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Abstract. connection to the electrical grids with purely sinusoidal

voltage, as is the case study presented in [4]-[5].
This work presents the analysis of harmonic of 5th and 7th orders However, it is known that due to the presence of non-
impacts in the grid voltage in a wind generation system based on linear loads in the electrical system waveforms of voltage
DFIG. Therefore, there were simulations of the active and and electric current may be distorted containing multiple
reactive power control of the DFIG using the vector control by frequencies of the fundamental. The IEEE Std. 519-1992

orientation of the magnetic stator flux.

The results of three simulations are presented. In the first
simulation it is presented the analysis of the wind power
generation system connected to an electric grid with purely

[6] is a very comprehensive document and it suggests
studies related to the generation of harmonics, harmonic
effects and methods of analysis and measurement with

sinusoidal voltage. In the second simulation, the wind generation recommendations and their constraints are commonly
system is connected to an electric grid with distorted voltage for used.

5th and 7th harmonic orders. In the third simulation it is shown Several studies have assessed the behavior of electrical
the results of the reduction of harmonic distortion in the electrical systems and connection of wind generation in its electric
currents at the PCC and at the output of the electronic power lines affected by harmonics. In [7] it is studied the
converter by applying notch filters in the converter current control of a power electronic converter connected to the

control loops connected to electrical grid. electric system with distorted voltage by harmonics of 5"

and 7" orders.

Key words In this study the behavior of a wind generation system
based on DFIG is evaluated for the situation of
Control design, vector control, wind power, doubly fed connection to an electrical grid with voltage harmonic
induction generator (DFIG) e distorted voltage. distortion with 5" and 7" order components by checking
the negative impacts of these disturbances in the system.
1. Introduction The basic dynamic mathematical model of the DFIG is
shown for purposes of controlling active and reactive
The generation of electricity from wind energy is growing powers of the machine, as well as the conventional
in last years. In June 2014, the global wind capacity control  structures which use controllers of ~the
reached 336,327 MW [1]. According to the International proportional-integral - type, by using the traditional
Energy Agency (IEA), it is expected that by 2050 wind method of the vector orientation of the stator magnetic
power will correspond to 18% of the world energy matrix, flux . L .
compared to 4% now [2]. Due to |ts_3|mpI|C|ty _|t is used an L f_||ter to make the
Among the various types of electrical generators used to converter interface with the power grid. To check the
perform the conversion of mechanical energy into electric converter’s behavior ?Onnffted to the electric grid
energy is the double-fed induction generator (DFIG). It is a voltage contaminated with 5™ and 7" harmonics orders it
robust generator that is usually employed in wind power is deduced by the mathematical model of inductive filter
generation systems. The stator terminals are connected and relationships of active and reactive instantaneous
directly to the grid, while the rotor circuit is connected to power. _ ) )
the electrical grid through a bidirectional AC/DC/AC The work concerns the analysis of the impacts of wind
power electronic converter. This power electronic generation system due to the presence of harmonic
converter is known in the literature as back-to-back. It components of 5th and 7th orders in the grid voltage. A
takes no more than 30% of the total generator power proposal to reduce the negative impact due to the
decreasing the costs with power electronic converter [3]. harmonic components in the electrical current measured
Most of the studies related to the control of wind at the point of common coupling (PCC) is also presented
generation systems based in DFIG consider the system using a harmonic rejection technique that uses a Pl
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controller cascaded with a notch filter configured to the
frequency of 6ws.

2. Wind energy conversion system

The simplified diagram of the wind energy conversion
system is shown in Fig. 1. The system consists of the
double-fed induction generator (DFIG), the wind turbine,
the electric grid, an AC-DC-AC converter (also known as
back-to-back) and the filter that connects the rotor
converter to the grid. This topology allows bidirectional
power flow in the rotor circuit, and allows speeds the
generator to operate: sub synchronous, synchronous and
super synchronous mode [9].
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Fig 1. lllustrative representation of the wind generation system

3. Active and reactive power control
A. DFIG model

In this subsection the differential equations of the DFIG
model are presented using space vector notation in the
synchronous reference [10].

S 5 a¥ .=
Vdgs = Rsldgs + f?é +jws¥dqs

-2 > ﬂ‘.?" . 4
Vdgr = Ryldgr + —a‘iql +j(ws —wm) Pagr

Wy

Ydgs = Lsldgs + Lmldqr

Yaqr = Lmldgs + Lridgr 1)

Where Vqqs € Vgqr represent the voltages at the terminals of
the stator and the rotor circuits, Wgqs € Wqqr representing the
magnetic flux on the stator and rotor Circuits, iggs € idqr
represent the electrical currents at stator and rotor circuits,
Rs e R, represent the electrical resistances of the stator and
rotor windings, Ls e L, represent the leakage inductance of
stator windings per-phase e L., is stator magnetizing
inductance.

B. Field Oriented

According to the concept of the orientation of the magnetic
flux the orientation according to the stator flux results in
[11]-[12]:
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The final expressions of active and reactive power are
presented in (3):

Psqg =0 @

3 Ly,
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4. Effect of the harmonic of the grid voltage
effects on the grid side of the converter
control

A. Grid side converter mathematical model

Consider the schematic diagram shown in Fig. 1, where
an inductive filter performs the interface between the
power electronic converter and the electric grid. The
dynamic equations of the system converter/filter/grid and
the voltage at the DC bus in the synchronous reference
frame are given by [8]:

i+
V*sq =R(i*g) + L4~ Loity + Vg

. dit .
Vg =R +L—2+Lwi*g +V'y
dv 3 . . .
In the equations described in (4) the quantities involved
can be rewritten in terms of the fundamental component
and harmonic components of 5™ and 7" orders as shown
in the following equations [8]:
V'dg =V*dq + +V g5 _ V' dq7 +
- V+dq 3 +V5—dq5 . e—j(zwst + V7+dq7 % ei(""s"
iTdq =i%dq + +itdgs _ +itdq7 +
- l+dq + +lS—dq5 _ e—j6mst e l7+dq7 " ej6wst
V¥tdqg = V'tdgq + +V*tdg5 _ +V 7 tdq7 4
—_ 5— —j6wt 7+ j6w L
= V+tdq++V tqu_e ol 4 qu7+el “s (5)

Where, subscripts +, 5- and 7+ represent the positive
sequence of the fundamental component and the
harmonic components of -5ws and 7ws, respectively.
Substituting (5) in (4), yelds the dynamic equations of the
system converter/filter/grid as function of 5" and 7"
orders components.

The relationship between active power and reactive
power is given by [8]:

3, .
P+jQ :Etﬁdqi‘* dgq

— 3 + jot 5— —jSw.t 7+ j7w .t

_Z[V dq 4 €' + V3 gqs _e TPt + VT ga7 e st].

[i+dq n e jwgt + iS—qu _ el5wgt + i7+dq7 + e—j'fwst] (6)

Where,
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P = Pg+ Prose cos(bwgt) + Pgengsen(6wgt)
+Pcos12 cos(12wgt) + Pgen12sen(12wgt)

Q = Q0 + Qcos6 cos(6wgt) + Qsenpsen(bwst)

+Qcos12 cos(12wst) + Qsen12sen(12wgt) )
It can be seen that the power components pulsating at the
frequency 6w, i. e. Pcos6, Psen6, Qcos6 and Qsen6, are
produced by the interaction of the fundamental and
harmonic  electromagnetic  quantities,  while  the
components pulsating at the frequency 12ws are produced
by the interaction of the 5" and 7™ harmonic
electromagnetic quantities

B. Reducing the impact of harmonic distortion
in the grid voltage on the electrical current
control of the grid side converter

Fig. 2 shows the control loop of the direct-axis electric
current and the quadrature axis, in which notch filters were
added. With the addition of this transfer function in the
control loop becomes necessary to remake the design of
the PI controller gains used in the conventional control.

CA side
. PI controller Notch dynamic .
) Larey e, i Uy i |20, w8 t0,7 )i laL
a —>< >—> s,
_ d() » s2+2cdmwos+w02 Ls+R >
CA side
. PI 11 Notch dynamic
’ i
e e 17} 242 +w.?
b) k) gl 00 L 5
- ’ S22, 05 +0, Ls+R

Fig. 2. Grid side converter current control loop. a) direct
axis current. b) quadrature axis current.

The addition of the notch filter transfer function of the
current control loop changes the dynamic response of the
system. Therefore, the method is adopted of increased
plant, wherein the notch filter transfer function is designed
and then placed in cascade with the dynamic filter L. The
PI controller is designed by the frequency response method
[13]-[14].

The notch filter transfer function is given by (8).

s* + 2wl nums + (©0)*

FN(s) =
® s* + 2w0ldens + (w0)*

@)

Where wg=2nf, e fo=nf, n is the component order e f the
rated frequency.

The resonant frequency must be selected of the filter and
the gain of the resonance frequency. As the harmonic
components of 5" and 7" orders present in the grid voltage
insert 6th order disturbances in the current control loop of
the power electronic converter [15], the notch filter is set
to reject disturbances in the frequency of 360Hz.

The value of the resonance peak is obtained from the ratio
between the coefficients Coym and Cgen:
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Mt
Cnum = 1020{gep 9)
Fig. 3 presents the frequency response of current control
open loop of grid side converter for different Kp and Ki
values. The notch filter was set to reject the 6™ order
component, with the peak resonance set for a gain of
100dB at 360Hz.
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Fig. 3. Frequency response of the current control loop of
the grid side converter with notch filter

5. Simulation results

Simulation 1

For the simulation 1 it is considered that wind system is
connected to the power grid with sinusoidal voltage as
shown in Fig. 4a). The amplitude of the voltage is 180V
and the rated frequency is 60Hz. The values of the
parameters used in the simulation of the wind system are
shown below:

DFIG rated power: 2.25 kW

4 poles, 60 Hz, 220 V, pf=1.00

N,=1730rpm; J=0.05Kg.m?

R=1,67Q; R=2,2Q

L=0.1665H; L,=0.1665H e L,=0.0829H

DC-Bus Capacitance: C=3500uF

DC-Bus Voltage: Vpc=410V

Switching frequency: 15kHz

L=20mH; R=0.1Q
Fig. 4b it can be observed the DC bus voltage behavior.
The dynamic of the DC bus voltage presents an
overshoot (maximum value of 420.25V) stabilizing at the
desired value of 410V in 0.8s. In 1.2s when the speed
ramp starts there is a small overvoltage corresponding to
a transition time that start to finish at 1.4s so returning to
the constant value (steady state).
A step of active power of 2kW is applied at the instant
0.5s and this active power sent to the electric grid by the
three phase stator terminals. The dynamic response of the
active power control corresponds to the step response of
a first-order plant achieving the steady state in
approximately 0.7s. Reactive power is maintained at
zero, because it is desired to operate with unity power
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factor. Comparing to the results presented in [9], the
results obtained here are satisfactory.

The electromagnetic torque and the shaft torque have
opposite directions which tend to balance according to the
acceleration of the system axis. In this work the negative
electromagnetic torque means that the electrical machine is
operating as a generator, as shown in Fig. 4e.
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Fig. 4. a) PCC voltage, b) DC-Bus voltage, c) Active
power, d) Reactive power, e) Electromagnetic torque
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Simulation 2

The voltage waveform of the electrical network showing
the presence of 5™ and 7" harmonics is shown in Fig. 5a,
its estimated total harmonic distortion is 9.90%.

The active and reactive power have components that
make them pulsating specifically in frequencies of 6th
and 12th orders, as in [8]. In Figure 5c it is shown the
dynamic response of the active power in which one can
see that, despite the desired reference being followed it,
presents distortion in form of small oscillations. In Fig.
5d it can be shown the dynamic response of reactive
power, in which there has been a sine behavior that may
result in fluctuations in the power factor that was
configured to work as a unit.

The electromagnetic torque of the DFIG also shows
oscillatory behavior, being shown in Fig. 5e.

Simulation 3

In the simulation 3 it is proposed to reduce the distortions
in the electrical current in the output of the power
electronic converter and the electrical current measured
at the PCC due to the introduction of notch filters that
reject 6th order disturbances in the electric current
control loops in the grid side converter.

Through the Tables 1 and 2 it is possible to make a
quantitative analysis of electrical current distortions, in
which the values are compared to the situation of without
notch filter and with notch filter. The percentage of 5th
and 7th orders components are presented in addition to
the total harmonic distortion of the electrical currents in
the output of power electronic converter and the PCC.
The introduction of a filter is able to reject 6th order
component can reduce the impacts of the 5" order
component with negative sequence and the 7™ order
component with positive sequence as presented [16].

In Fig. 6a it can may be observed less distortion in the
electrical currents measured at the output of electronic
converter and PCC, respectively.

Table 1 - Percentage of 5th and 7th harmonics and THD in the
electrical current measured at the output of the converter
without notch filter and with notch filter.

No Notch Filter With Notch Filter

5 1.37% 0.2%
7n 1.80% 0.11%
THD 2.42% 0.88%

Table 2 - Percentage of 5th and 7th harmonic orders and the
THD in the electrical current measured at the PCC without
notch filter and with notch filter.

No Notch Filter With Notch Filter

5M 3.88% 0.42%
70 5.30% 0.39%
THD 7.00% 2.44%
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Fig. 5. a) PCC voltage with harmonics components 5" and
7" orders b) DC-Bus voltage c) Active power d) Reactive
power and e) Electromagnetic torque
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6. Conclusion

In this work it was presented the active and reactive
power control through technical orientation of the stator
magnetic flux of the doubly-fed induction generator
connected to the grid, in which it was used a back-to-
back PWM converter.

The presence of components of 5™ order with negative
sequence and 7™ order with positive sequence in the grid
voltage, shown in simulation 2, causes fluctuations in real
and reactive power in the frequencies of 6ws and 12ws,
and increase the distortion of electric current in the PCC.

To reduce distortions in the electrical current measured at
the output of electronic converter and the PCC it was
used a 6" order notch filter cascaded connected with the
P1 controller in the electric current loop of the grid side
converter. Due to the disturbance rejection behavior in
the frequency of 360 Hz, the introduction of the notch
filter in the control system contributed to the reduction of
distortions of electric current.
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