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Abstract: In this paper, Direct Power Control (DPC) is introduced for the DFIG based wind energy conversion systems under distorted
conditions. DFIG is very sensitive to grid disturbances and it experiences many problems such as distorted stator or rotor current,
electromagnetic torque and power oscillations. The fifth and seventh order harmonics under distorted condition are analyzed in this
paper. The harmonics level of those harmonics is reduced by using Vector Proportional Integrated Regulator. The steady state and
stability consideration of the proposed regulator has been analyzed. With its fast dynamic response, the regulator has full voltage and
power control; the smooth real and reactive power output can be achieved. The simulation is done by using MATLAB/SIMULINK

software.
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1. Introduction

Doubly fed induction generator (DFIG)-based wind turbine
has become increasingly popular due to its advantage of
variable speed operation with the excitation converter rated
at only 25%-30% of the generator rating. However, since the
stator of DFIG is directly connected to the grid and the
power rating of its excitation converter is limited, the DFIG
system is quite sensitive to grid disturbances. As the power
penetration from the DFIG-based wind turbines into the grid
is increasing steadily, the control and operation of DFIG
under grid disturbances has become the subject of intense
research during the last few years [1]-[10].

Of all grid disturbances, the unbalanced grid faults happen
much more frequently than the balanced ones. The most
severe problems of the DFIG under unbalanced faults are the
oscillations of stator output power and electromagnetic
torque, which are harmful to the stability of the connected
power grid and the mechanical system of the wind turbine
[1]. Moreover, voltage ripples will be produced in the dc-link
as a result of power oscillations in the DFIG and the grid side
converter (GSC), which is harmful to the dc-link
capacitance.

To overcome the problem of harmonics several control
techniques are introduced with different controllers such as
hysteresis regulator [4], proportional- resonant regulator
(PR) [2],[18]-[21], traditional PI regulator, proportional
integral resonant (PIR) regulator, vector proportional
integrated (\VVPI) regulator[2],[18].

Under harmonically distorted grid conditions, the DFIG
contains six times the grid frequency pulsation item and
average item of stator active and reactive power. Therefore,
P1 does not have the sufficient gain which is not appropriate.
Similarly, PIR regulator would achieve zero steady- state
error in which the Pl and resonant part is used to deal with
the average item and the pulsation item respectively.
However, unexpected peak of magnitude response at the
frequency larger than resonant 300 Hz may arise due to the

pole distribution of control object DFIG, which is
detrimental to the stable closed-loop operation. Considering
that it needs one specific resonant controller to deal with one
specific harmonic sequence in the PR regulator, the control
loop structure complexity would increase as the number of
harmonic sequence increases, which is harmful to the stable
closed-loop operation. The VPI regulator, based on pole-zero
cancellation to avoid the unexpected gain peak [21], can be
used to remove the DFIG stator active and reactive power
pulsation components due to the adequate closed-loop phase
margin and accurate AC signal tracking capability.

This paper proposes the direct power control strategy with
vector proportional integrated regulator. By this technique,
the harmonic level of the output stator voltages is reduced
and the smooth real and reactive power can be achieved. The
stator active and reactive power which has reduced
oscillations or no oscillations is assumed as the control target
of this strategy. Then, focused on the steady- state tracking
accuracy, dynamic performance, stability as well as the
rejection capability of the grid voltage distorted component
and rejection capability of the grid voltage distorted
component and back EMF compensation item, the
performance analysis of the power control strategy with VPI
regulator is conducted by using the mathematical and FFT
analysis of the DFIG based wind energy conversion.

2. Mathematical modeling of DFIG

In order to perform the direct power control over DFIG, the
mathematical analysis of DFIG is established. As we know
both the Stator and rotor of the DFIG is fed by grid and
converters, the required voltage to energize the stator and
rotor is represented by separate voltage sources. The self and
mutual inductances of the stator and rotor are considered in
the equivalent model of the DFIG.

The equivalent T representation of DFIG is shown below.
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Figure 1: Equivalent T representation of DFIG

From the equivalent circuit of the DFIG, stator and rotor
fluxes with respective d and q axis is represented as,

'lysdq = LsIsdq + LmIqu (21)
'Prdq = Lmlsdq + Lrlrdq (22)

In the above equations the self inductances Ls and L, is
represented as

Ly = Lyg + Ly, (2.3)
L, =L, +L, (2.4)

By solving the equations (2.1) and (2.2), we can determine
lr4q as follows,

Lm Ls
Irdq = Ler_Lgn (m lprdq - sdq) (2 5)
Similarly the current Iy, can be determined as,
Lm
Isdq - m( 'lysdq - rdq) (2 6)

From the equivalent circuit,

d¥ .

= RSIqu + dtdq +](1)'1Uqu (27)
dv¥,. .

= RrTrdq + dtdq +](L)qlrdq (28)

Vsdq

Vrdq

Output power can be expressed as,

P +]Qs - sdq sdq (2 9)

Equation (2.7) can be written as,

Vsdq =Vsa = _wsllusq (210)

Substituting eqn (2.5) and (2.10) in egn (2.9)

. . Ly Vg
Ps +]Qs = _kJVsd'IUrd +]k0Vsd (E Td+ lprq) (211)
Where

3 Lm
o =302 (212
From equation (2.11)

P = _kchsd Yrd (213)

Ly Vsd

Q k Vsd( lprq) (214)

From egn (2.13)

[Prd < (2 15)

kV

From eqgn (2.14) we can determine,

=% L Vs
¥q e L w (2.16)

Separating the d and q components from the eqn (2.8)

Via = Ryl + 524 — ¥, (2.17)

Vg =R/ + dt’q + w?¥,, (2.18)

By substituting ‘d” component of the (2.6) and (2.15) into

2.17)
—R, L,LfiLfn (k:/ssd) - kglvsd (%) -

The last term represented in the above equation is rotor back
emf and it’s effect is going to be compensated by the
regulator.

Transfer function of real power to the rotor ‘d’ component
voltage can be determined by taking laplace transform of the
respective equarions. After taking laplace transform of the
equations, we get the transfer function as,

Vg = ., (2.19)

Ps(s) — i VsdLm
Vrd (s) 2 Ls(Ry+solLy)

(2.20)

Here

_ Lslr—Lj

T Lk,
Similarly the transfer function between the ractive power and
rotor voltage ‘q’ component is determined as,

Qs(s) — i LinVsa
Vg (s) 2 Lg(Ry+soLy)

(2.21)

By using equations (2.15) and (2.16) during a sampling
period Ts, we can write

¥,y _ -1 P} PS
dt  kgVsq (2.22)
dquq _ 1 Qs Qs (2 23)

dt k oVsa Ts
By substituting eqns (2.22) &(2.23) and (2.15)&(2.16) in egn
(2.17) we can get,

Via = =Copi () (B = B) = 0, (o = 1 “)(224)
Vig = Cypi(s) (Q5 — Qs) — wy

Here Cvpi represents the coefficient of vector proportional
integrated controller.

3. Performance Analysis of power control
scheme with VVPI regulator

To achieve the smooth stator active and reactive power
during the grid disturbances, the VPI regulator is
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implemented in the power control scheme. Thus the
harmonics level can be reduced and the smooth real and
reactive power can be achieved.

Transfer function of Vector Proportional Integrated regulator
is as follows [2],[18]

K; K, +s*+K,s

L
— 31
s s+ ws+ wd G-

Cypr = K, +
In the transfer function of VPI, Kp and Ki are the
proportional and integral coefficients. Similarly the Kpr, Ki
are the proportional and integral of the VPI regulator to
regulate the harmonic components. Kir is calculated based
on pole-zero cancellation.
It can be calculated as,

K, R
_ pr T
Ky == 32)

In the direct power control scheme of DFIG is only the
regulator parameters are adjusted in the control loop.
Resonant frequency (wq) and Machine parameters are fixed.

3.1 Frequency response of VPI regulator

Frequency response for the VPI regulator is performed to
determine the gain of the regulator at different cut off
frequencies. By using the transfer function, for different
values of proportional and integral coefficients the frequency
analysis is done. The frequency response of the VPI can be
analyzed with the help of the bode diagram. The bode
diagram shown in figure 2, gives the frequency response of
the regulator at cut off frequency w.=15 rad/s.

Table 1: VPI parameters

Parameters Values
Kpr 1
Kir 157

Kp,Ki 1
¢ 15 rad/s

Frequency response of the VPI regulator carried out with
different gain values. From the bode diagram which shown
here explain that the gain of regulator is maximum at the
frequency 300Hz, at which the distorted grid operates with
six times the grid frequency.

The magnitude at the resonant frequency 300 Hz is 42 dB,
which is sufficient to minimize the control error.

From: Subsystem4/Producti4 To: Cvpi2

Magnitude (d8)

Phase (deg)

- BN froioecaionc oot P e oo fiorc s e foooca oo A
295 Frequenéfi(Hz) 302 304 308 308 310

Figure 2: Bode diagram of VPI with o.=15 rad/s, Kpr=1.0
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Figure 3: Bode diagram of VPI with ©.=15 rad/s, Kpr=0.5
In Figure 3 frequency response of VPI with Kpr=0.5 is
shown. The proportional gain of the regulator is reduced.

From the previous mentioned bode diagrams,

Table 2: Frequency response for different Kpr values

Kpr with ©=15 rad/s Magntitude (dB)
1 42
0.75 39.2
0.5 36.5

From the above mentioned table, it is clear that the
magnitude is decreasing with decreased values of
proportional coefficient (Kpr) of VVPI regulator.
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4. Proposed Power control strategy with VVPI
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Figure 4: Direct power control of DFIG with VPI regulator

The block diagram shown in figure 4 explains the proposed
direct power control strategy of DFIG with VPI regulator.
With the help of equations derived in the section 2, the real
and reactive power is calculated. The calculated power is
compared with the reference real and reactive power. The
direct power control scheme is implemented with VPI and
back EMF compensation. The pulses required for the rotor
side converter is being generated with the help of the
regulators. The block diagram shown in the fig is simulated
using the MATLAB/SIMULINK.

4.1 Simulation of the Proposed System
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Figure 5: Simulation of the proposed system

In the simulation, 9MW wind farm which consists if six 1.5
MW wind turbines is used. This wind farm is connected to
the 120 kV grid through 30 km transmission line through the
transformer having ratings of 120 kV/25 kV on grid side as
well as wind turbine side. To introduce a distorted condition
in the grid, a single line to ground fault is considered in the
transmission line.

4.2 Simulation results of the proposed system

The simulation mentioned in the fig is executed and from the
wind turbine DC link voltage, Induction generator speed, real
and reactive power is measured. The simulation is performed
with two conditions i.e., with VPl enabled, with VPI
disabled. Under fault conditions, i.e. distorted conditions, the
simulated system is executed with VPI disabled. With this
condition, the output voltage, real and reactive power is
measured. The output results with disabled VPI is shown
below.
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Figure 7: Output waveforms with VVPI enabled
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4.3 FFT Analysis

To determine the harmonics level in the output voltages, FFT
analysis is performed. FFT analysis is done for both cases,
with VPI enabled and with VPI enabled, at the base of
fundamental frequency 50 Hz. From the FFT analysis, the
list of harmonics in the output voltages is presented with
percentage level of harmonics.
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Figure 9: FFT analysis of the output voltage with VVPI
enabled

From the FFT analysis, we can compare the harmonic levels
present in the output voltage at distorted condition. The
amount of fifth and seventh order harmonics present during
distorted conditions is high, with the VPl regulator is
disabled. The VPI regulator is then enabled in order to
reduce the harmonics level in the output voltage. As a result
the harmonics level in the output voltage is reduced with the
help of the VVPI regulator.

Parameters of the wind turbine and the DFIG, the fault
specifications are listed in the table below.

Table 3: Machine Parameters

Parameters Values
Rr 0.016 p.u
Lr 0.16 p.u
Lm 29pu
Prom 1.6 MW
Viom 575 kV
F 50Hz
Pole pair (p) 3
Table 4: Fault details
Parameters Values
Fault Resistance 1Q
Ground Resistance 0.001Q
Transition times 1/50 s,5/50 s
Type of fault Phase a to ground fault (L-G type)

5. Conclusion

In this paper, Vector Proportional Integrated (\VPI) controller
is used in direct power control of the DFIG connected wind
energy system. With help of VPI regulator, the level of the
harmonics which produced due to the fault in the system is
reduced. The percentage level of harmonic present in the
system with VPI regulator and without VPI regulator is
analyzed using FFT analysis and the results are compared.
The frequency response of the vector proportional integrated
controller under various conditions is discussed in this
project. Simulated results of the distorted system with and
without VPI also discussed. Also with help of VVPI regulator,
smooth real and reactive power is achieved. The efficiency
of this technique can be improved by combining different
type of the regulators, instead of using single regulator.
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