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Abstract — Due to the benefits of wind power in the ecological
enhancement, energy cost reduction and energy security, the use
of wind power is spreading. In this paper, the impact of wind power
on the dynamic stability of weakly interconnected power systems is
considered. Two situations are covered. The first one is the
replacement of conventional power by wind power while the
second one includes the addition of wind power to an existing
conventional power generation system. The considered system is
composed of two weakly interconnected areas. The objectives of
wind power are to reduce the dependency between the two areas
and the reduction of conventional fuel use while keeping
acceptable damping levels. Two popular wind energy technologies
are considered which are fixed speed SCIGs and the variable speed
DFIGs. The results show that the wind power causes reduction in
the damping of power system oscillations. Therefore, power
oscillation damping controllers (POD) are integrated with the
available SVCs. These POD controllers are designed for
improving the system dynamic stability to an acceptable level. The
POD design is based on the frequency response method. The
modal analysis and the time-domain simulation are used for
validating the POD efficient design.

Index Terms - FACTS; wind power, electromechanical
oscillations; POD design ;modal analysis;  time domain
simulation.

I. INTRODUCTION

Due to their ecological benefits, and free availability, the
renewable energy becomes a key factor in the global energy
security [1]. The competitive prices of wind energy place it
as a major renewable energy resource [2]. Egypt has many
locations with excellent wind energy resources and large scale
projects are already available [2 - 4]. In addition, future
projects are currently in progress [4].

Based on the electrical topology, wind turbine generators
(WTGs) can be grouped into two main categories [5 - 8]; fixed
speed and variable speed WTGs. In comparison with the fixed
speed technologies, the variable speed alternatives are known
for their high aerodynamic efficiency, control capability, and
stability.

Previous researches [9 - 11] show that the impact of wind
power on the stability of power systems is highly related to the
penetration level and the WTG technology. The higher the
penetration level the significant the impact of wind power [10
- 12]. In fact, the dynamic behavior of a power system is
largely determined by the behavior and interaction of the
generators connecting to the power system. If wind turbines
gradually start to replace the output of the synchronous

O

generators, many aspects of the power system operation and
control might be affected such as protection, frequency
control, transient and voltage stability, among others [6, 7, 9 -
15].

Some studies have been applied to solve the power system
stability problems associated with increasing penetration
levels of renewable energy sources by the application of
FACTS devices to enhance the dynamic and transient
performance and improve the voltage stability of power
systems which includes a large wind farm [16,17]. However,
the presence of some FACTS devices (such as SVCs) has an
adverse impact on the dynamic stability of power systems [10,
16 - 19]. Power Oscillation damping controllers are usually
then designed for enhancing the system stability [20 — 22].

The objectives of this paper include studying the impact
of the wind power penetration on the small signal stability of
power systems. In addition, high power system oscillations are
mitigated by the proper design of power oscillation dampers
(PODs) integrated with the available SVCs. The major types
of WTG technologies are considered while two wind power
scenarios are investigated. The first one is the replacement of
conventional power by wind power while the second one is
the addition of wind power to the generation capacity. The
Kundur two-area system [18] is considered in this study due
to its suitability for the analysis of complex dynamic
phenomena as well as the availability of its data.

II. THE STUDY SYSTEM, MODELING, AND MODAL ANALYSIS

A. The Study System

The study system is shown in Fig.1. The system data are
available at [18]. This system will be studied and analyzed
with the aid of the Power System Analysis Toolbox (PSAT)
version 2.1.7, the Simulink and the control system toolbox of
Matlab 2012a [23 - 25].

The original four-machine, two-area study system has
been taken from [18] and has been modified by replacing the
old fixed capacitors at buses 7 and 9 by SVCs as shown in Fig.
2 which also shows the PSAT Simulink model of the system.
Each area consists of two synchronous generator units. The
rating of each synchronous generator is 900 MVA and 20 kV.
Each of the units is connected through transformers to the 230
kV transmission line. There is a power transfer of 400 MW
from Area 1 to Area 2. The detailed base data, the line data,
and the dynamic parameters for the machines, AVRs, PSS,
and loads are given in [18].
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Fig. 2 The study system model in PSAT

The wind power is included in the system considering two
scenarios where two situations are considered in each
scenario. A scenario is associated with the WTG technology
while a situation is associated with the way at which the wind
power is included. The first scenario considers the fixed-
speed SCIG while the second one considers the variable-
speed DFIG. For both scenarios the following situations are
considered.

e Situation 1: the wind power will be used to replace a
specific amount of the conventional generation in area 1.
The objectives here are to reduce the ecological impact
of the conventional generation and to reduce the
dependency on fossil fuels.

e Situation 2: The wind power will be added to the
conventional generation capacity available in area 2. The
main objective in this case is to reduce the dependency
of area 2 on area 1 i.e. the minimization of the power
transfer over the weak tie-link.

As will be illustrated, the maximum or allowable amounts of
wind power for both scenarios and both situations will be
determined based on the modal analysis of the system. In
addition, the PODs will be designed while the wind power is
very close to its allowable limits.
B. Power system modelling and modal analysis

The power systems are dynamic systems that can be
represented by differential algebraic equations in
combination with non-linear algebraic equations. Hence, a
power system can be dynamically described by a set of n first
order nonlinear ordinary differential equations that are to be
solved simultaneously. In vector-matrix notation, these
equations are expressed as follows [18, 20, 26]:

n is the order of the system, r is the number of inputs, and m
is the number of outputs. The column vector x is called the
state vector and its entries are the state variables. The vector
u is the vector of inputs to the system, which are external
signals that have an impact on the performance of the system.
The output variables y are those that can be observed in the
system. The column vector y is the system output vector and
g is the vector of nonlinear functions defining the output
variables in terms of state and input variables.

The design of POD controllers is based on linear system
techniques. After solving the power flow problem, a modal
analysis is carried out by computing the eigenvalues and the
participation factors of the state matrix of the system. The
dynamic system is put into state space form as a combination
of coupled first order, linearized differential equations that
take the form,

A% = ADx + BAu (3)

y = CAx + DAu 4)
where A represents a small deviation, A is the state matrix of
size n X n, B is the control matrix of size n X r, C is the
output matrix of size m X n, and D is the feed forward matrix
of size m X r. The values of the matrix D define the
proportion of input, which appears directly in the output.

The eigenvalues A of the state matrix A can be
determined by solving det[A —AI] = 0.If 4; =0; +jw;
denotes the i" eigenvalue of the state matrix A, then the real
part gives the damping, and the imaginary part gives the
frequency of oscillation. The relative damping ratio is then
given by:

§ = —0;/ |o? + W} (5)

A damping ratio between 5% to 10% is acceptable for most
power systems; however, the 10% value is recommended for
secure system operation [20, 28].

The models of SVC, SCIG and DFIG are described in
[23, 24, 28].

III. POD DESIGN

A variety of design methods can be used for tuning POD
parameters. The most common techniques are based on
frequency response [29], pole placement [30], eigenvalues
sensitivity [30, 31] and residue method [32].

Due to their popularity and efficiency, POD designs are
presented in this paper using the frequency domain which is
described in [20, 27] and the POD will be designed near the
maximum wind penetration points. A flowchart showing the
POD design process is shown in the Appendix. The main
design objective is to achieve a predefined damping
acceptable level of the electromechanical oscillations to
improve the system performance. The general control
diagram of the power system controlled by the POD is shown
in Fig. 3 and 4. As shown in Fig. 4, The structure of the POD
controller is similar to the classical power system stabilizer
(PSS). The controller consists of a stabilizer gain, a washout
filter, and phase compensator blocks. The gain Ky determines
the amount of damping introduced by the POD and the phase

x = f(x,u) €Y)
y=g0,u) (2)
where: x = [x1,x; - x,]% u = [ug, up - up]’,

f=lfuhf <Rl o y=Dbwy vl . g=
(91,92 gml]"
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compensator blocks provides the appropriate phase lead-lag

compensation of the input signal.
Power System Model
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Ax® = AAx+ BAu
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Fig.3 General feedback control system
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Fig.4: Scheme of the POD controller
IV. RESULTS AND DISCUSSION

The results will be presented through studying the system
described in Fig.1 considering the scenarios and situations
explained in section II. The maximum wind penetration that
can be replaced or added is determined based on the
eigenvalues criteria. Near the maximum penetration point,
POD will be designed using the frequency response method
to improve the system dynamic performance when the system
is subjected to a small disturbance (disconnection of line 8 for
100 msec after 1 sec operation in the initial steady state
conditions). The data of the SCIG wind turbine can be found
in [33] while the DFIG data are available at [34].

1) Scenario 1: SCIG:

A) Power Replacement
the SCIG will be added to area 1 on bus 12 as shown in Fig.5
for the purpose of replacing the generated power of
synchronous generators by wind power till reaching the
maximum wind penetration
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Fig.5 Two-area test system with SCIG added to Area 1 connected to bus 12

The eigenvalues with low damping ratios are shown in Table
I. According to the results in Table I, The maximum
generated power in area 1 that can be replaced by wind power
equals 140 MW (10% of the total generated power by
synchronous generators in Area 1) and after this value the
system will be unstable as there is an existence of an
eigenvalue located in the unstable region.

TABLE I
SCENARIO 1.A - DOMINANT EIGENVALUES AND PARTICIPATION
Eigenvalues 5 g asslt)/[coiztted IEpenElE
g Hz) | (%) Status
states
L 9.0% Unacceptabl
+ Y, £0A 52,02
P +P,=1260M | 94423—16'544 4 ¢ e
W P1,=140MW
- GTAT 0 3 iti
0.15025+j3.821 3.9% 33,03 Critical
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0.57982:j6.530[ 1+ £7¢ 8'2”’ 82,02 unaccfptabl
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B e 144 (3.8% .
P+P,=1250M (0.14699+3.823| ~ . 6 83,03 Critical
w 9

P,=150MW -

0.4272247.002| 1,111 6.0% [omega_t_Cswt_|unacceptabl

6 8 |1, gamma Cswt e
0.12483+0 | 0 elmhCswi 1 |, Ve
Eigenvalue

The POD is then designed near the maximum wind
penetration point (P;,=140 MW) with the objective of
increasing the damping ratios of the eigenvalues to an
acceptable level. According to Table I, at P1, = 140 MW,
there is a critical eigenvalue with damping ratio 3.9% and an
unacceptable eigenvalue with damping ratio 9.04%. These
damping ratios can be increased to acceptable levels (=10%)
by designing a POD. The sending current between Bus 5 and
Bus 6 is used as a stabilizing signal to the POD. The POD
gain (Ky) is selected based on the root-locus of the system as
shown in Fig. 6. It is shown that with a again of 0.114 the
3.9% damping ratio becomes 23.88% while the 9.04%
damping ratio becomes 10.7%. Therefore, this gain value
results in acceptable damping ratios.
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Fig. 6 Root locus of the compensated system and selection of
the gain Kw for Scenario 1.A

Using the frequency domain POD design method [20, 27], the
rest of the POD parameters are determined. The transfer
function of the POD is, then takes the form

POD(s)
0.3186s + 172

S
- 2 [s + 1] [ 0.215s + 1 (6)

With the POD connected to the system shown in Fig. 5 as
shown in Fig. 7, the design will be evaluated by both the
eigenvalue analysis and the TDS of the compensated system.
The results of the eigenvalue analysis of the compensated
system indicate that the minimum damping ratios of the
critical and unacceptable eigenvalues are improved as desired
to 23.88% & 10.7% respectively. This ensures the success of
the POD design for improving the damping of the system.
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Fig.7 Two area test system with SCIG added to Area 1 and POD

The TDS is performed considering a disconnection of line 8
for 100 msec. This disturbance started at t = 1 sec. The
simulation is performed using the Matlab control system
toolbox. The responses of the system with and without POD
are compared as shown in Fig. 8.
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Fig. 8 TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b)
Active power of G1.

It is depicted from Fig. 8 that the POD improves the dynamic
performance of the system through increasing the system
damping, and decreasing the settling time.

B) Power Addition:
The SCIG in this section will be added to area 2 on bus 12 for
the purpose of reducing the power transfer from area 1 to area
2 by adding generated power by SCIG in area 2 till reaching
the maximum wind penetration.
The eigenvalues with low damping ratios will be tabulated in
Table II as follow:

TABLE II
SCENARIO 1.B - DOMINANT EIGENVALUES AND PARTICIPATION FACTORS
Eigenvalues 5 5 assl\fcoi:tted Eigenvalue
¢ (Hz) (%) Status
states
. Y,e01 |9.029 32,02
PL=140(0.595244i6.5765 9.02% 2 |Unacceptable
MW -
GIYAT 31° 53, ..
0.17052:3.9459 431% 3,03 Critical
. Vpa® 0 52 02
0.60136+j6.5699 9% } unacceptable
} AYa0A|l 439 53 03 .
P1,=150(0.16879+j3.9522 4.3% o Critical
MW : Cswt_1
Y, )V0¢ 0 gamma_Cswt_1,
0.579354j6.9841 8.28% | “im Cwi 1 |unmacceptable
0.17508+j0 [0 T (— elm_Cswi_L ‘ +ve
Eigenvalue
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According to the results in Table II, The maximum wind
power that can be added to area 2 equals also to 140 MW and
the system will be unstable when the generated power by
SCIG equals 150 MW.

The POD is then designed near the maximum wind
penetration point (P1;=140 MW) with the objective of
increasing the damping ratios of the eigenvalues to an
acceptable level. According to Table II, at P, = 140 MW,
there is a critical eigenvalue with damping ratio 4.31% and
an unacceptable eigenvalue with damping ratio 9.02%. These
damping ratios can be increased to acceptable levels by
designing a POD. The sending current between Bus 5 and Bus
6 is used as a stabilizing signal to the POD. The POD gain
(Kw) is selected based on the root-locus. For a gain of 0.062,
the 4.31% damping ratio becomes 17.2% while the 9.02%
damping ratio becomes 10.16%. Therefore, this gain value
results in acceptable damping ratios.

In this case, the transfer function of the POD will take the
form:

0.3097s + 17°

0.2074s + 1 @

With the POD connected to the system as shown in Fig. 9, the
design will be evaluated by the eigenvalue analysis, which
indicates that the minimum damping ratios of the critical and
unacceptable eigenvalues are improved as desired to 17.23%
& 10.16% respectively.

POD(s) = 0.062 [S Jsr 1] [
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Fig.9 Two area test system with SCIG added to Area 2 and POD
The TDS of the compensated system is shown in Fig.10
considering the same disturbance to show the impact of POD
on improving the damping of the system.
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Fig. 10 TDS for 100msec disconnection of line8: (a) Rotor angle of G2; (b)
Active power of G1.

2) Scenario 2 with DFIG:
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A) Power Replacement:
the DFIG will be added to area 1 on bus 12 for the purpose of
replacing the conventional power by wind power till reaching
the maximum wind penetration
The eigenvalues with low damping ratios will be tabulated in
Table III as follow:

s+ Without POD
| —with POD

B, (rad)
B e
o
T —————
rrrecTrI—T

TABLE III (] 14 16 18 20
SCENARIO 2.A - DOMINANT EIGENVALUES AND PARTICIPATION FACTORS time (s}
Eicenvalues f € Most associated | Eigenvalue s @) ) .
g (Hz) (%) states Status " -+ Without POD
- R “~"|—with POD
= . V,eeve 0 52 02 i
P1+P2W9OOM 0.81087+i6.2776 12.8% o acceptable
P,=500M ) GNENYA 0 o1, s B
12=500MW 0.20784+i4.0177 5.16% 10l Critical -
- ©,49A71] 13.59 52,02
0.85172+6.2167 RS i s ble
- - LTETYTa 0 51 ol o 1 4 6 10 12 14 1 18 20
P|+P2W850M 0.22005+j4.0365 5.4% 4] Critical (bl;melsl
P,=550MW 0 12055;,1 16l YVETY| 7.04% 33,03 unacceptable| Fig. 12 TDS for 100msec disconnection of line8: (a) Rotor angle of G1; (b)
2 2l " Active power of G1.
0.008 £0 0 |~ omega m Dfig 1 | . " V°
eigenvalue

According to the results in Table III, The maximum generated
power in area 1 that can be replaced by wind power equals
500 MW (35.7% of the total generated power by synchronous
generators in Area 1) and after this value the system will be
unstable.

The POD is then designed near the maximum wind
penetration point (P;,=500 MW) with the objective of
increasing the damping ratios of the eigenvalues to an
acceptable level. According to Table III, at P;, = 500 MW,
there is a critical eigenvalue with damping ratio 5.16%. This
damping ratio can be increased to an acceptable level by
designing a POD. The sending current between Bus 5 and Bus
6 is used as a stabilizing signal to the POD. The POD gain
(Kw) is selected based on the root-locus. For a gain of 0.0283,
the 5.16% damping ratio becomes 10%. Therefore, this gain
value results in acceptable damping ratio.

In this case, the transfer function of the POD will be as
follow:

POD(s) = 0.0283 [ ——] [0'28715 1y ®)
e s+ 1110.2158s + 1

With the POD connected to the system as shown in Fig. 11,
the design will be evaluated by the eigenvalue analysis which
indicates that the minimum damping ratios of the critical is
improved as desired to 10%. the TDS of the compensated
system is shown in Fig.12 to show the impact of POD on
improving the damping of the system.

Busg Gesd

Fig.11 Two area test system with DFIG added to Area 1 and POD
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B) Power Addition:
The DFIG in this section will be added to area 2 on bus 12 for
the purpose of reducing the power transfer from area 1 to area
2 by adding generated power by DFIG in area 2 till reaching
the maximum wind penetration. The eigenvalues with low
damping ratios will be tabulated in Table IV as follow:

AVEZ  pua

TABLE IV
SCENARIO 2.B - DOMINANT EIGENVALUES AND PARTICIPATION FACTORS
Most .
" f & g Eigenvalu
Eigenvalues (Hz) %) associated o Status
states
0.7811746.363 | 1Y+t | 123% 2 2 acceptabl
P1,=35 6 e
OMW - STV .
0.27893+j4.182 1 6.65% 83,03 Critical
B 0,
0.837324i6296 | 1,01+ | 130% 0 02 acceptabl
5 6 e
T GIVNA .
0.304214.210 = 7.1% 53 03 Critical
P12=40 3
0 MW N
DA RN
0.22003j1.362 ) 16.6% 51 ol a“e:tabl
4
Dfi +ve
-0.00074+j0 | cmemeeem | 2oeeee omeEnITIE | cigenvalu
B 5

According to the results in Table IV, The maximum wind
power that can be added to area 2 equals 350 MW and after
this value the system will be unstable.

The POD is then designed near the maximum wind
penetration point (P;,=350 MW) with the objective of
increasing the damping ratios of the eigenvalues to an
acceptable level. According to Table IV, at Pj; = 350 MW,
there is a critical eigenvalue with damping ratio 6.65%. This
damping ratio can be increased to an acceptable level by
designing a POD. The sending current between Bus 5 and Bus
6 is used as a stabilizing signal to the POD. The POD gain
(Kw) is selected based on the root-locus. For a gain of 0.03,
the 6.65% damping ratio becomes 18%. Therefore, this gain
value results in acceptable damping ratio.

the transfer function of the POD will take the form:

0.3365s + 172
0.1699s + 1

With the POD connected to the system as shown in Fig. 13,
the design will be evaluated by the eigenvalue analysis, which

POD(s) = 0.03 [S i 1] [ ©9)
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indicates that the minimum damping ratios of the critical is
improved as desired to 18%. The TDS of the compensated APPENDIX
system is shown in Fig.14 to show the impact of POD on  POD design by the frequency response method — flowchart.

improving the damping of the system.

Starting the simulation by calculsting the system eigenvalues to determine the most
- eritical modes
- ;
Fig.13 Two area test system with DFIG added to Area 2 and POD computeal input and output matrices (4, B, €& D] todetermine modal
o controllabity and observabiity for an input signal tothe POD, N
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= function totakeit into account in the next step.
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—WithPOD || )
S Draw the Nyquist plot of the uncompensated open loop transfer function of the
1 power system with the washout filter to determine the necessary phase
compensation g required by the PODto obtaina good phase margin based onthe
aitical frequency w,
7 '
245 2 r s 0 SN T Calculate the POD param eters | T, T ) based on the determined phase compensation
. N !
Fig. 14 TDS for 100msec diz(t)it‘llr;e;(t)lv(zgroif}lcrﬁ?: (a) Rotor angle of G2; (b) Defiringthe POD gain K., by draving tl_ll‘ﬁﬂ-lbtll.? of thesystem \\'ﬁh.lll ““?m
filter and phase compensator and dragging the critical mode to the desired damping
V. CONCLUSIONS 1
The increasing penetration of renewable energy sources Simulate the system response and determin the new eigenvalues
has caused new challenges to the operation, control and
stability of modern electric power systems. This paper
investigates the application of the POD based FACTs devices
to enhance the dynamic performance of power systems which 15 the response satisfy the requir Fing tune the
includes wind farm. A % Y I valoe of K,
The POD has been designed using the frequency
response method in the two area test system which includes
FACTS-SVCs and two types of WTGs which are SCIG and Ve I
DFIG. The design steps of POD have been achieved near the
maximum penetration points which have been evaluated end
using two different criteria (replacement and addition).
Results show that the maximum wind penetration of the
power system, including DFIG is more than that which
includes SCIG. The POD in both cases provides an effective
mean to enhance the small signal stability of the power
system which is subjected to small disturbance the results
were confirmed by both the eigenvalues and time domain
simulation.
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