is operated at maximum power in the
wide range of turbine rotational speeds. The condition of optimal torque control is
fulfilled by the proper control strategy of the switch mode rectifier. The control strat-
egy of this converter is shown in Fig. 2.
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T, t Reference current
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- Eq. (8)
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Fig. 2. The principle of Switch Mode Rectifier control strategy

The control of the DC/DC converter is based on control of dc current i, by using PI
current regulator and pulse width modulator (PWM), which generates the control sig-
nals to the transistor switch K. The optimal torque control strategy of switch mode
rectifier (SMR) includes the following steps:

— determination of the reference coefficient K,,, of wind turbine in accordance

with the parameters of the turbine

K, =05paR°C, 0 | 2, (6)

— determination of the reference torque 7,” of wind turbine on the basis of meas-
ured signal of angular speed of PMSG
I =K, (M

opt
— determination the reference dc current i;” of DC/DC boost converter
ig =T, @,/ ®)

The control deviation between the reference and measured dc current is sent to PI
regulator, which is used to designate the duty cycle D of the switch K of the DC/DC
boost converter. It is assumed that the PWM switching frequency of DC/DC boost
converter is equal to 10 kHz. The low frequency of PWM of boost converter can cause
the problems with tracking of the maximum power curve. For the purpose of this
study the values of capacity in the DC/DC boost converter C,; and Grid Side Con-
verter C, were assumed as equal to C,; = C; = 2000 pF.
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3. CONTROL SYSTEM OF GRID SIDE CONVERTER

The Grid Side Converter controls the active and reactive power delivered to the
AC grid and the dc-link voltage v, [7], [10], [11]. The principle of GSC control is
based on grid voltage Vector Orientation Control (VOC). In the implementation of
VOC strategy the d-axis of the synchronous reference frame is aligned with the grid
voltage vector V,. The angle position 6, of the grid voltage vector is determined by the
Phase-Locked-Loop (PLL) block. The basic scheme of the PLL system is a feedback
system with Pl-regulator tracking the phase angle of grid voltages. The inputs of PLL
block are the 3-phase grid voltages and the output is the angle 0, of grid voltage vector.

The equations of grid side circuits of GSC for VOC control have the following
form [2], [11]

. d .
Voa =V = Rylygg + L, — 2 log = OgLyly + Ve » C)

. d
ng=0=Rg1gq+Lg dt T O Lé 2d  Vaeq > (10)

where Vg4, Vg, V, — the dg-axis components and the magnitude of the grid voltage
Vector; igq, Iy — the dg-axis components of the grid current vector; veeg, Veoq — the dg-
axis components of the voltage vector of Grid Side Converter; L,, R, — inductance and
resistance of the grid filter; w, — angular frequency of the grid phase voltages.
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Fig. 3. Scheme of control system of Grid Side Converter
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The block control scheme of GSC system is presented in Fig. 3. In the VOC con-
trol system of GSC three control loops with PI controllers have been applied. The
control of active and reactive grid power can be achieved by controlling the d-axis and
g-axis of grid current vector components, respectively. For unit power factor the
g-axis component of grid current vector is controlled to be zero. The d-axis component
of grid current vector is controlled to deliver the active power flowing from the GSC
to the grid. The outer loop of voltage control is responsible for the control of DC link
voltage of GSC. The reference components iy , iz, of grid current vector are compared
with the components iy, iy, of grid current vector obtained from measure and transforma-
tion of grid phase currents.

The error signals are sent to two PI controllers. In order to obtain good properties of
control system the applications of additional decoupled circuits are necessary and have
been applied in the control system. Thus the active and reactive power can be controlled
directly only by i,s and i,,, respectively. In the common control systems applied the reac-
tive power reference is set to zero to perform the operation at unity power factor. The
reference components vy and v, of output voltage vector of GSC are then transformed
to o—f system and sent to the block of SVPWM.

4. SIMULATION RESULTS

The proposed control strategy for wind energy conversion system with PMSG has
been simulated in MATLAB/SIMULINK. The data and parameters of the wind tur-
bine and PMSG system under study are given in Table 1 and Table 2.

Table 1. Wind turbine parameters

Parameter Value
Rated power P, 5kW
Rotor radius R 2.8 m
Power coefficient Cpyax 0.47
Air density p 1.225 kg/m®

Table 2. Data and parameters of PMSG

PMSG Parameter Value
Rated power Py 5kW
Rated frequency fy 36 Hz
Rated torque Ty 200 Nm
Stator resistance R, 1.5Q
Stator dg-axis inductance Ly, L, 14.04 mH
Stator rated phase current / 15A
Total moment of inertia J 0.4 kgm®
Number of pole pairs p, 8
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The simulation results are presented in Figs. 4—12. Figure 4 shows the established

wind speed variation for the period of a 10 s simulation, that has been used for simu-
lations.
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Fig. 4. Waveform of wind speed v,,
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Fig. 5. Waveform of measured speed w,, of PMSG

For the wind speed variation considered the simulation studies of wind energy
conversion system with control circuits have been developed. The chosen simulation
results are presented below.

Figure 5 shows the waveform of the measured angular speed w,, of PMSG. It can
be stated that according to the waveform of wind speed variation the angular speed of
the PMSG changes approximately in the same way as the real change of the wind.
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Fig. 6. Waveform of tip speed ratio A
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Fig. 7. Waveform of power coefficient C, of wind turbine

The waveforms of tip speed ratio A and power coefficient C, at various wind
speeds are presented in Figs. 6 and 7. It can be noticed that the tip speed ratio and
power coefficient are kept by the control systems at their optimum values despite the
wind speed variations.

The time variations of the mechanical torque 7; of the wind turbine and the elec-
tromagnetic torque 7, of PMSG generator are presented in Fig. 8. In this case, the
waveforms of PMSG electromagnetic torque are approximately similar to the wave-
forms of the mechanical torque of wind turbine.
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Fig. 8. Waveforms of electromagnetic torque 7, of PMSG and mechanical torque 7;
of wind turbine

Fig. 9. Waveforms of reference dc current i, and measured dc current iy
of Switch Mode Rectifier
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Figure 9 shows the waveforms of reference dc current i;" and measured average dc
current i; of the DC/DC boost converter. It can be stated that the controlled current iy
is tracking the reference values i, . In this way, the condition of MPPT control algo-
rithm is fulfilled. Figure 10 shows the waveforms of the dc input v, and output voltage
v of DC/DC converter. The waveforms confirm the boost operation of DC/DC con-
verter because the output dc voltage is much greater than the input dc voltage.
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Fig. 10. Waveforms of dc link voltage v, and dc link v, voltage

The simulation results for the operation and control of GSC are presented in Figs.
11 and 12. Figure 11 shows the components i, and iy, of the grid current vector. It can
be stated that the component i,, is maintaining zero values, because in the control
system it was assumed that only the active power will be delivered to AC grid. It is
provided that the reference value of i,, component of grid current vector should al-
ways be equal to zero. Simulation results presented in Fig. 11 show that this condition
is fulfilled and the measured component i,, of grid current vector is kept with great
accuracy at a value close to zero.

iga" igq [A]

Fig. 11. Waveforms of grid current vector components igg, ig,

Figure 12 presents the waveforms of phase voltage and grid current for one of
the grid phases. It can be noticed that the waveforms of grid phase current and
phase voltage are in phase. This confirmed that the only active power is delivered to
AC grid and that the required condition for operation with unity power factor is
fulfilled.
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Fig. 12. Waveforms of grid phase voltage v, and grid phase current iy,

5. CONCLUSIONS

The control structure approach of variable-speed wind turbine with direct-driven
PMSG and converter system has been presented. In the control of DC/DC boost con-
verter the MPPT algorithm has been applied. For control of Grid Side Converter, the
VOC method has been applied. VOC control makes it possible to keep the DC link volt-
age to reference value and to adjust the quantity of the active and reactive powers deliv-
ered to the AC grid. Reactive power delivered into the AC grid is controlled to zero.

From the simulation results, it can be stated that the maximum power extraction
control algorithm at the SMR confirmed the operation of the MPPT algorithm. The
simulation results proved that the proposed control scheme of DC/DC converter and
GSC have a good performance to obtain the maximum power from wind turbine and
to obtain unit power factor, respectively. The high efficiency of the control system
considered has been confirmed.
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