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Abstract

This thesis presents the modeling and analysis of doubly fed induction generator (DFIG)
operations under unbalanced grid voltage in the normal and non-linear load conditions. For
the simulations, a novel control strategy for wind power generation system is also applied.
The oscillations of the DFIG electromagnetic torque and power in the stator side are fully
described in the unbalanced grid voltage. Besides, the harmonic current components in the
network which come from non-linear loads are also anayzed. A current controller,
proportional-resonant (PR) controller, implemented in the stationary reference frame is
proposed to mitigate the negative sequence current components in both grid side converter
(GSC) and rotor side converter (RSC). To provide enhanced operation, the RSC is controlled
to mitigate the stator active power and the rotor current oscillations at double supply
frequency under unbalanced grid voltage while the GSC is controlled to mitigate ripples in
the dc-link voltage and compensate harmonic components of the network currents.
Simulation results using Psim simulation program are presented for a 2 MW DFIG wind
generation system to explain the operations of DFIG under normal conditions and confirm
the effectiveness of the proposed control strategy during unbalanced gird voltage and non-

linear load conditions.

Key words: Wind turbine, DFIG, Unbalanced grid voltage, Non-linear load, GSC, RSC,

Stator active power oscillation, dc-link voltage.
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|. Introduction

1.1 Theoretical and historical background

Depletion of fossil fuels and the concomitant climate change have compelled nations to
seek new, nonpolluting ways to produce energy. Consequently, renewable energies like wind,
solar, biomass, and geothermal energies have been viewed as attractive solutions. The use of
wind power has been increasing in severa years. To convert wind energy into electric energy,
three types of wind generator systems have used: (1) constant-speed wind turbine system
with a standard squirrel-cage induction generator, (2) variable speed wind turbine system
with a doubly fed induction generator, (3) variable speed wind turbine system with full-rated
power electronic conversion system and a synchronous generator.

Nowadays, variable-speed wind turbines based on doubly-fed induction generator (DFIG)
are widely used in wind generation with many advantages over the fixed-speed generators,
including variable-speed constant frequency operation, reduced flicker and independent
control capabilities for active and reactive powers [1]. The superior characterigtics are
basically achieved by using back-to-back PWM voltage source converter, which is typicaly
rated at around 30% of the generator rating for a given rotor speed variable range of £25%
under normal operation conditions. The stator of DFIG is connected directly to the network
while the rotor of DFIG is connected through a rotor side converter (RSC), the dc-link and a
grid side converter (GSC) to the grid. The basic operations of DFIG are to maximize the
wind power capture at different wind speeds and ensure the quality of power output.

Under symmetrical stator voltage supply, the response and performance of wind turbines
based DFIG during steady state and transient conditions are now well understood [1]-[6].
However, both transmission and distribution networks can undergo voltage unbalance in the
practical system. Under unbalanced stator voltage conditions, it supplies a negative sequence
component to the stator and rotor voltage. Consequently, it will be able to give rise to high
fregquency components in the rotor currents, torque, dc-link voltage oscillations in the power
converter, and output power oscillations which can cause excessive shaft stress and winding
losses.

If the voltage unbalance is over 2%, it will cause a large number of disconnections from
the network. The control and operation of DFIG under unbalanced stator voltage condition
have researched in the literature [7]-[14]. In [7], the author focuses for analysis of harmonic
in a DFIG caused by non-sinusoida conditions in rotor and unbalance in stator. During

unbalanced stator conditions, symmetric component theory is applied to the stator voltage to
1
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get positive-, negative-, and zero-sequence components of stator and rotor currents. The
torque oscillation can be eliminated by using the negative sequence compensation techniques
viathe RSC or the GSC. The RSC compensation supplies the negative sequence voltages to
the rotor circuit [9]-[11] to eliminate the negative sequence components in the rotor currents
while the GSC compensation supplies the negative sequence current to the grid [14] to keep
the stator currents free of the negative sequence components. To eliminate the dc-link
voltage oscillations and at the same time to eliminate the oscillation in the rotor currents and
the torque, the control strategies are also adopted in [11], [13]-[15]. The proposed methods in
[9]-[12] via proportional-integral (Pl) controller require the analysis of synchronous (da)*
and negative synchronous reference frame (dqg)” that are fairy complex because the
complicated computation of the reference current values and the usage of low pass filters for
sequence component separation. In [12], a proportional-integral controller and a harmonic
resonant (R) compensator tuned at twice the grid frequency are consisted. Recently, the
stationary reference frame (af) is used and proportional-resonant (PR) controller is adopted

[8], [13], while the ability for harmonic mitigation in DFIGs of PR controllers are presented
in[17].

1.2 Purpose of thethesis

This thesis presents a modeling of a DFIG based on wind energy conversion system. The
main objective of DFIG control under normal operations is to achieve maximum power
output from different wind speeds by applying maximum power point tracking (MTTP)
control into wind turbine control.

Simultaneoudly, this thesis also proposes an easy control strategy to mitigate the
oscillation in the torque, the stator active power, and the dc-link voltage during unbal anced
stator voltage conditions by using PR controallers. In this case, PR current controllers will be
applied to both RSC and GSC. The advantages of the PR controller are: (i) only one
transformation (abc/af) is required and (ii) harmonic filters are not required.

Besides, the ability of using the GSC as STATCOM to compensate harmonic currents to
the network under non-linear load conditionsis also investigated. A resonant filter is used to
isolate harmonic currents and its control loops are applied to the GSC control agorithm, so
that harmonic current components can be injected into the network at the point of common
coupling (PCC). Thus, the network currentswill be quasi-sinusoidal .
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1.3 Thesislayout

Chapter 2 presents the analysis of the behavior and operation of the wind turbine and
DFIG system.

Chapter 3 describes the proposed control strategies for RSC and GSC based on PR
current controllers.

Chapter 4 gives ssimulation results on a2 MW DFIG system.

Chapter 5 draws the conclusions.
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1. The modeling of DFIG

2.1 Wind turbine operation

A wind turbine obtains its power input by converting some of the kinetic energy in the

wind into torque acting on the rotor blades. The amount of captured energy in awind turbine

depends on the wind speed, the blade swept area, pitch angle and the air density. Although

there are many different configurations of wind turbines but they all work in asimilar way. A

simple explanation for conversion of wind energy into electric energy is presented as Fig. 1.

Wind
Energy

Vyw | Actuator

Disc

T

We

[
»

Drive-
train

A\ 4

Generator

P

O

Te

Fig. 1 Power extraction for awind turbine

The turbine starts to produce energy when the wind speed is above Vi, and stops when

the wind speed isover V.o 8S Fig. 2.

Prated |
Power optimization

Mechanical power (MW)

cht—i n

Vi

Power over wind speed

C
Power limitation
I Il
V rated
Wind speed (m/s)

Fig. 2 Wind turbine power curve

cht-off

There are two controls strategies (two control modes) and three different control sections

for the control of the variable speed wind turbine:

- Power optimization strategy (below rated wind speed V,4eq) Where the energy capture

@ jeju
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isoptimized. It is depicted by the range A-B-C in Fig. 2.

In this control mode, the pitch 0-values are looked up in a table. The 6-value
corresponding to optimal Cp-values have to be found in the C, table, which describes the
aerodynamic properties of the blades.

In order to achieve maximum power yield for each wind speed the maximal C, and the

corresponding 6 has to be found, because the aerodynamic power is calculated according to:
1
P = Eanzvf;cp (6,1) (1)

where the tip-speed ratio A is defined as
o,.R

h=—la= ®)

The relation between the power coefficient C,, the tip-speed ratio A, and the pitch angle 0
is pointed out as Fig. 3.

Cp Cps Cpl5 Cp3d Cp3s Cpd0
05 r

0.4

Power coefficient C,

Tip-speed ratio A

Fig. 3 Variable of power conversion coefficient with pitch angle 6

From (1) and Fig. 3, it is apparent that the power production from the wind turbine can be
maximized if the system is operated at maximum C,.

- Power limitation (above rated wind speed V 4q) Where the aim of the controller is to
track the nominal (rated) power reference of the wind turbine. It is depicted by the range C-D
inFig. 2.

To get the power limitation, the blades have to be pitched in positive direction when
electrical power exceeds nominal power.

Fig. 4 illustrates how the pitch angle has to be adjusted in order to get nominal power for

5
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al wind speed values between nominal (rated) wind speed and shut-down (cut-off) wind
speed.

Ps

theta

wind

cht—off 20

1 = — . 3 s
10 12 14 16

Time (s)

Fig. 4 Pitch angle 0 (theta) required for constant 2 MW power output in the power
limitation wind speed range

Section | [Vewin..-Vil: This case corresponds to the situation when the rotational speed is
higher than the lower limit and less than the nominal rotational speed 0% < @, < @M.
The aim is to maximize the energy capture by tracking the maximum power coefficient C*
curve. The maximum power coefficient value C;** corresponds to one pitch angle 04y and
one tip speed ratio Aqy. Therefore, the pitch angle is kept constant to the optimal value 0y,
whilethetip speed ratio is tuned to the optimal value A, over different wind speeds.

Section Il [V,...Viaed: This case corresponds to the situation when the turbine speed is
restricted to the nominal value o = »"™ and when the generated power is less than the
rated value P, < P The highest efficiency is obtained by operating the turbine at
nominal speed ™ . In this case, the tip speed ratio, the maximum power coefficient val ue,

rot

the optimal pitch angle and the optimal power are determined based on " .

Section T [V aed.--Vauror]: This case corresponds to the situation of wind speeds higher
than the rated wind. The reference output power is the rated mechanica power Prf = Prated
while the reference rotor speed is the nominal rotor speed ™ = @™ . Thus, for each wind
speed, the power coefficient is adjusted to limit the output power to the rated power.

6
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The general control circuit of active stall pitch actuator system is presented in Fig. 5

dt 9max
[ [ :
+ Aw O+ de 1 0 : -
o » Pl e, z o & N _iWind turblneE
dt S blades
(Dmeas J J
gen
9 @ : emin
dtmm

Fig. 5 Diagram of pitch angle control

2.2 Doubly fed induction generator control

The DFIG system used in this thesis is shown in Fig. 6. In the following, the function is
explained. The stator side of DFIG is connected to the three phase supply. To match the
stator voltages with the three phase supply, a three phase transformer could be used. The
shaft of the generator receives mechanical power from the wind powered blades of the
turbine.

In the rotor side, a back to back converter system is implemented and applied the vector
control method. Measurement blocks are needed to acquire elements needs for the control.
An encoder is needed to obtain the rotor position and speed. Operation of the machineis set
by controlling of the two converters from sub to super synchronous speed.

- Rotor side converter controls independently the active and reactive power on the grid.

- Grid side converter controls the dc-link voltage V4. and ensures unity power factor in
the rotor branch. The transmission of the reactive power from DFIG to the grid is thus only
through the stator.

The wind turbine control provides reference signals both to the pitch control system and to
the generator speed contral. It contains two controllers like bel ow:

- Speed controller has as mission to control the generator speed at high wind speed,
example to change the pitch angle to prevent the generator speed becoming too high. At low
wind speeds, the pitch angle is kept constant to an optimal value.

- Maximum power point tracking controller generates the active power reference signal
for the active power control loop, performed by the rotor side converter. This reference

signal is determined from the predefined characteristic P-o look-up table.
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Grid

i aD—

Encoder Transformer

RSC_ GSC
dc
0 AC T |0bc Le |
DC T AC

Grid side
converter
controller

Rotor side
converter
controller

Imeas
rotor

A

meas
w

conv ref
gen P

grid

Grid operators
Speed M aximum power control system
controller |~ “|  tracking table

Wind turbine control level

Fig. 6 Configuration of overall control system

2.2.1 DFIG equivalent circuit and equations

The dynamic d-q equivalent circuits of a DFIG in the synchronous rotating frame are
showninFig. 7.
Equations of the machine are presented in synchronous rotating frame. These equations can
be rewritten in the desired reference frame by replacing w. with the reference frame speed.

The stator voltage equations are presented below:

dy g
Vqs = Rslqs + dtq + (De\JrIds (3)
Vds = Rslds+%_me\|qu (4)
dt
The stator voltages may be expressed as a sum of the d and g voltage components:
V=V + Vg ®)
8
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(b) Vds Yds § Lm War Vdr
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Fig. 7 Dynamic d-q equivalent circuits of a DFIG in the synchronous rotating frame

() g—axiscircuit, (b) d— axis circuit

The stator and rotor current are also expressed in d and g components:
lo=las +1lg (6)
lo=lg+ily (1
The stator and rotor flux:
Vs =W+ Wos ®
V= Vg + Vg 9)

Therotor voltage equations:

dy
VW=RMJ—E%+®gﬂme (10)
Vdr = Rsldr +M_((De _(Dr)qu (11)

Similar to the stator voltage, the rotor voltage may be also expressed as a sum of the d and
g voltage components:
V, =V, +jV, (12)

The power equations:

P:gWQ$+VI) (13)

s gs' gs

@ jeju



Qs = g(vqsl ds Vdsl qs) (14)

The mechanica equation comprising the rotor inertia J, load torque T., and
electromagnetic torque T, and rotor speed o, is written as following:

J% =T,-T, (15)

The eectromagnetic torque is a function of the machine pole number (P) and stator (or

rotor) currents and fluxes:

T =2 (o~ Vi) (16)
or
T, == (Waly ~Val) a7
The stator flux linkage equations:
Ve =Lt Lol (18)
Yo =Ldg+Llg (29)
where
Ls=Lm+ L (20)
Therotor flux linkage equations:
Yo =Lty +Llg (21)
Wy =Ly +L, I, (22)
where
Li=Lm+Lg (23)

2.2.2 Rotor side converter control

The generator controller is in charge of accurately controlling the active power of the
system. The generator controller adopts the stator flux oriented vector control strategy. This
strategy converts the generator’s current and voltage into a reference frame which rotates at
the synchronous speed. The d axis of this reference frame aligns with the stator flux vector.
Fig. 8 displays the vector diagram of the stator flux oriented vector control strategy.

With stator flux oriented vector control, as shown in the vector diagram of Fig. 8,

Ygs =0 (24)
Vds = s (25)

10
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Therefore, the equation (18) and (19) can be rewritten as following,

s =—%|qr (26)

(27)

=

s

g U g R g g

Fig. 8 Vector diagram with stator flux oriented vector control

Substituting for 14 into (16) will result in:

3PL,

T =-S——"ny | 28
e 22L dsqr ( )

st

For ygs = ys = constant, will be zero. Substituting for ‘":S using (4) will result in:

Vds = Rslds (29)
Neglecting stator resistance will lead to,
V=0 (30)
Substituting for (30), (13) and (14) will be simplified as following,
3
R=3 > (Veles) (31)
Q= ( Veelae) (32)

Therefore, the above equations show that active and reactive powers of the stator can be

controlled independently.

Using stator flux oriented control strategy implemented with current controller PWM
inverter, the voltages, currents and flux must be redefined to compensate for cross coupling
between d and g axes. It means that any changes on voltages component in d or q axes

resultsin changes in both current components. The following parameter called |eakage factor

11
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of induction generator isdefined in literature:

c=1-—"m" (33)

Substituting (26) and (27) into (21) and (22), respectively, we get:
Vo =0l 1y (34)

L
Yo = cYLrIdr +L_mst (35)

Substituting these equations into (10) and (11), the voltage equations of the rotor can be

rewritten as following:

Vg = Vg + V™ (36)

Vi = Vg + Vg™ (37)
. d,

V, =R, +oL, dt (38)

V, =R, +oL, Je (39)
dr ridr r dt
comp Lm

Vqr = ((De — O )L_st + ((De — O, )GLrI dr (40)

L. dy

VPP = —m —Fd (¢ —o, JoL | 41

dr L dt ( e r)c rar ( )

S

The compensation voltage terms, Vg™ and V™, make it possible to achieve

decoupled control of the stator flux oriented control of the rotor side converter. So each axis

reference frame voltage of the rotor can be controlled by using each axis reference frame

current.
The stator flux is calculated as
Yps = I(Vﬁs - Rsl Bs)jt (42)
Yas = J(Vas - Rsl as)jt (43)

and the flux position by using above equations as

0, = tan* Vis (44)
Vs

The stator flux oriented control strategy of the rotor side converter based on the normal

current controllers, proportional-integral (Pl) current controllers, is presented in Fig. 9.

12
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Fig. 9 Rotor side converter control block diagram

2.2.3 Grid side converter control

The aim of the control of the GSC is to maintain the dc-link capacitor voltage in a set
value regardiess of the magnitude and the direction of the rotor power and to ensure a
converter operation with unity power factor (zero reactive power). This means that the GSC
exchanges only active power with the grid, and therefore the transmission of reactive power
from DFIG to the grid is done only through the stator.

Based on Fig. 6, the voltage equations across the inductor can be written as following:

Vag Iag Iag Val
Vig | =R g [+ L1 ol g || Vi (45)
vV, lg l | [V

13
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Applying phase and rotation transformations to the above eguation resultsin:

dl
Vag = Rilgg + Ly =B okl + Vi (46)
dl
Ve, =Rf|dg,+Lfd—ig—meLflqgﬁuvdl (47)
Thus, reference voltage values for the GSC can be rewritten as.

dl

Vil (Rflqgﬂfd—zgj+(—weLf|dg+vqg) (48)
dl

v =_(Rf|dg+Lf d:gJ (@l 1o +Vy ) (49)

where the termsin second brackets represent the decoupling terms.
The diagram of grid side converter control is shown in Fig. 10.
Grid
Transformer
=0 @it
/ \
Pg Qg qul r
RSC
’\ ' Pg’cg?:’u?gt?c:r/]dql ¢ RSC _"#} /I\::G controller
Transformer g<>3 Vqq ) ldag ate
71 dq e dq Vi +———
aB ) - aB

abc abc abc
A “ A r h Y 3 y A
Vg [Vig Vg Vag |Vig|Veg lag [ Tog | leg Li R
~ C Y Y
’YY\_IV\I

abc Gate

% t? Bl P e ? El
Qg

g

?I
W t- - ? - ?—r dcj >

Ve a

Fig. 10 Grid side converter control block diagram
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[11. Thedesign of proposed control strategies

Grid codes for wind turbines, which are specified by transmission system operators,
demand that newly installed wind turbines must not be disconnected in case of unbalanced
grid voltage, as this would mean a disconnection of significant amount of electrical power
due to the increasing penetration of wind power. Thus, modern wind turbines are required to
work as a conventional power plant does.

The purpose of this chapter is to analyze and design control strategy for a specific DFIG,
which enables the DFIG to contribute to power system stability support, when the DFIG
operates under unbalanced grid voltage conditions by using proportional-resonant current
controllers. Besides, the ability of GSC control as a STATCOM is aso presented in case of
non-linear load. A resonant filter is proposed to extract harmonic components, which come
from the currents of non-linear load, and compensate to the network currents.

The overall proposed control system for DFIG isdepicted in Fig. 11.

(L% ] [

Encoder Transformer

L

R vg (S L Resonant =t
_"#} T _”3 f filters I

ol

PWM PWM Non-linear
Vs L Vg load
Is | Proposed control | |Proposed control | g
|, |strategy for RSC | |strategy for GSC |

A
i) | @ P; TQ; Tva; TQ;
Speed | | Maximum power
controller | | point tracking

Fig. 11 Configuration of overal proposed control system
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3.1 Proportional-resonant (PR) control

For three-phase system, elimination of the steady-state tracking error is usually performed
by the first transforming the feedback variable to the synchronous d-q reference frame before
applying PI control. Using this method, double computational effort must be devoted under
unbalanced conditions, during which transformations to both the positive- and negative
sequence reference frames are required. An dternative simpler method of implementation is
therefore desired and can be derived by inverse transformation of the synchronous controller
back to the stationary a-p frame. The inverse transformation can be performed by using the

following matrix:

Gy (9)

where Gggr = Gaq(Stj®e), Gage = Gaq(S we). Guq(S) = Kifs and Ggyq(s) = Ki/(1+(s/wc)) are ideal
and non-ideal integrators in the synchronous rotating frame, respectively.
Based on (50), resonant controllers are established:

3 Gy + Gag2 1Gun — 1Guy2 (50)
_deq1+deq2 qu1+qu2

[ 2K,s

2 2 0
1| "+
Gyls)=7 (5)
2 0 2Ks
i s+ o
2K, s
1| ¥+ 205+ 2 0
Gy(9)~ < ST % (52)
2 2K, 0,5
0 2 2
i S+ 205+ o;

Equations (51) and (52) have presented transfer functions for resonant controllersin case
of ideal and non-ideal resonant controllers, respectively.

Then, PR controller, which introduces an infinite gain at a selected resonant frequency for
eiminating steady state error, constituted by the proportional regulator and resonant
controller. The controller can be used to control the AC signals, thus eliminating the need for
coordinate system transformation, and these advantages make it suitable for the power
quality control applications with high performance.

The PR controller is defined as:

K,s
"+’

GPR(S): Kp+ (53)

To avoid stability problems associated with an infinite gain, a non-ideal PR controller can
be used instead of, and its gain is now finite. The non-ideal PR controller is shownin (54):
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K oS

G (8) =K, 4+ 105
w(8)=Ko §* + 20,5+ o]

(54)

The characteristics of an ideal and non-ideal PR controllers are pointed out as Fig. 12(a)
and (b).

160, Bode Diagram
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= /// |
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(b)
Fig. 12 Bode diagram of ideal and non-ideal PR controllers
(Kp=1,K, =30, f =60 Hz, o, =10 rad/s)
(8) Ideal — (b) Non-ideal
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Beside the ability of combining in PR controller, the resonant controller can also be used
independently as a selective harmonic filter, called by resonant filter, to extract harmonic
components from disturbed sources and compensate for. The transfer function of a non-ideal
harmonic filter design to compensate for the 3, 5", 7" harmonics is given as:

2K ,®S

G = 55
(9) h:;,y $? + 20,5+ (ho, )’ (53)

An interesting feature of the resonant filter is that it does not affect the dynamics of the
output signal, including magnitude and phase. The bandwidth of the resonant filter is tuned
by w.. A small value of w. will give to a narrow resonant peak which leads to more exact
output signal. However, using a smaller o, will make the filter more sensitive to frequency
variations and the output signal will be more oscillated. Fig. 13 shows results for using the

resonant filters to extract harmonic components of 3, 5™, 7™ from disturbed current.

Bode Diagram
LTI
— oc=1rad/s /A\

20 — o, =10rad/s
g AN AN
;g -40 S e W \/ \\/ I —
= I~
g 60 en i ——

-80

-100

90 m i

45
g
?g 0
T

-45 \

. M LT

10 10
Frequency (rad/sec)

Fig. 13 Resonant filter of the 3¢, 5", 7" harmonics
(Kih=1, o, = 1lrad/sand o, = 10 rad/s)

3.2 Rotor side converter

3.2.1 Theoperation of RSC under unbalanced gird voltage
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Under unbalanced stator voltage supply, the stator and rotor voltage, current and flux may
al contain both positive and negative sequence components.

Fig. 14 shows the spatia relationships between the stationary (af)s reference frame, the
rotor (ap), reference frame rotating at the speed of w,, and the (dg)* and (dq)™ reference
frames rotating at the angular speed of ws and -, respectively. As shown, the d* axis of the
(dg)* reference frame is fixed to the positive sequence stator flux. According to Fig. 14, the

transformation of vector F between (af)s (af);, (dg)*, (dq)” reference frames are given by

Fop =Fe=Fe' =R, & (56)
where 6 = od and 6, = o,t. F vector represents the voltage, current and flux and superscripts
+, - represent the positive and negative synchronous reference frames, respectively.

According to Fig. 14 and (56), F vector can be expressed in the terms of their respective

positive and negative sequence components in the positive and negative reference frames as

Fr=F +F =F +Fe?" (57)

Fig. 14 Relationships between the (af)s, (o), and the (dg)” and (dq) reference

Under unbalanced grid voltage conditions, as shown [11], the stator active and reactive
powers can be expressed by

P+iQ, =SV (58)

Ps = PsO + PssinZ'S.n(Zes)+ PscosZ'Cos(ZGS)

Qs = QsO + stinZ'Sin(zes)+ QscosZ'Cos(zes) (59)

where
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M + + - - I-r*—d+
PSO - qu+ Vs quf VY n
3|—m("‘)s - - + + | g+
Qssn2 :T Vg- Vo Vg "V | |- (60)
s - - + + rd-
_QsoosZ Ve " VWeg Ve Ve |-
rg—
I et gt - - ‘*Vsd+ I rd+
Qso Weds \Ijsq+ Ve qu’ + |
P B 30)5 B B . N Vs L rq+ 61
ssin2 oL V- qu— Vs qu+ . I Rt ( )
= s _ _ . . Vo g
| Mscos2 Vg VYo Vg VYas _ _
Ve | [l ]

From (59), we can see that the stator power contains both DC and AC components. The
AC component will cause the power oscillation with the frequency of 2ws.

According to Fig. 7, the electromagnetic power is expressed by the sum of the power
outputs generated by the equivalent voltages josysand j(ws — o)y, as[12]

P, = —gRe[jmswg.i; + j(coS -, )\y:'ir*]

_ gLL_@ Reljy: 7] (62)

= PeO + Pesin2'Sin(265)+ PecosZ'COS(ZGS)

where

- \V;‘F \V;Jr - \V;q— W;d—

Pes‘nZ = 2E : W;df \II;q, - \V;H - W;Jr " qu+ (63)
s _ B N N d-

Pecos2 Vg Vg Vg VY r

3L o

The electromagnetic torque of DFIG can be calculated as

T o (64)

15

where P isthe number of poles.

The active power output from the rotor to the RSC can also be caculated based on the
stator output active power and the power imported from the rotor shaft as
P=P,-P,
=(Py—Py)+ (Pesinz - PssinZ)Si n(260,)+ (Pecosz —Picss2 )COS(ZGS) (65)
=Py +Pg,.8n(20,)+ P ,.co8(26,)

Consequently, the rotor power aso oscillates with the frequency of 2w,
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3.2.2 Proposed control strategy for RSC

The contral objective of the RSC contral is to mitigate the oscillation in the stator active
power and the rotor currents during the voltage unbalance.

According to (59), the stator active power oscillation can be eliminated by making Pgin, =
0 and Py = 0. Alternatively, the torque pulsation can be eliminated by ensuring Pegr, = 0
and Py = 0. However, this computation is difficult because it requires the measurement of
both the stator flux linkage and the positive sequence reference rotor currents [9], [11].
Meanwhile, to separate positive and negative sequence variables, two reference frame are
used, namely, the synchronous reference frame (dg)” and negative synchronous reference
frame (dg) as shown in Fig. 14. The control diagram using the synchronous and negative

synchronous reference frame is depicted in Fig. 15.

ldr+
= é Mo Ve * Va > Vg
S 1 S S-S
+ v Vix
Re=n + Vo
B S s e
+
Ve.| Vo
1;,
lar
—»abc R dq+ [ é J_|P| R dq+_
Ih’ Idr |—| L
Jo /g |/da ] LPF [ ? »[ Pl > dq
qr
I

Fig. 15 The two reference frames: synchronous and negative synchronous

In Fig. 15, the positive and negative sequence components in the rotor currents are
extracted through (dg)” and (dg) reference frame transformation. Low pass filters (LPFs) are
used to get DC components in each reference frame. However, these filters introduce time
delay and deteriorate control performance.

To overcome this problem, a PR controller in the stationary reference frame (af) is used
and only the rotor currents are measured. The measurements will be transferred to (o) frame.
The rotor currents in (ap) frame will only have components with a frequency of s under
unbalanced grid voltage conditions [17]. PR controllers are effective to bring the rotor
currents to its reference sinusoidal waveforms. Therefore, the controller will mitigate the

negative sequence currents in the rotor circuits. The proposed control strategy for the RSCis
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shown in Fig. 16.

s L Ver Ve
— @[] e
E of o op + abc Gate
Qs lar Vg PWM i
el o I dq . Vy dg e Ve dq >
e e '? ?—» f l—: f
_ b -
0y 0y 0y
Ps IBr Vq

Fig. 16 Proposed control strategy for RSC

In Fig. 16, the transfer function in the block PR is:

K,s

GPR(S):KP+SZ+O)§

and the back electromagnetic forces (back EMF) V4 and V4 are:
Vg = -(0s— o) Y Vg = (s — o) Wor

3.3 Grid side converter
3.3.1 The operation of RSC under unbalanced gird voltage

Similar to RSC, the GSC can be analyzed in the synchronous reference frame where the d-
axisisfixed to the grid AC voltage.
From equation (46) and (47), we can get:

di V, -V
—9—_ &+jcos l,+——= (66)
dt (L, L,

Under unbalanced voltage conditions, (66) will be separate into the synchronous reference
frame (dg)* and negative synchronous reference frame (dg) .
By neglecting the Ry, the active and reactive power output from the GSC to the network
can be expressed as:
P, = Py + Pgno-SiN(20, )+ P, -c05(26, )
Q, = Qqo + Quuno-SiN(20, )+ Qos-c05(26, ) ©

where
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P, ] Var Ve Voo Vg

ng VStH - V;h— Vs;— - Vs;i— I $d+

iz |31 Vo Vo Ve Ve (68)
PQ cos2 2 Vsd— Vsq— Vsd+ Vsq+ I gd-

Qgsin2 - Vs;j— - VS;* VSEJr V;* I éq,

(Quesz | | Vg Vg Ve, Vo,

The dc-link voltage can be express by:

dVdc

dt Vdc _P P (Pe_Ps)_Pg
= (Peo PsO Pgo)+ [Pean S|n(29 ) ssin2* S|n(26 ) gsin2* Sln(ze )]
[ eoosz 005(26 soosZ COS(Z@ ) gcos2* COS(ZG )] (69)

:(PeO_F)sO_PgO)+( Psm2+P -R )Sn(zeg)

e ssin2 gsin2

+ (_ Pecosz + Pscosz gcosz )COS(ZG )

Under unbalanced grid voltage, the (69) is important to show that the oscillating term of

the dc-link voltage is caused by the oscillating term of electromagnetic power, stator power,

and grid power.
3.3.2 Non-linear load

The most common linear loads in the power electronics system are resistors, inductors and
capacitors. The most common non-linear loads are diode rectifier, thyristor chopper, arc
furnace, and switching mode power supply. A linear load could be defined as a linear
relationship between the voltage across and the current through the load or their derivatives.
Although there is no explicit mathematical description for nonlinear loads, they could be
described as “aload that draws a non-sinusoidal current wave when supplied by a sinusoidal
voltage source”.

Under non-linear load conditions, according to [16], the network currents will contain the
high order harmonic components of 5", 7"... These harmonics have severa undesirable
impacts on the source and other loads connected to the same source, including: distorted
source voltage, overheating transformers, system oscillation... Therefore, it is necessary to
eliminate the harmonic components from non-linear load.

A non-linear load with the three-phase diode rectifier is shown in Fig. 17. It can be seen
from Fig. 17 that the network current is distorted — similar to a quasi-square waveform with

two humps on the top.
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Fig. 17 Non-linear load with the three-phase diode rectifier
(a) Power circuit, (b) Phase A current, (c) FFT of phase A current

3.3.3 Proposed control strategy for GSC

The control objective of the GSC control is to keep the dc-link voltage constant under
unbalanced grid voltage conditions and compensate harmonic components of the network
currents.

According to (69), the oscillating term of the dc-link voltage is caused by the oscillating
term of electromagnetic power, stator power, and grid power. At the rotor side, the oscillation
of rotor currents and electromagnetic toque is eliminated. Thus, the oscillation of P, and Psis

also eliminated. Ultimately, the dc-link voltage pulsation will be eliminated by making Pysinz

24

Collection @ jeju



= -Pesine + Pssing = 0 @0 Pyeop = -Pecosz + Pscosz = 0. Simiilar to RSC control, it also requires
the measurement the grid voltage and the positive sequence reference grid currents and its
decompositionin (dg)* and (dq) frame.

In proposed control strategy, a PR current controller in stationary reference frame (af) is
applied into GSC to suppress negative sequence components in the grid currents.
Consequently, the ripple in the dc-link voltage will be mitigated. The proposed control
strategy for the GSC is shownin Fig. 18.

In case of non-linear load, a resonant filter is proposed to extract the harmonic
components in non-linear load currents and compensate to the network. Therefore, the high
order harmonic components in the network currents are suppressed. A current control loop is
added to the GSC contral as Fig. 18 and the principle of harmonic compensation for non-
linear load is presented as Fig. 11.

Ultimately, SPWM technique [18] is adso applied into both RSC and GSC to eiminate

harmonics that is generated from both the rotor side converter and the grid side converter.

Gate

PWM[——>

Fig. 18 Proposed control strategy for GSC

In Fig. 18, the back electromagnetic forces (back EMF) V¢ and V are:

Va = 'msl—flqg; Vql = (Osl-fldg
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V. Simulation results

Simulation results with the proposed control strategy are carried out by using Psim
simulation program for 2MW DFIG. The parameters of the DFIG, wind turbine and the non-
linear load are given in Appendix. The nomina dc-link voltage is set a 1200V and the

switching frequencies for both grid side and rotor side converters are 5 kHz.
4.1 DFI G normal operation

In normal operation, the aim of the rotor side converter controller is to control active and
reactive power independently. As mentioned before, the stator active and reactive power can
be controlled by using the impressed rotor currents in the stator flux reference frame.
Therefore, the stator active power control is achieved by controlling the rotor current g
component Iy orthogonal to the stator flux, while the stator reactive power control is
achieved by controlling the rotor current d component I aligned to the stator flux.

Fig. 19 illustrates the control of the active power on the stator side when a step in the
reference active power signal Ps ( on the stator side isimposed from 2 MW to 1 MW, while
the reference reactive power signal Qs « IS remained unchanged at zero.

In Fig. 19, it can be seen that the stator active power displays a good dynamic
performance. There is a little coupling with the stator reactive power control in the transient
response. However, in the steady state the stator reactive power is not affected by the stator
active power step, asit is back to its reference value. As expected, the step in the reference of
the stator active power is reflected only in the g component and not in the d component of

the rotor current, as the stator reactive power is controlled by the d component.
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Fig. 19 Decoupled control of stator active and reactive power
(a) The reference and actual value of the stator active power, (b) The reference and actua
value of the stator reactive power, () The reference and actual value of the g component
of the rotor current, (d) The reference and actual value of the d component of the rotor

current.

In DFIG control, the reference active power is provided by a maximum power tracking
depending on the actual generator speed, which assures operation with maximum
aerodynamic efficiency. During normal operation the reference reactive power is usually set
to zero. For high wind speeds, the speed of the turbine is limited to its rated speed, which
implies indirectly that the power is limited to its rated value, too. The operations of DFIG in
case of low and high wind speed are depicted in Fig. 20 and Fig. 21.

In Fig. 20, at the low wind speed range, the wind turbine operates at power optimization
mode, where the speed controller is passive, keeping the pitch angle to the optimal value
(theta = 0). Meanwhile, the power controller controls the stator active power Ps to its

reference signal Ps .« provided by the maximum power tracking. Therefore, the generator
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speed is adapted to the wind speed, in such away that it is extracted maximum power out of

wind.
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Fig. 20 The operation of DFIG in case of low wind speed
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(a) Wind speed, (b) pitch angle, (c) Rotor speed, (d) The reference and actua value of the

stator active power, (e) The active power from grid side converter, (f) The total active

power and the stator active power.
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Fig. 21 The operation of DFIG in case of high wind speed
(a) Wind speed, (b) pitch angle, (c) The reference and actual value of the rotor speed, (d)
The reference and actual value of the stator active power, (€) The active power from grid

side converter, (f) The total active power and the stator active power.

Following Fig. 21, at the high wind speed range, the wind turbine operates at power

limitation mode, where both speed controller and power controller are active. The speed
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controller keeps rotor speed at nominal speed of N, = 1950 rpm and supplies a variable
pitch angle (theta>0). At the same time, the stator active power is controlled to rated val ue of
2 MW.

Noticein Fig. 20 and Fig. 21 that during the low wind speed operation (the rotor speed is
lower than the synchronous speed) the power delivered to the network P, is less than that
delivered by the stator active power Ps, as in the rotor circuit the power is flowing from the
network to the rotor via power converter (P, >0). Meanwhile, in the high wind speed
operation (the rotor speed is higher than the synchronous speed), the power delivered to the
network is higher than that delivered from the stator because of the power contribution from
the rotor. The rotor power flows from the rotor to the network (P,>0).

The aim of the grid side converter controller for normal operation is to maintain the dc-
link capacitor voltage and to guarantee a converter operation with unity power factor. Similar
to RSC, the dc-link voltage and power factor on the grid side can be controlled by using the
grid currents in the grid voltage reference frame. Thus, the dc-link voltage control is
achieved by controlling the grid current g component I, orthogonal to the grid voltage,
while the power factor control is achieved by controlling the grid current d component |geq
aligned to the grid voltage.
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Fig. 22 DC-link voltage control
(a) The reference and actual value of dc-link voltage, (b) The reactive power from grid

side converter, (c) The d and g components of the grid current.
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Fig. 22 shows that the dc-link voltage almost keeps at its reference value 1200 V, while
the reactive power from grid side converter is zero.

The overall normal operation of DIFG at steady state is presented in Fig. 23. It is
important that the rotor voltage is aways smaller than the stator voltage (Vas > V) because
the ratio between the turn of stator winding and the turn of rotor winding. At anytime, the
reactive power is controlled to zero (Qs = 0, Qg = 0).
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Fig. 23 The overal normal operation of 2MW DIFG at steady state
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Fig. 23 The overal normal operation of 2MW DIFG at steady state (cont)
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4.2 DFI G operation with non-linear load

The aim of DFIG control under non-linear load is to eliminate the high order harmonic
components of the network current, which is supplied from non-linear load. The simulation
is carried out when DFIG operates at conditions of rated power 2 MW and nominal rotor
speed 1950 rpm. The non-linear load of 80 kW is connected to the network at 3.5s. A load
variation from 80 kW to 120 kW is performed at 4s. The non-linear load is removed at 4.5s.
The simulation results are shown as Fig. 24.
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Fig. 24 Dynamic responses of system under non-linear load
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Fig. 24 Dynamic responses of system under non-linear load (cont)
(a) the non-linear load current I,
- With non-linear load of 80 kW during 3.5st0 4s:
(b) the Fast Fourier Transform (FFT) of I, (c) the FFT of network current without
compensating harmonics, (d) the FFT of network current with compensating
harmonics, (€) the FFT of network current without applying non-linear load.
- With non-linear load of 120 kW during 4sto 4.5s:
(f) the Fast Fourier Transform (FFT) of 1., (g) the FFT of network current without
compensating harmonics, (h) the FFT of network current with compensating

harmonics, (i) the FFT of network current without applying non-linear load.

It can see that amost harmonic components of the network currents are effectively
eliminated in case of non-linear load of 80 kW and 120 kW as Fig. 24(d) and Fig. 24(h).
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4.3 DFI G operation under unbalanced grid voltage condition

The purpose of DFIG control under unbalanced grid voltage is to eliminate the oscillation
in the stator active power, the electromagnetic torque, and the dc-link voltage. Test on the
proposed control strategies are carried out under a steady state unbalanced grid voltage of
around 3.5%. The voltage unbalance appears at 6.5s and removes at 7s.

The simulation results of the DFIG operation under unbalanced grid voltage condition are
presented in Fig. 25. With the proposed PR control strategy, the negative sequence current
components can be effectively mitigated as Fig. 25(d), (e). The negative sequence
components are shown as the high frequency AC component in the synchronous reference
frame. Consequently, the stator and rotor currents in (abc) frame are approximate balance as
Fig. 25(a). As aresult, the oscillation in the stator active power and torque are significantly
reduced and the simulation results are shown in Fig. 25(f), (h). The dynamic response of the
dc-link voltage is shown in Fig. 25(i). It is seen that due to the PR current controllers, the dc-
link voltage oscillations are well mitigated. Overall the simulation results show that the
simple PR current controllers that are applied into DFIG control can effectively reduce the
oscillation in the stator active power, torque and the dc-link voltage and the GSC contral can
also use as a Statcom to compensate harmonic currents from non-linear |oad.
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Fig. 25 Simulation results under transient unbalanced grid voltage of 3.5% during 6.5-7s
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Fig. 25 Simulation results under transient unbalanced grid voltage of 3.5% during 6.5-7s

(cont)

(a) the stator current, (b) the rotor current, (c) the rotor voltage, (d) the stator dg-axis

current, (e) the rotor dg-axis current, (f) the stator active power, (g) the grid active power,

(h) the electromagnetic torque, (i) the dc-link voltage
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V. Conclusion

This thesis has presented the modeling of the 2 MW DFIG based on wind energy system
and its operation. The model of wind turbine has been first analyzed. The method applied
into wind turbine control is maximum power point tracking method to extract maximum
power from given wind speeds. The operation conditions of DFIG have been then depicted
including normal operation, operation under voltage unbalance, operation with non-linear
load.

Under normal operation, the main aim control is to achieve optimal power and keep dc-
link voltage stability.

Under unbalanced grid voltage, the control strategy is to eliminate the oscillations in the
rotor currents and the stator active power and the oscillations in the dc-link voltage. The
operation of the DFIG during unbalanced grid condition has been analyzed in the
synchronous reference frame (dg)* and negative synchronous reference frame (dg). A
coordinated control strategy for the RSC and GSC has been proposed. The proportional-
resonant current controllers in the stationary frame (o) have been applied into both the RSC
and the GSC. The main objectives are: the RSC is controlled to mitigate the oscillations in
the stator active power and the rotor currents while the GSC is controlled to mitigate ripples
in the dc-link voltage.

When a non-linear load is connected to the network, it supplies high order harmonic
components to the network current. In this case, the GSC has been controlled as a
STATCOM to compensate for these harmonic components. The resonant filters are used to
extract the harmonic components and a current control 1oop is added to the GSC.

Simulation results using Psim simulation program have been presented to verify the
effectiveness of the proposed control strategies with reduced oscillations for the stator and
rotor current, torque and dc-link voltage.
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Appendix
Simulation parameters:

Grid
U,=690V (line-to-line), f =60 Hz

DFIG
P,=2MW, P=4,J=985kg.m? Ry=1.1616 mQ,
R =1.307 mQ, L, = 0.05835 mH,
Lo = 0.06286 mH, L, = 2.496 mH

Wind Turbine
Rated power = 2 MW, Diameter = 75 m, Gearbox = 101.7, air density = 1.225 kg/m3,
Maximum power conversion coefficient = 0.4382,
Optimal tip-speed ratio = 6.335,
Cut-in/cut-off speed = 4 (m/s)/21 (m/s),
Rated wind speed = 11.9 m/s

Non-linear load of 80 kW
R; = 10.82 Q, L, =0.01 mH

Non-linear load of 120 kW
R, = 7.22 Q, L, =0.02 mH
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