ABSTRACT

PARHIZI, SINA. Impact of Wind Power Integration on Power System Oscillations. (Under
the direction of Dr. Aranya Chakrabortty).

It is increasingly becoming critical to understand how injection of
large-scale  wind  power affects the dynamic oscillations in the grid
especially the low frequency inter-area  oscillations, as wind penetration
continues to increase in the North American grid. Objective of this thesis
is to analytically investigate the integration of wind power penetration
with oscillation dynamics of the grid, and to carry out several test cases to
study how various wind farm layouts and their  corresponding  fluid
dynamical  properties impact the frequency of the oscillation  modes,
especially the inter-area modes. In this work, an equivalent model for a
wind farm was developed, which allows to study different layouts and
their impact on power systems. It was observed that DFIG integration
results in the modes associated with DFIG to be negative real and having
no oscillatory behavior. Impact of changes in layout of the wind farm

connected to the grid on its oscillations is studied.



© Copyright 2013 by Sina Parhizi

All Rights Reserved



Impact of Wind Power Integration on Power System Oscillations

by
Sina Parhizi

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Electrical Engineering

Raleigh, North Carolina

2013

APPROVED BY:

Dr. Aranya Chakrabortty Dr. Mesut Baran
Committee Chair

Dr. Subhashish Bhattacharya



DEDICATION

To my grandparents

and

my parents



ACKNOWLEDGMENTS

I acknowledge great support and help of my dear advisor Dr. Aranya Chakrabortty. |

express my gratitude to my committee members Dr. Baran and Dr. Bhattacharya.

I thank my parents for their love, encouragement and inspiration.



TABLE OF CONTENTS
LIST OF TABLES ...ttt bbbt %
LIST OF FIGURES ..ottt sttt ettt sbe st nennenneas vi
CHAPTER 1 INErOQUCTION ...ttt 1
CHAPTER 2 Wind turbine-generator integrated power system modeling ...........c.......... 5
P20 VAV T To I IV o L= TSRS 6
2.2 Doubly Fed INAUCTION gENEIATON ......cocuiiiieiiieiceie e e 6
2.3 POWET CONTIOIIBTS ... e 10
2.4 DFIG dynamic algebraiC eqUAatioNS............coiiiiiiiiieieseseeee e 13
2.5 LINGAIZALION ..ottt sttt st e et st be e beeneenreas 15
2.6 SIMUIATIONS .....viiiiiiee bbb bbbt ees 18
CHAPTER 3 Equivalent model of a wind farm............ccoccoiiiiiiniiniene e, 20
L1 WWAKE EFFECT ..ottt sttt nreas 20
3.2 System IdentifiCAtION.......ccccvi i 21
CHAPTER 4 Wind farm modeling and simulation.............c.ccccoooveveiieniiie e, 24
4.1 SIMUIATIONS ...ttt bbb et e sbe et e s beesbeeneenreas 25
CHAPTER 5 Conclusion and fULUIe WOIK...........cccoviiiiiiiiiiineee e, 32
REFERENGCES. ... .ottt bbb bbbttt 34
APPENDIIX ...ttt ettt ettt b e re et e neene e nte e 37

APPENIX: SYSTEM DALA ......ccieiiieie et e e e naenreas 38



LIST OF TABLES

Table 1- Impact of wind speed on imaginary part of the synch. gen complex poles at different
1L oSSR 18
Table 2- Change in eigenvalue imaginary part in different operatinal conditions ................. 26
Table 3- Eigenvalue imaginary parts for the cases A, B, Cand D. .........cccceevivveiieiinc e, 31



Vi

LIST OF FIGURES

Figure 1 - System studied in thiS WOIK .........cceiiieiiiie e 5
Figure 2 - stator current vector decomposition in dg-rotating reference frame........................ 7
Figure 3 - Power fIow in the DFIG ........cooiiiecc e 9
Figure 4 - Active and reactive power CONrolIerS..........ccooveiiiiiieiice e 12
Figure 5 -Impulse response of a synchronous. Generator with inertia H= 10 s when connected
to a DFIG operating at different wind speeds: 10m/s, 20 m/s and 30 m/s...........ccccceevevnenne. 19
FIQUIE 6 - WaKE EFFECT .....cueiieee ettt neeenes 21
Figure 7 - Using Inputs and outputs of DFIGs in a farm for system identification................ 22
Figure 8 - Impulse response of different conditions in Table 2..........c.cccceevvvvevieviv v, 27
Figure 9 - Two layouts of 4 identical DFIGS IS CONSIdered............ccooevereneneninisiccee 28
1o O I O O T N SR 29
Figure 11 - SG speed for two cases mentioned iN Aand B ... 29
Lo 0 T A O T TN 5 PSSR 30

Figure 13 - Comparison 0f cases C and D. ......cccoiiiiiiiiiniiese e s 30



CHAPTER 1

Introduction

The global need for clean sustainable energy has driven the power
systems research to study problems arising from the wind power systems
integration in the grid [1], [2] This trend is mostly involved with issues
regarding stochasticity of wind speeds and its impact on steady state and
financial aspects [3], [4] of the power system. A large part of these studies
focus on wind farm integration in distribution level and integration of
distributed wind energy generation in the medium-voltage level [5], where
it is tried to smooth the distributed generation output using energy storage
[6], their placement and voltage stability [7]. Another way of wind
integration is large-scale integration of large wind farms. This approach is
especially  applicable to cases where wind generation and  demand

locations are far from each other [8].

There have not been much studies on wind farm behavior in the
power systems and its impact on the power system dynamics compared to
their steady state behavior and economic concerns. Impact of distributed
wind generation on the system transient stability was studied in [9]. For
the case of large-scale integration, it is necessary to obtain an equivalent

model of a farm composed of tens of turbine-generators to reduce



computation complexity [10]. Due to the structure of wind generators, it is
required to develop a special model for them which is different inherently

from the conventional synchronous generators [11], [12], [13].

The distinct physical nature of synchronous generators, where its
mechanical speed is synchronous to its stator voltage frequency, causes
oscillations in the power systems. In a wind turbine generator, which is
represented by a Doubly-Fed Induction Generator (DFIG) there are no
such relationships between rotor speed and electrical frequency in these

asynchronous generators.

The  synchronous generators are modeled as a voltage source
behind a transient reactance where the phase angle of the voltage source is
the angle between its rotor and synchronous reference frame. DFIG can be
modeled as a current source whose power output is only dependent on
wind speed and rotor speed, and the bus it is connected to, is treated as a

PQ bus [14].

Some work has been done to study dynamic impacts of wind
power namely [15] and by NREL in [16] but mostly at turbine level and
not grid level. It is increasingly becoming critical to understand how
injection of large-scale wind power affects the dynamic oscillations in the
grid  especially the low  frequency inter-area  oscillations, as  wind

penetration  continues to increase in  the North  American grid. For



example, recent studies in  the New York Power Authority (NYPA) has
shown that fluctuations in the operating conditions in the wind farms
located at Altona and Chateaguay substations in upstate New York and
Canada can cause severe oscillations in the Marcy substation close to New
York City, which is connected to the wind farms directly by a 345 KV

transmission line.

Objective of this thesis is to analytically investigate the integration
of wind power penetration with oscillation dynamics of the grid, and to
carry out several test cases to study how various wind farm layouts and
their corresponding fluid dynamical properties impact the frequency of the

oscillation modes, especially the inter-area modes.

In this work, an equivalent model for a wind farm was developed,
which allows to study different layouts and their impact on power systems.
It was observed that DFIG integration results in the modes associated with
DFIG to be negative real and having no oscillatory behavior. Impact of
changes in layout of the wind farm connected to the grid on its oscillations

is studied.

This thesis is presented in three chapters. In chapter two, model of
the turbine-generator is derived and its coupling with the grid swing

dynamics is shown. In chapter 3, an equivalent model wusing system



identification is  discussed. In chapter 4, another equivalent model is

presented and applied to different wind farm layouts.



CHAPTER 2

Wind turbine-generator integrated power system modeling

A system of a DFIG and a synchronous generator (SG) is
considered. The synchronous generator is modeled using a classic model
of voltage source behind a reactance equivalent to sum of line and
transient reactance. For the DFIG a model used in [17] is used. The load is

constant.
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Figure 1- System studied in this work

A doubly fed induction generator is used as the wind generator. A single

mass model is considered, so there is no twist in the turbine rotor shaft.



2.1 Wind Turbine

The mechanical power output of the wind turbine is

m

1
:EpAcpviv W] (2.1)

Where p is the air density, A is the area turbine blade sweeps, Cp is the efficiency
coefficient dependent on pitch angle, rotor speed and wind speed. Assuming an ideal rotor
speed control so that turbine always operates at maximum power, C;, is always a constant

equal to its maximum value.

The mechanical torque is obtained in per unit to be used in the equation of motion:
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2.2 Doubly Fed Induction generator
Doubly Fed Induction generator (DFIG) electrical variables are
expressed in synchronous reference frame, so DFIG output current phasor,

Ip, can be written in this way (See figure 2):

Ip = lgs - jlus (2.4)
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Figure 2- stator current vector decomposition in dg-rotating reference frame

The DFIG dynamic model can be written as [17]:

deo,,
d_tqzvqs+Rs|qs_(Pds (24)

d;ptds =V, +R |, P (2.5)

1 d(qu — (ws'wr)

(D_S_dt _Vqr-erql'-—s (Pdr (26)
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Where flux linkages can be written in terms of the rotor and stator currents:



Dy :_XmIqs +XrIqr (28)

Dy :_XmIds +XrIdr (29)

0 =X+ X,  (2.10)

UNS :'XsIds +XmIdr (211)

Doubly fed induction generator is a wound-rotor asynchronous generator where rotor
current can be controlled to achieve speed control [18]. The 5" order dynamic model is
considered to model the doubly-fed induction generator in this study. In this model, stator and
rotor flux linkage dynamics are considered to be too fast and generator variables are considered
to be algebraic. Studies in [17] show that this is a valid assumption since flux linkage dynamics
time constants is small compared to other dynamics. Consequently using the above equations
and setting flux linkage dynamics to zero, stator and rotor voltages can be written in terms of

rotor and stator currents.

Vqs = - Rs Iqs - Xs Ids + Xm Idr (212)
Vis=—Rs lgs — Xs Iqs - Xm Iqr (213)
Vqr: Rr Iqr -S Xm Ids +S Xr Idr (214)

Vdr: Rr Idr +S Xm Iqs +S Xr Iqr (215)
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Figure 3- Power flow in the DFIG

Using a fast vector control to decouple active and reactive power
control, d-axis is aligned with the stator flux axis so that Vg=0 and
Vgs=Vp. DFIG terminal angle is kept equal to =zero wusing am ideal shift-
angle transformer. DFIG terminal voltage 1is obtained from running power

flow, treating that bus as a PQ bus, the DFIG power is injected to it.
We can write these relations for the DFIG stator output power:

SSD:VDIB:VD(Iqs+des) (216)
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Rotor reactive power output reference is zero so rotor power is equal to
Varlar+Vgrlge  which is  added to the stator power. In summary this can be

stated:

Pgen = Ps_Pr= Vblgs— (Vqr lgr + Var lar) (2.17)

Qgen = Vblds (2.18)
The electrical torque can be written as

Te= @arlgr - Qarlgr (2.19)
Using equations derived for flux linkages in terms of current it can be written as:

Te= Xm (lgs lar- las lgr) (2.20)
2.3 Power controllers
In a DFIG rotor is connected to the grid through a grid-side

convertor as shown in Figure 3. The grid side converter is modeled as a
controlled current source and the rotor side as a controlled voltage source.
and a rotor-side convertor Pl-controllers are wused to control active and

reactive power, modeled as expressed in figure 3.

The following dynamic equations are obtained from the

controllers:

% = Kn [Pref - Pgen] (221)

% = Ki2 [Kp1 (Pref — Pgen) + X1 - lgr] (2.22)
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dX3 _

& = Kz [Qref - Qgen] (2.23)

dX4

TS = Kis [Kp3 (Qref — Qgen) + X3 — lar] (2.24)

And algebraic equations:
Vaqr = Kp2 [Kp1 (Pref — Pgen) + X1 - lgr] + X2 (2.25)
Var = Kpa [Kp3 (Qref — Qgen) + X3 — lar] + X4 (2.26)

It is assumed that the wind speed is between cut-in and rated
speeds so the turbine operates on an optimal curve as the active power

reference defined by Prsr =Cwr®. The reactive power reference is set to a

constant value.
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Figure 4- Active and reactive power controllers

In order to obtain the DFIG bus voltage, Network algebraic equations are written by

Kirchhoff’s law in the form of power

=2sin (8 — 0p) + Pgen = PL (2.27)

E Vp cos (S—GD)—VD 2

- +Qgn = Qu (228)

Where P, QL are constant values representing active and reactive powers

of the load connected to the bus.
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Assuming a  single-mass model for the turbine-generator  using

(2.3) and (2.20) we can write the equation of motion as:

d::tr = ZO:ISD [ Tm—Xmgs lar + Xm lgs | qr ] (2.29)

2.4 DFIG dynamic algebraic equations

The set of algebraic dynamic variables can be summarized as below:

dwr Wg

— =—— [ Tm—Xm | gs lar + Xm las |
dt ZHD[ m m 1 gs ldr m Ids qr]
dx

d_tl = Kn [Pref'Pgen]

dXz

T = K2 [Kp1 (Pref — Pgen) + X1 - lgr]

dX3

I = K [Qref - Qgen]

dX4

it = Kui [KPS (Qref - Qgen) + X3 — |dr]

SG dynamic variables:

e o - ®

dt s
2H dw VVp .
— — = Ppn-—2Sin(0-
e m- 5 Sin (0 — 0p)

DFIG algebraic variables include:
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0= - Vqr + Kp2 [Kp1 (Pref — Pgen) + X1 - lgr] + X2
0= - Var + Kps [Kpz (Qref — Qgen) + X3 — lar] + X4
0=-Vp—Rs lgs = Xs lds + Xm lar
0="-Rs lgs — Xs lgs - Xm lgr
Where Vqrand Vg are obtained from DFIG rotor algebraic variables:
Vgr=Rr lgr =S Xm las + S Xr lar
Var=Rr lar +S X lgs + 5 Xr lgr
where slip is defined:
_ Ws— Wr

S=——,
Ws

And:
Pgen = Vblgs— (Vagr lgr + Var lar)
Qgen = Vblds
v3
Tm =B M®s CP -
Wy

Pref =C (1)2

Qref =0
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2.5 Linearization

The system is modeled by the set of differential algebraic equations (DAE):
X=FfX7Y,u) (2.29)
0=g (X, Y). (2.30)
Linearizing the nonlinear DAE around an equilibrium point (Xo, Yo):
AX=AAX+BAY+ AU (2.31)
0=CAX+DAY (2.32)
Then we use Kron’s reduction:
AX = (A—BD7IC) AX + AU = Ay AX+ AU (2.33)

We are interested in studying the characteristics of A, [19]. States of DFIG and
synchronous generator are named as AXyandAXg, respectively. Assuming zero input we

obtain:

A, | M 07 Ax,
S o] e
AX Q s

Axg= Q AX + P Ax;= Q Ax + P (eMAx,,) (2.35)



Where A matrix is:

3
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(DS O)S O)S
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O O O o o
O O O o o
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o O o o o
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O O O o o
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D
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0
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C matrix is:
M+3Cmf 1100 0 0
(DS
Xrlqr+xm|qs
0 011 0 0
OJS
0 0 00O 0 0
0 00 0 0
0 0 00O E>\</D cos (3-0) 0
0 0 00O 0 0
0 0 00O 0 0
Idr(XrIqr+Xm|qs)+|qr(Xrldr+xm|ds) 0 0 0 0 0
L ('05 .
D matrix is:

X0 X RK, 0 Ky 000
0 <X, R Ky sX, 0 0 0 K,
X R, X, 0 1 0 0 0
R, X, 0 0 X, 0 0 0
00 0 0 ES'”X(M) s () 10
0 0 0 0 Ecos(3-0)-2V, 0 01

X
v, 0 0 0 |, 0 0 -1
Kol VosKlg (ViR I #X 1) AV R 15K ) l, 0 10 J

Xo.Yo

XoYo
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Table 1- Impact of wind speed on imaginary part of the synch. gen complex poles at different

inertias
Wind Speed H=5s H=10s H=30s
(m/s)
10 6.4637 4.5704 2.6384
20 6.4580 4.5664 2.6361
30 6.4035 4.5278 2.6138

2.6 Simulations

Impact of changing different wind farm factors on synchronous generator speed and

imaginary part of Ay, eigenvalues is studied in Table 1 and figure 4.

The system consisting of one DFIG and one synchronous generator is considered, and
imaginary part of its complex poles are calculated at different inertias and wind speed levels.
This data is shown in Table 1. It is observed that when wind speed changes the percent change
of imaginary poles at different inertias are almost equal. Figure 4, shows speed, omega, in

terms of time of the same synchronous generator at different wind speeds.
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Figure 5-Impulse response of a synchronous. Generator with inertia H= 10 s when connected to a DFIG operating at
different wind speeds: 10m/s, 20 m/s and 30 m/s
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CHAPTER 3

Equivalent model of a wind farm

The wind farm modeled in the previous chapter consisted of only one turbine-generator.
Actually the wind farms are normally composed of more than one generator patterned in
different layouts depending on the farm site terrain features. This chapter discusses modeling

farms composed of more than one turbine-generator.

3.1 Wake effect
Wind speed and consequently the generated powers of generators at different locations
in a farm are not equal. The wind speed decreases as wind passes through a turbine and some

of its energy is transferred to it.

This phenomenon of reduction of wind speed behind a wind turbine is called Wake
effect. Using the wake effect relationship in [20], Uy, the wind speed behind a wind turbine at
distance X can be obtained [21] [22].

1-1-C;
X

1+2k =)?

( D)

(3.1)

U,=U, (- )

Where X is distance behind the turbine, U, is the wind speed at distance X, U, is the initial

wind speed being applied to the turbine. Is thrust coefficient, k is wake effect constant

considered equal to 0.11, and D is diameter of the wind turbine. (See figure 5).
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Figure 6- Wake effect

3.2 System identification

Two approaches were used to obtain an equivalent model of a
wind farm: System identification and aggregation. In system identification
approach, the detailed farm order is reduced to one single DFIG, and the
parameters of  this equivalent model are found by input-output
identification. Sums of input powers and output powers are considered as
inputs and outputs of the equivalent system. Using batch least squares, the
z-domain  transfer function coefficients are obtained. The transfer function

is then computed in the s-domain.



Ax¢=Q A, +P Au (3.2)

Ay=LAx (3.3)
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Figure 7- Using Inputs and outputs of DFIGs in a farm for system identification

The transfer function, G(s), is obtained:

ui, Y1

uz, y2

us, y3

us, Ya

GE) == (s1-Q) 1P (3.4)

U(s)

Transferring it to the z-domain we obtain:

22
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_Y(@)_apta;z” ' +tapz ™
G(@)= U@)  14byz14-+b,z 0 (3.5)

So in time domain it can be written that:

y(k) = agu(k) + a;u(k—1) + -+ ayu(k—m) - (byy(k—1) + - + b,y(k — n)) (3.6)

y(K)=[y(k-1) y(k-2) ... yk-n) uk) u(k-1) ... u(k-m)] (3.7)

P Te R

3

= Y=00 (3.8)

Where @ is the Regressor and includes input and output data from
time prior to k, and 6 is the vector of unknown parameters. In this way the
transfer function of the system can be obtained. This method is useful in
cases like [23] where actual parameters of the system are not needed, but
in this study we need to have the system parameters, so we use another

approach which is presented later.
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CHAPTER 4

Wind farm modeling and simulation

The method proposed in [24] is used to find the equivalent model of a large wind farm
is aggregation of the turbine generators. The wind farm is approximated with one turbine
generator which total mechanical power of the farm is applied to it. All the DFIGs in the farm
are considered identical and connected in parallel to the point of common coupling (PCC). The
structure of the equivalent model is considered to be similar to each of the DFIGs but with
different parameters. The equivalent model is desired to possess dynamic and fault current

behavior close to the actual farm.

The parameters of the model are found by the aggregation method used in [24], [17].
The power and currents, x1°9 and x3*% of the aggregated model are Ng times higher than each
single DFIG, where Ng is the total number of generators in the farm. The voltages and speed

of the model is at the same order as each single DFIG.

An equivalent wind speed is defined, which applying it to the equivalent model would

result in the same total mechanical power of the whole farm:

e_1 SR
Pm—EpAcobCpZvai (4.2)
i=1
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So it can be written
p° :pAwa;an3 4.3

Using the aggregation method, the equivalent model parameters changing compares

to one turbine generators are found as below:

_Kp2 _Kp4
szeq == Kp 49(1 =
Ng Ng
KI2 KI4
Kp®=— Kis®=—
Ng Ng
Xm Xr
Xl ==— Xreq Ar
Ng Ng
Xm Xr
Xl ==— Xreq kel
Ng Ng
Xs Rs
Xseq = Rseq =
Ng Ng

Parameters not mentioned here remain the same as for one turbine generator.

4.1 Simulations

Various layouts are studied to see their impact on oscillations. In
figure 7, two different layouts of four identical generators are considered.
In case A, the four generators are set in a line parallel to the direction of
the wind blow, and every two consecutive rows are distanced 120 meters
from each other. In case B, the four generators are set in two rows and two

columns. Speeds of the synchronous generator in the two cases are
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presented in figure 8. Frequencies of the two cases differ, as the imaginary
parts of the complex eigenvalues are 7.73 and 7.44 for cases A and B,

respectively.

Increasing number of generators more than a limit results in
creating unstable poles. For example, when there is one column of
turbines parallel to the wind direction, increasing the number of rows more

than 5, will cause a positive real pole.

Table 2- Change in eigenvalue imaginary part in different operatinal conditions

Number # of rows # of columns Space Imaginary part  Wind speed
between rows of complex
eigenvalues
1 1 6 200 7.8653 14
2 6 1 200 8.7728 14

3 6 1 100 8.9980 14
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Figure 9 — Two layouts of 4 identical DFIGs is considered



PCC

Q (radss)

[
|

HO

300 m

150 0

O OO C

v,=14 m/s
Figure 10- Case C

U

time (s)

Figure 11 - SG speed for two cases mentioned in A and B

29



150
A
00 % %

c 6666

¥ i




Table 3- Eigenvalue imaginary parts for the cases A, B, C and D.
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Cas Eigenvalue imaginary part
A 7.73
B 7.44
C 8.75
D

8.59




32

CHAPTER 5

Conclusion and future work

Summary of the modeling and analysis is presented in this chapter.

Considering a wind turbine generator connected to a synchronous
generator, it is observed that increasing generated wind power, results in a
reduced frequency of SG rotor speed oscillations. With a constant change
in wind speed, the amount of percent change in oscillations frequency is

almost the same for different amounts of SG inertias.

In a wind farm connected power system, layout of the farm affects
SG rotor speed dynamics. The system oscillations frequency reduces more

as farm generators are spread further from the front row.

There is a need for understanding how the spatial location of the
farms affect the overall system dynamics, and if the location factor
worsens the dynamic response in any way. Designing location-dependent
controllers to counteract the adverse impacts of DFIG integration will be a
critical research task for future studies. Yet another important question
that follows from the results of this research is how other fluid dynamical
characteristics such as edge effects of the turbine towers affect the
oscillation  dynamics of the grid, studies on which requires detailed

simulations on computational fluid dynamics. Our goal would be to use
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advanced CFD software codes to simulate the internal dynamics of wind
farms and to test how their operating principles as well as their
relationship to the placement of the turbines affect the power dynamics of

the DFIGs and thereby the oscillation dynamics of the grid.
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Controller parameters

kpl=1
kp2=1
kp3=1
kil=5
ki2=5
ki3=5
ki4=5
kp4=1
Qref=0

C=3.2397x107° s3/rad?

SG parameters

w=1207
H=10 s

DFIG parameters

Xm=3.5092 pu
Xr=3.5859 pu
Xs=3.5pu
Hp=4s
Rs=.01015 pu

Rr=.0088 pu

Network parameters

P|_=0.3 pu
QL=.05 pu

Xda =2 pu




	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1
	CHAPTER 2
	2.1 Wind Turbine
	2.2 Doubly Fed Induction generator
	2.3 Power controllers
	2.4 DFIG dynamic algebraic equations
	2.5 Linearization
	2.6 Simulations

	CHAPTER 3
	3.1 Wake effect
	3.2 System identification

	CHAPTER 4
	4.1 Simulations

	CHAPTER 5
	APPENDIX
	Appendix: System Data


