CIRED

22 |nternational Conference on Electricity Distribution

Stockholm, 10-13 June 2013

Paper 0745

NONLINEAR MODAL ANALYSIS OF WIND FARM IN STRESSED WIND FARMS IN
STRESSED POWER SYSTES: EFECTS OF DFIG CONTROLLERS

Reza GHAZI

Rohalamin ZEINALI DAVARANI

Mohamad Reza MOZAYENI

Ferdowsi University of Mashhad — IranFerdowsi University of Mashhad — Iran  Khorasan Razavi Distribution Company

rghazi@um.ac.ir

ABSTRACT

This paper deals with the problems of nonlinear interaction
of large capacity wind farm in stressed power systems in
the presence of FACTS controllers. The study is performed
on an IEEE modified test system using the nonlinear modal
analysis based on the Modal Series (MS) method. As the
installed capacity of renewable energy especially the wind
energy increases, the connection of the wind farms to the
grid should be studied from different viewpoints. The
dynamic performance of this composite power system is an
important issue and should be investigated carefully
especially in stressed conditions and different operating
points of DFIG controllers. The nonlinear interactions will
complicate the dynamic behavior of power systems. If such
interaction exists between wind farms and other system
components such as FACTS controllers and is
quantitatively significant, the stability of wind plant is
jeopardized.

INTRODUCTION

The growing demand for electrical energy, limitation of
fossil resources and the worries about environmental
pollution lead to new challenge for utilization of clean
energies such as wind in power systems [1]. Nowadays the
use of wind energy resources as connecting to the main
network or supplying the far loads and also to use in urban
areas has been extended [2]-[4]. When the penetration of
wind generation is high, the online operation of generators
during grid disturbances becomes very important regarding
the grid code requirements. Therefore, investigating the
dynamic performance of a power system integrated with
wind farms having high penetration levels is quite
necessary.

In this respect one problem needs to be analyzed is the
possibility of adverse interactions between modes
associated with wind farms and other system modes. In [5]-
[8] using the time domain simulations and linear modal
analysis, the interaction between the wind turbine-generator
set and system modes such as inter-area, local and control
modes are studied. The results of these papers show that
when the wind farm capacity increases the interaction level
between wind farm turbine-generator units and other system
components increases.

In time-domain simulations, the required information
corresponding to the system modal structure is not
provided. On the other hand, the linear analysis is only valid
for small variations around the operating points and cannot
demonstrate the nonlinear interaction phenomenon [9].
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Therefore, in case of nonlinear interaction the nonlinear
modal analysis approaches such as the Modal Series (MS)
method should be used to investigate the dynamic behavior
of power systems. In recent years, Modal Series (MS)
method has been used to study the power system dynamic
phenomena [9]-[13]. These papers have concluded that in
stressed power systems, due to the increase of nonlinear
interactions the linear modal analysis is not able to analyze
their dynamic behaviors accurately, so the nonlinear
analysis techniques should be employed.

Regarding the important role of wind power energy in
modern power systems and the common use of DFIG’s,
their stability is crucial to operators. In present paper, the
MS method is used to analyze the nonlinear interactions
between Wind Turbine Generator (WTG) units in wind
farms and other system components especially the Flexible
AC Transmission System (FACTS) devices. To do so, at
first, the power system is modeled and the governed
dynamic equations are provided. Then, the second-order
Taylor expansion of these equations is performed around
the stable operating point and using the MS method the
nonlinear interactions of wind farm are studied under
different conditions. The paper is organized as follows.
Some interaction problems of the wind farms are
demonstrated in section 2. In Section 3, the modal analysis
of nonlinear systems based on MS method is outlined. The
adopted model of the studied power system is presented in
Section 4. The case study and the obtained results are
shown in Section 5. Conclusions are given in Section 6.

INTERACTION PROBLEMS OF WIND FARMS

In modern power systems, attempts have been made to
provide the reliable electricity services and cleaner
environments for customers by shifting the generations from
centralized to combination of centralized and distributed
ones. For this purpose, the renewable resources such as
wind energy are introduced in power systems. Due to
economic, environmental, and technological issues, the
wind energy has grown rapidly and taken a better position
among resources.

In connection of large-scale wind farms with power grid,
the High Voltage DC (HVDC) and FACTS devices can be
used to support the grid and protect the equipments during
severe grid disturbances [14]. In this situation, the problems
corresponding to the interactions between wind farms and
other system controllers such as HVDC or FACTS
controllers are our great concern considering the stability
and safe operation of a power system. These interactions
may originate from nonlinear effects and known as
nonlinear interactions [9]. The nonlinear interactions
between WTG’s in the wind farms and system controllers
become more vigorous and can adversely affect the dynamic
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behavior of the system leading to the damage of some
system components [15]. To study these types of
interactions the nonlinear modal analysis methods such as
MS method can be used.

APPROXIMATE SOLUTION BASED ON
MODAL SERIES METHOD

The nonlinear interactions, which arise from nonlinear
factors, will contribute in complicating the dynamic
behavior of nonlinear systems. To study these interactions
the nonlinear modal analysis methods such as MS method
can be used. The MS method is based on Taylor’s
expansion of nonlinear system equations around the stable
equilibrium point. If (1) exhibits the nonlinear dynamic
equations of a power system with n variables, (2) will be the
Taylor expansion of (1) around a stable equilibrium point.

X =F(X)

Xi= AX +2XHIX 4.
In (2), A and H are Jacobian and Hessian matrices

respectively. If U and V denote the matrices of right and left

eigenvectors of A respectively, by applying the linear

transformation X=UY to the first and second-order terms of
(2), yields,

@
i=1,2,..n (2

Yi=4jyj +Y'Cly
n n j _ 3)
:jyj+kZlch|yky| j=12,..,n

Where
i1
i_tsn oyt (yt
C —ZszlVJp(U HpU) 4)

Approximate Linear Method

If in (3) only the first term is considered, and the higher-
order terms are neglected, the linear approximate solution of
(1) becomes [10]:

e
Xi () =X Luijyjoe )

Modal Series Method

In (3), by considering up to second-order terms and
assumption for not existence of second-order resonance

(4 + 4 # 4;), the MS second-order approximate solution
of (1) is given by [10]:
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where

hely=ch/(a+n-%) jkl=12..n (@
In (5) and (6), e’ and ew”‘) respectively defined as
linear and nonlinear modes.

Nonlinear Interaction Index Based on Modal Series
Method

To analyze the nonlinear behavior of a power system using
the MS method, the nonlinear interaction indices should be
used. By comparison the linear solution (5) and MS solution
(6), it is seen that by considering the nonlinear factors the
nonlinear modes are appeared in the time responses of the
system. This phenomenon is defined as nonlinear interaction
[9]. As seen from (6), the amplitudes and the damping of
nonlinear modes are the two important affected factors in

the time responses. Therefore, the index |2}, defined in

(8) is used as a criterion to study the nonlinear interactions
in the nonlinear systems.

. n )
12)= ykoyloz Ujj h2f<|/real(xk+x|) ®8)
=1

I2iK1provides n2 values for jth state variable. By

comparing these values, it is found that which nonlinear
mode has most effect on the time response of this state
variable. The high value of this index implies the existence
of severe nonlinear interaction between system components
related to jth mode with system components related to kth
and Ith modes.

MODELING THE POWER SYSTEM FOR
MODAL ANALYSIS

The study system comprises the synchronous generators, the
wind farm, and the FACTS device. In this paper, the Static
VAr Compensator (SVC) is considered as one of the well-
known FACTS controllers.

Synchronous Generator

The simple d-q axes model is used to represent the
synchronous generator. In addition, the excitation system is
modeled as a thyristor with a high transient gain. The
synchronous generator equations are obtained as follows
[16]:
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E;:li :(Efdi _Eiih +(Xdi _X'di)lqi )/Idoi

Ed. :{-E;ji -(XQi 'X'Qi)ldi )/ |qu

E‘fdi =('Efdi +Kexci G/refi 'Vti +Vsi ))/rexci (9)
5i = wg (w-1)

& =Ty -Te -D (0-1))2H

Wind Farm

A wind farm comprises many WTGs connected to each
other via an internal network. The electric power generated
by WTGs is injected to the main network at the point of
common coupling (PCC). To extract the electrical energy
from wind energy different types of wind turbines are used.
Type A and B are based on the induction generator, which
respectively provide fixed and limited variable speed
operation. Type C and D provide a variable speed operation
and respectively are based on the DFIG and synchronous
generator. In types C and D, the maximum output power
with lower fluctuation is extracted from wind. Regarding the
benefit and characteristics of type C, it is the most common
use in the current wind farm projects [17]. So in this paper,
the WTG based on the DFIG is considered. The following
equations describe the electrical model of the DFIG [18]:

Ygs = @ (Vqs +Rslgs "//ds)
Vs = Ws (Vds +Rs s Jf'/’qs)

. W - O, (10)

Yar = @ {Vqr 'erqr 'g‘//dr]
Ws

. W5 - @

Vdr = @s [Vdr Ry lgr +(ws—r)‘//qr]

In addition, a two-mass model is considered for the wind
turbine-generator. The mechanical equations of DFIG are as
bellow:

o = (T -Krabre -Dr (or -an)) /287
oy = ('KTGHTG -Dg (o - )-T, )/ZHG (11)

brg = ws (a’T 'wG)

Where @; and @y respectively denote the speed of

turbine and generator and €, denotes the angular

displacement between these masses.

Three controllers are considered for turbine-generator
based DFIG as pitch angle controller, active and reactive
power controllers [19]. The wind speed is assumed to be in

CIRED2013 Session 4 Paper No 0745

its technical limit, the pitch angle controller is not taken into
account. The block diagram of active and reactive
controllers is shown in Fig. 1.

Priiﬁ)_, KPl+ﬁ + KP2+& —>Vqr
> S h S
Pgen lgr
(ﬂiﬁ)_' KP3+& + KP4+& —»Vgr
> S > S
Qgen Idr

Fig. 1. Active and reactive power controllers

SVC Representation

SVC is one of the FACTS devices that installed in
transmission lines to improve the voltage profile and
increase the dynamic and transient stability limits [20]. The
SVC control system is presented by a variable susceptance
model. The block diagram of this model is shown in Fig. 2
[21].

1

14T, Visve
Measuring Circuit
1+s7, |V K Bre T
Viet ts7 RaY £ € = Bgsvc
1+sT7, 1+sT, 1+s7,
oth o Thyristor
er er
Voltage Regulator Susceptance

control

Fig. 2. The block diagram of SVC control system

CASE STUDY

The modified IEEE 2-areas 4-gen test system is considered
to study the nonlinear interactions of the wind farm. This
system contains a SVC and one of the synchronous
generators replaced with the wind farm. The single-line
diagram of the test system is shown in Fig. 3. The wind farm
included 20x5MW WTGs based DFIG. For simplicity, the
wind farm is modeled by only one WTG having 100MW
capacity. The test system parameters are listed in Appendix.

10 11 3 G3
1 10km | 25Kkm

8
110Km | 110Km

T svc T

L7 Cc7 C9 L9

4

Wind Farm

Fig. 3. Single line diagram of test system

The test system has 31 modes, in which 11 modes are
related to the wind farm, 15 modes related to synchronous
generators, and 5 modes related to SVC. The Eigenvalues of
the test system can be found in Table 1.

To study the effect of DFIG controllers on the nonlinear
interactions of the wind farm the second-order Taylor
expansion of test system is provided. A fault is applied on
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bus 9, which is cleared in 10ms. According to the MS
nonlinear interaction index presented in section 3, the
nonlinear interaction between DFIG, and other system
components are investigated in the base case and the results

for some state variables of DFIG are shown in Fig. 4. In the
base case, the proportional and integral parameters of DFIG
controllers are considered as:

KP1=KP2= KP3=KP4=1 KI1=KI2= KI3=KI14=5

Table 1. Eigenvalues of the test system

Mode Number Eigenvalue Source Mode Number Eigenvalue Source
1,2 5710.64 j1260 Wind Farm 16,17 0,096 4 j1003 Wind Farm
-1984.4 SvC 18,19 -0.635+j7.5 G1-G2
-530.6 svC 20,21 -0.086+tj4.6 G1-G2-G3
5,6 -11.8+j357.1  Wind Farm 22 0 Reference
7.8 -5.6+j216.5 SvC 23 -0.185 G1,G2,G3
9 -90.2 G1,G2 24 -0.2 Wind Farm
10 -81 G3 25,26 -2.39+j0.43  Wind Farm
11 -76.2 G1,G2 27 -3.8 Wind Farm
12 -33.1 SvC 28 -4.97 G1
13 -23.6 G1,G2 29 -4.14 G2
14 -19.1 G3 30 -4.3 G3
15 -11.1 G1,G2 31 -4.63 Wind Farm

Mode Number Mode Number

Mode Number Mode Number

Fig. 4. Nonlinear interaction index of DFIG state variables in base case

As seen from Fig. 4, the most important nonlinear modes
that appeared in the output responses of DFIG are

Ag (27 + /18) and Ag ; (/18 + 4, )that are related to SVC,
/120'21(220 + /IZl)and Azt 20 (/121 + 220) related to inter

area mode. With reference to the Table 1, the modes 7 and 8
correspond to SVC, the modes 20 and 21 correspond to
inter area mode.

In what follows of the paper, the effect of DFIG
controllers on the nonlinear interaction between DFIG and
other system components are studied. As seen from Fig. 1,
the active and reactive controllers of DFIG are included
from two PI controllers. As shown in (12), using an
increasing or decreasing factor the proportional and integral
parameters of PI controllers are changed such that their
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relation to be fixed.

Kl i ={1,2,3,4} (12)

i new = factor xKI;

{Kpl new = faCtOI’ X Kpl base
i base

Effect of DFIG active power controller on the
nonlinear interaction

To investigate the effect of active power controller on
the nonlinear interaction between DFIG and other system
components, by considering larger values for proportional
KP1 and KP2 and integral KI1 and KI2 parameters, the
nonlinear interaction index |2, is obtained and the results

are shown in Fig. 5. In this case, the parameter factor (eq.
12) is selected equal to 5. In addition, by selecting smaller
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values for active power controller parameters, the nonlinear
interaction of DFIG is obtained and the results are shown in

&

o oS

SRR
SR

Mode Number Mode Number

Fig. 6. In this case, the parameter factor is considered equal
t0 0.2.

Mode Number Mode Number

Fig. 5. Nonlinear interaction index of DFIG state variables when selecting high values for active power controller
parameters (factor=5)

Mode Number Mode Number

02 .
0.15
121{1 0.1

0.05..%

-

Mode Number Mode Number

Fig. 6. Nonlinear interaction index of DFIG state variables when selecting small values for active power controller
parameters (factor=0.2)

As seen from Figs. 5 & 6, by selecting smaller values for
active power controller parameters, the nonlinear interaction
between DFIG and other system components are increased.
In addition, when high values of parameters are considered
for active power controller the most nonlinear modes that
appeared in the responses of DFIG are that combined from

SVC (A;gandAg;) and inter area  mode

(Agg,21and Ay, 5, ). While that when active power controller

operates in less values of proportional and integral
parameters, the most nonlinear interaction occurred between
DFIG and synchronous generators (as seen from Table 1,
mode 23 is related to synchronous generator and mode 24

CIRED2013 Session 4

Paper No 0745

correspond to DFIG).

Effect of DFIG reactive power controller on the
nonlinear interaction

Similar to previous section, to study the effect of
reactive power controller on the nonlinear interaction
between DFIG and other system components, by
considering different values for proportional KP3 and KP4
and integral KI3 and Kl4 parameters, the nonlinear

interaction index |2iKl is obtained and the results are
shown in Figs. 7 & 8.
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Mode Number Mode Number

Mode Number

Mode Number

Fig. 7. Nonlinear interaction index of DFIG state variables when selecting high values for reactive power controller
parameters (factor=5)

Mode Number 31 1 Mode Number

5 I

oS Is
S

L

*-::‘,%:::“'

o B B 05 S

Mode Number 31 1

Mode Number

Fig. 8. Nonlinear interaction index of DFIG state variables when selecting small values for reactive power controller
parameters (factor=0.2)

With reference to these Figs., by considering different
parameters for the DFIG reactive power controller the
considerable change is not to be seen in the nonlinear
interaction of DFIG. In addition, the results show that the
reactive power controller of DFIG has no effect on the most
important nonlinear modes that appeared in the output
response of DFIG (as seen from Figs. 7 & 8 for different
parameters of reactive power controller the important

nonlinear modes are A, gand A ).

CONCLUSION

The results of this paper show that the nonlinear
interactions exist between wind farms based DFIG and other
system components especially SVC controllers. The
nonlinear modal analysis based on the modal series method
can well predict these interactions. The results show that the
active power controller of DFIG has important effect on the
nonlinear interaction of DFIG. When this controller
operates at small values of proportional and integral
parameters, the nonlinear interaction of DFIG is
significantly increased. Also, in this case, in addition to
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SVC controllers the synchronous generators so interact with
the DFIG. The results of this paper show that despite of
active power controller, the reactive power controller of
DFIG has no important effect on the nonlinear interaction of
DFIG.

APPENDIX

Synchronous generator
Viase=20KV, Spase=900MVA
Xy =1.8,X, =1.7,%; = 0.3, x; = 0.55, 7, =85

7l =0.4s,R, = 0.0025

Transmission line

Vbase=230kV, Sbase=1OOMVA
R, =0.0001 pu/Km, X =0.0001 pu/Km,b, =0.0001 pu/Km

p. =967 MW,Q,_ =100MVAr, p, =1167 MW
Q., =100 MVAr,Q., =100 MVAr,Q, =200 MVAr

DFIG
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Spase=SMVA

X, =355 X, =358, X,, =35 R, =0.1015,R, =0.088
KP1=1 KP2 =1 KP3=1 KP4 =1
KI1=5KI2=5KI3=5KI4=5,

SVC
K. =55T,, =0.1s,T, =0.03,T, =0.02,T, =0.004s
T, =0.001s,T,, =0.004s,Q,, =+400 MVAr
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