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Integration of automatic voltage regulator and power system
stabilizer: small-signal stability in DFIG-based wind farms )

Sirine ESSALLAH', Adel BOUALLEGUE', Adel KHEDHER"

Abstract The increasing penetration of wind farms in the
energy sector directly affects the dynamic behavior of the
power system. The increasing use of wind energy in the
power system worsens its stability and inherently influ-
ences the firmness of a small signal. To investigate these
effects, one of the synchronous generators (SGs) of the grid
is considered defective and is replaced by a doubly fed
induction generator (DFIG)-based wind farm of the same
rating. The small-signal stability of a power system is
usually evaluated via eigenvalue analysis where local-area
and inter-area oscillatory modes for the New England test
system are identified. SG controls, such as automatic
voltage regulator (AVR) and power system stabilizer
(PSS), are added to attenuate the generated disturbances. In
this study, the impact of wind energy on the small-signal
stability of the power system is investigated. Different
combinations of AVR and PSS types are considered to
mitigate the undesirable alterations. A comparative study is
performed based on numerical simulations to choose the
best combination of AVR and PSS types. The obtained
results prove that the proposed combination yields good
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results in terms of stability enhancement both under normal
operating conditions and in DFIG-based wind farms.
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1 Introduction

With the progress of economic development and
increase in power demand, the electrical power system has
also evolved continuously. Accordingly, the demand for
new eco-friendly and economically competitive methods of
electrical energy production has increased. Thus, renew-
able energy has recently become a large area of research.
Wind is currently the most promising among several green
energetic resources. Wind turbine technology has been
dominant owing to its favorable technical and economic
features.

One of the most commonly used wind turbine generators
is a variable-speed wind turbine with a doubly fed induc-
tion generator (DFIG). The latter part can be easily con-
nected to the grid as it provides reactive power
compensation and excellent speed control [1]. Neverthe-
less, the continuous integration of wind power energy into
the grid might affect the overall behavior of the power
system [2]. Inherently, wind power fluctuations could
severely alter many aspects of the operation and control of
the power system such as small-signal, transient, and
voltage stabilities, and frequency control. Moreover, wind
power injected into the power system would redistribute
the power flow of the synchronous generators (SGs),
affecting the primary oscillation modes. Consequently, the
power system is subjected to significant interferences and
its stability is hardly maintained. Therefore, this issue must
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be thoroughly examined, particularly for the interconnec-
tion of wind farms.

Accordingly, several studies were conducted. Grid
connection point, wind power penetration, and control
schemes were reported in [3] to study the undesirable
effects on the small-signal stability. In the same context,
several studies were conducted to investigate the impact of
wind power on the stability of the power system [3—5]. The
authors in [6] studied the influence of the increase in load,
the length of transmission lines, and penetration levels of
wind energy on the stability of the power system. The
impact of large solar and wind power resources on small-
signal stability was analyzed in [7]. In [8], the small-signal
stability of the Western System Coordinating Council
(WSCC) power system associated with a permanent mag-
net synchronous generator (PMSG)-based wind farm was
investigated. The obtained results show that, when the
wind farm capacity changes, the type of transmission line
between the PMSG-based wind farm and the power grid
affects the stability of the system. A comparative analysis
of three different types of wind turbines interconnected
with the IEEE 9-bus system was performed in [9]. The
study based on the analysis of eigenvalues proves that the
isolation of the converter reduces the small-signal stability.
In [10], the impact of the high penetration of wind energy
on the oscillatory stability of the rotor is discussed. This
reference shows that an increase in the wind energy pen-
etration enhances the damping of the inter-area oscillations
and reduces the weak tie-line stress. The dynamic behavior
of DFIG was examined in [11, 12]. These studies focused
on the determination of the impact of DFIG on power
system dynamics, the response to grid disturbances, and the
control strategies to assimilate the behavior of a DFIG to an
SG [13, 14].

In [15], the stability issue of the grid for a DFIG-based
wind farm was analyzed. The impact of power system
stabilizer (PSS) and a static series synchronous compen-
sator (SSSC) on the stability of wind power systems was
studied. The investigations performed show that, with the
coordinated control of PSS and SSSC, power system
oscillations are minimized, whereas transient and small-
signal stabilities are enhanced. Furthermore, the capabili-
ties of an SG and DFIG under extreme disturbances are
intensified. The influence of a DFIG-based wind turbine on
the rotor angle stability was reported in [16]. A control
strategy for both DFIG rotor-side converter (RSC) and
grid-side converter (GSC) was proposed to mitigate the
impact of DFIG on the system stability. The GSC control
scheme is analogous to a static compensator. The latter part
provides reactive power support during grid faults. More-
over, the PSS was implemented in the reactive power
control loop of DFIG-RSC to enhance the rotor angle
stability. These propositions were verified using an IEEE
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9-bus test system during both small and large disturbances.
In [17], the authors proposed a predictive control scheme to
enhance the stability of the modified IEEE 39-bus test
system along with a DFIG-based wind farm considering
both the supercapacitor energy storage system and SSSC.
The PSS and SSSC controllers ensure the minimization of
the power system oscillations. However, if these oscilla-
tions are not controlled, they might lead to deviations in the
speed and angle of the rotor and variations of the tie-line
flow of the power. The impact of a DFIG-based wind
turbine generator on transient and small-signal stabilities
was examined in [18]. Numerical simulations prove that
the integration of DFIG improves the transient and small-
signal stabilities. Moreover, the presence of PSS in both
DFIG and SG reduces the oscillation and improves the
damping torque. The authors in [19] proposed a simple and
systematic approach to investigate the impact of DFIG
integration on the stability of the power system using
damping ratio sensitivity to inertia. The impact of this
approach could be positive or negative depending on the
location of the DFIG. The negative impact might be
improved using power oscillation dampers. Diverse issues
related to the integration of DFIG into the power system
were surveyed in [20].

The aforementioned overviews mainly focused on the
analysis of transient and small-signal stabilities with the
integration of DFIG-based wind farms for a single-machine
infinite-bus system. However, less attention was paid to
multi-machine systems. Moreover, for automatic voltage
regulator (AVR) and PSS controllers, the most commonly
used types are the IEEE type 1 for the AVR and the lead-
lag-based structure for the PSS. However, other existing
types could provide better results in terms of damping of
power oscillations.

The investigations in this study are performed on a
multi-machine system using combinations of several types
of AVR and PSS controllers. The impact of DFIG on the
small-signal stability of an IEEE 39-bus power system with
and without controllers is verified. The impact of replacing
the conventional SGs with equivalent DFIG wind farms on
the oscillation modes of the power system and their
damping characteristics are analyzed. Different types of
AVR and PSS controllers are considered and the best
combination that improves the stability of the power sys-
tem in the presence of wind farms is selected.

2 Small-signal stability analysis

The stability of an electric power system is defined as its
ability to maintain an equilibrium state both under normal
conditions and when subjected to a physical disturbance.
Small-signal rotor angle stability is defined as the ability of
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a power system to remain in synchronism mode under
small load variations or decoupled generators. In this case,
the disturbances are considered sufficiently small to lin-
earize the system equations. The instability results in rotor
oscillations with increased amplitude owing to the lack of
damping torque and an aperiodic mode resulting from the
lack of synchronizing torque.

2.1 Oscillatory modes

Small-signal stability analysis is substantial for elec-
tromechanical oscillation modes. It concerns individual
generator rotor or generator groups swinging against each
other. Electromechanical oscillation modes might be clas-
sified into inter-area modes with a frequency range from
0.16 to 0.7 Hz and local-area modes with a frequency
range from 0.7 to 2 Hz [21].

To achieve small-signal stability, these modes should be
properly damped. The integration of control devices such
as AVR and PSS is of great importance for the damping of
these modes. This can be evaluated using eigenvalue
analysis.

2.2 Eigenvalue computation

The behavior of a dynamical system is given by:

x :f(X,Z,l«l)
{O:g(x,zm) (1)

where x = [x, X2, ..., X,] is the state vector of the system, n
is the order of the system; z is the vector of algebraic output
variables (i.e. V and 0); and u is the vector of algebraic
input variables. The linearization of (1) is an important step
to study the power system response under small variations.
At equilibrium, all state derivatives are null. The
differential equations are arranged in a state-space form
and the resulting linear system is given as:

Ax = AAx + BAz 2)
0 =CAx + DAz

where A, B, C, D are the state, input, output and coefficient
matrices, respectively.

For the perturbation model of the small signal, Ax and
Az are given by:

{Ax=[A5 Ao Ae]"

3
Az =[A0, AO, AO; AV, AV, AV;]' ®)

where Aé and Aw are the vectors of variation of rotor
angluar position and rotor speed of SGs, respectively; Ae is
the vector of other state variables of SGs; A6, A6, and Af;
are the vectors of variation of SGs voltage phase; and
AV{,AV;, and AV; are the vectors of variation of SGs
voltage amplitude.
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Laplace transform is subsequently applied to (3) and the
linearized state equation is computed. Finally, by solving
(4), the eigenvalues /; are obtained.

det(A — 2,I) =0 (4)

where I is the identity matrix. The damping ratio {; and the
oscillation frequency f; for each mode i are computed from

/1,' = 0; :I:Ja)l

(=
"Vt o? (5)
(&
=2

The analysis of eigenvalues allows us to draw
conclusions about the stability of the system. Real
eigenvalues are related to the non-oscillatory mode,
whereas complex eigenvalues are related to the
oscillatory mode. Indeed, the negative real parts of
eigenvalues denote that the systems are stable. A low
positive value of damping ratio denotes that the system is
stable but sensitive to instability compared with other
systems with higher damping ratios. Thus, eigenvalues
with the lowest damping ratios are considered for the
small-signal stability analysis.

3 DFIG

The commonly used structure of a variable-speed wind
turbine based on DFIG is illustrated in Fig. 1. The steady-
state electrical equations of the DFIG are given as [22]:

1) Stator voltage equation

Vas = —Ryigs + (xs + xm)iqs + xmiqr (6)
Vgs = *Rsiqx + (xs + xm)idx + Xinlar

2) Rotor voltage equation
var = —Ryig + (1 — wp) [(xr + X )igr + xmiqs] (7)
Vgr = _Rriqr + (1 - wm)[(-xr +xm)idr + xmids]

where vy, and v, are the dg-axes stator voltages; iz, and iy,
are the dg-axes stator currents; vy and v, are the dg-axes
o DClink |

'l AC T |pc ‘

pc| [

Back-to-back converters 1

Gear \
box

Wind turbine

AC||

Grid

Transformer

Fig. 1 Wind energy conversion system (WECS) using DFIG
structure
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rotor voltages; iy and iy, are the dg-axes rotor currents; R,
and R, are the stator and rotor resistances; x;, X,, X, are the
stator and rotor self-reactances and mutual reactance,
respectively; and w,, is the relative rotor speed.

The active and reactive powers (P and Q) injected into
the grid depend on the stator currents and the grid-side
currents (ig, and iz,) of the converter. These currents are
given by:

{ P =iz + Vqsiqs + vdgidg + ngiqg (8)

Q = Vgsias — Vasigs + Vaglidg — Vdglqg
where v4, and vy, are the grid-side voltages.

These equations can be rewritten using the power
equations of the converter, as shown below. The powers of
the converter on the grid side are given by:

{ Py = vaglag + Vggiqe

Qg = Vaglag — Vaglqg

©)

whereas, on the rotor side, they are given by:
{ P, = Vdridr + Vqriqr

Qr = Vqridr - Vdriqr

(10)

Assuming a lossless converter model and a unity power
factor on the converter grid side:

P, =P,
{Qg:() ()

Therefore, the powers injected into the grid are obtained
as:

P = vasias + Vysiqs + Variar + Varigr (12)
0= Vqsids - deiqx

The effects of wind penetration on this system are
examined by replacing one of the SGs at a time with an
equivalent wind farm of the same power capacity. The
DFIG-based wind turbine connection in power system
analysis foolbox (PSAT) is shown in Fig. 2. The wind
speed model associated with the DFIG is the Weibull
distribution [23], as illustrated in Fig. 3.

Bus 2
Transformer

’ Wind HWECS-DFIG

20kV

20kV

690V

Fig. 2 Wind farm connection system in PSAT
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Fig. 3 Weibull distribution wind speed
4 Test system description
4.1 System characteristics

The 39-bus system shown in Fig. 4 is used for the small-
signal stability analysis associated with DFIG. This system
consists of 39 buses with 10 SGs, 12 transformers, 34
transmission lines and 19 loads. The total active and
reactive powers in the basic configuration are 6145.97 MW
and 1363.41 Mvar, respectively. The voltage levels of the
test system are 20 kV, 115 kV and 345 kV indicated in
Fig. 4 with red, blue and black colors, respectively. The
numerical investigations were performed using PSAT
MATLAB/Simulink and Simulation tools used for power
system analysis [24]. All the data used for the implemen-
tation of the system in PSAT are given in [25].

4.2 Dynamic modeling

In this section, the dynamic models of SGs, exciters, and
power stabilizers for the IEEE 39-bus system are described.

4.2.1 Generators

The link between the network phasors and the SG
voltages is given by:

vg = Vsin(d — 0
{vZ: Vcos((é - 0)) (13)

where v; and v, are the dg-axes voltages; ¢ and is the rotor
angular position; and 0 is the phase voltage.

The expressions of dg-axes currents depend on the
chosen model. In this study, a fourth-order model is
adopted where 0, w, ¢/, and e; are the state variables.

Lead-lag transfer functions are used to model the dg-axes
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Fig. 4 IEEE 39-bus test system in PSAT

inductances. The differential algebraic equations (DAEs)
are given by:
do

E = Qb(w — 1)
do
E: wm — De _D(w_ 1)]/M
de/ (14)
S0 [ el (xa = Xy)ia )/ Thy
/
S )+ (g — i)/ Ty

where i; and i, are the dg-axes currents; ¢/, and e’q are the
dg-axes transient voltages; x4 and x, are the dg-axes syn-
; are the dg-axes transient
reactances; Ty, and T}, are the dg-axes open-circuit time

chronous reactances; x/, and x

constants; D is the damping coefficient; M = 2H is the
mechanical starting time, H is the inertia constant; w is the
rotor speed; €2, is the relative rotor speed; f; is the fre-
quency rating; and v; is the modified field voltage.

STATE GRID

The electrical power p, and the field voltage are defined
as follows:

Pe =(Vg + Faig)ig + (Va + raia)iq (15)

V} :Vf+Kw(w— 1)+KP(P,,,—P(X7V,0)) (16)

where P,, is the mechanical power; r, is the armature
resistance; vy is the field voltage; P is the active power
produced by the machine; and K, and K), are the speed and
active power feedback gains. The voltage and current

relationships are described by the following equations:
0=vy+rag—e, — (x; —X1)ig
0=vy+ 1y — e’q + (&), — x))iq

(17)

where x; is the leakage reactance.
Considering (14) to (17), the electrical power is obtained
as:

De = (e; — Xyia)ig + (€ +x;iq)id (18)

The DAEs for each machine are thus expressed as:
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do;
—=Qp(w; — 1
dr (i =1)
/ J / !l
dw;  pmi  €q — Xglai, €4 T Xulqi,  Di(w; — 1)
_ Pmi _ P iy —
dt M M, 7 M; ! M;
/
de,,  fiey'  xai —xy; . Vi
=4 T =
dr T T, T
/ / »
dey, ey lgi (X )
At T Ty T
q0i q0i

(19)

The linearization of the differential system (19) yields:

dAo;
L= Q,Aw;
dr
dAw; 1 e i0 x! 14i0 X0 i0 igio
T Ap, . — TONG DDA TdiTd0 Ay 4O A
dr Mi \Dmi M,' qi M,' qi M,' di Mi qi
igi e X, igi0 X, i D;
— DN, — IO DN TG — Ay,
M; M; M; M; M;
dAe;i . 7_](_;-A€;i _ Xdgi — x’di Ald I Avf*l
- ! ! 1 !
dr T g0 T g0 Ty
dAe, Ae'. Al
d 4 = — T’ = T/ql (xqi - x;[)
4 40i 40

(20)

Writing (20) in matrix notation, we obtain the state
matrix A as follows:

0 Q, 0 0 7
sl fo oD im im
A M; M; M;
wi = K(L) ff
Aé/[ 0 T! - T 0
7 doi doi
Aéy, 1
! 0 0 0 -
I T | (21)
A
Ad;
ACO,' .
X A 1<i<10
qi
Aé,

As already mentioned, each SG is defined by four state
variables; thus, for a power system with 10 SGs, the
dimensions of the state matrix A are 40 x 40.

4.2.2 AVR

It defines the primary voltage regulation of the SG. AVR
measures the bus terminal voltage of the machine, com-
pares it with the reference voltage, and then uses the error
signal to modify the field voltage of the rotor. In this work,
three types of AVRs are considered. The best amongst
them is then chosen based on a comparative study.
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Vref u (st (Tgs+1) | vy Vi, 1 v
+ f_ O(Tis+1)(Tis+1) / + T,s+1
vm
\Z

Ty S T Ko
+ g + " T;,S+1
Yy, J
1 Vr,min
Trs+1 Kys
T/s+l
v
(b) AVR type 2
’LI/VO
Ix} v/',max
V‘ 1 Vi Tis+l | v, l 1 Vr
Ts+l |+ ?ﬂr B [ T+ o
Vyef Yro
V/,min

(c) AVR type 3

Fig. 5 Different AVR types

1) AVR type 1
The structure of this AVR type is depicted in
Fig. 5a and is expressed by:

V — Vm
T,

. 1 T
Vr = 7 [.Uo <1 - F?) (Vrer = Vi) — V”}

. 1 T T,
2 = 1—— r — WVref — Vin) — Vi
Vo T4[( T4>(V1+,UOT1(Vf Vi) V2:|

T3 T
E |:Vr1 + ,UOFI(Vref - Vm) - Vrl:|

Vi =

Vj = v +

iy = o (14 86(07) = )]

e

(22)

where v, is the reference voltage of the AVR; v,,, v, and
vr are the outputs of the measurement circuit, AVR, and
excitation system stabilizer (feedback), respectively; i, is
the regulator gain; 7,7,,73 and T, are the AVR time
constants; 7, and T, are the field circuit and measurement
time constants, respectively; v, min and v, max are the lower
and upper limits of v, (the exciter ceiling voltages),
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respectively; v,; and v,, are the amplifier state variable and @ Vomas 1y
stabilizer state variable; and S, is the saturation function of Ko N /_ +"ff 0
the exciter defined as: P, K, + ¢ TTa,sl o = 1+1 VS+ % Vrief
B, ST eS
Se(vy) = APl — 1) @) v ’ 7
Vs, min
where A, and B, are constants chosen to match the open- ! >
circuit magnetization curve at two points, usually vy ma.x and (a) PSS type 1
0.75 Vf max [24‘3 26] Vs, max
2) AVR type 2
This excitation model is expressed by the following Ve Tos Tis+1 Tys+1 1 Vv,
equations: “T,s+1 Tyst | | Tys+1 T.s+1
dv 1 1 I(f
(b) PSS type 2
dv,, _ V—v, Vv
E - T s, max
d 1 ’ 24)

v Vi T,s Tys*+Tys+1 1 v,
—:——V(1+S(V))—V SI w 1 3 s
dt T, [f e\Vf r] T st1 > T2S2+T45+1 Tost1 >
dv,z 1 Kf
T (7} y Ve Ve min

. . . . (c) PSS type 3
where K, Ky, Ty are the amplifier gain, stabilizer gain and
stabilizer time constant. Fig. 6 Different PSS types
Its structure is depicted in Fig. 5b.
3) AVR type 3 Vi = —(Kyow + K,Pe + KV, +v1) /T, 26)
The last type of AVR is shown in Fig. 5c and its .
yp & Vs = (Koo + K,Pg + K,V +vi —vy) /T

descriptive equations are given as:
V—v,
T,

Ll __) S
‘ol

|4
v+ Mo Vref Vi) + Vro VoY
0

Vi =

(25)

where vy is the initial field voltage; and Vj is the bus
voltage offset.

4.2.3 PSS

They are supplementary control devices installed at the
generator excitation systems. Their main function is to
improve the stability by damping power system oscillations
[27]. Three PSS types are considered in this study. The best
type among them is chosen using the following tests.

1) PSS type 1
The first PSS type depicted in Fig. 6a is expressed
by the following equations:

STATE GRID

where v; and v are the washout circuit and PSS output
signals, respectively; P, and V, are the active power and
voltage magnitude of the SG to which the PSS is con-
nected, respectively; K, is the voltage gain; and T,, and T,
are the wash-out and anti-windup limiter time constants,
respectively.
2) PSS type 2

The second type of PSS shown in Fig. 6b is

expressed by the following equations:

K, Vs +vi
TU)

. 1 T
=g Kl - F;) (Ko Vsr +v1) — Vz}

= =B 2 Dk v+ )
V3*T4 T V2 T s T Vi1 V3

{V3 + E |:V2 + = T (K(})VSI + V]):| - Vs}

V= —

ﬁ_

(27)

where Vg; is the power system stabilizer input signal.
3) PSS type 3
The third type of PSS presented in Fig. 6¢c is
expressed by the following equations:
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Imaginary

Fig. 7 Eigenvalue plot for case 1

; _ KoV +w
: T,
R TT3(KV+)
Vy = T V3 T 1 2T4 wVsI T Vi
. T, 5 T» T3
- 1-2-2(1 -1 ) | (K, V.
V3 V2 T4V3+{ T, T4( 1 27 (Ko Vsi +v1)
. 1 T:
Vs = i |:V2 +Tz(KwVSI - Vl) - Vs:|

(28)
5 Results and discussion

5.1 Test scenarios

Five different scenarios were considered in this study.

1) Case I: all the power system generators are equivalent

20 40

__ 18 30

o o

=16 = 20

c o4 10

T 12 T o

“ 10 T
8 . . . . 20 . . . y
0 5 10 15 20 0 5 10 15 20

Time (s)

— AVR type 1+PSS type 3
— AVR type 1+PSS type 2
— AVR type 1+PSS type 1

(a) AVR type 1 with different PSSs

Time (s)

— PSS type 1+AVR type 2
— PSS type 1+AVR type 3
— PSS type 1+AVR type 1

(b) PSS type 1 with different AVRs

5 10 15 20

Time (s)
— AVR type 2+PSS type 3
— AVR type 2+PSS type 2
— AVR type 2+PSS type 1

(c) AVR type 2 with different PSSs

Time (s)
— PSS type 2+AVR type 2
— PSS type 2+AVR type 3
— PSS type 2+AVR type 1

(d) PSS type 2 with different AVRs

0 5 10 15 20
Time (s)
— AVR type 3+PSS type 3
— AVR type 3+PSS type 2
— AVR type 3+PSS type 1

(e) AVR type 3 with different PSSs

5 10 15 20
Time (s)
— PSS type 3+AVR type 2
— PSS type 3+AVR type 3
— PSS type 3+AVR type |

(f) PSS type 3 with different AVRs

Fig. 8 Transient response of SG rotor angle d,,; — 0, against a three-
phase fault under different combinations of AVR and PSS types

to SGs without any control devices. 4)
2) Case 2: different combinations of AVR and PSS types
are integrated in the SGs. The combination yielding
the best results in terms of the damping of rotor angle  5)
oscillations is chosen.
3) Case 3: one of the SGs is replaced by a DFIG of the
same power capacity and the remaining SGs are
operated without controllers.

Table 1 Error rates of different AVR and PSS types

Case 4: one of the SGs is replaced by a DFIG and the
remaining SGs are equipped with the chosen combi-
nation of AVR and PSS.

Case 5: two SGs are replaced by two DFIGs at bus 34
and bus 39.

AVR type MRADR (%) Oscillation period (s)
PSS type 1 PSS type 2 PSS type 3 PSS type 1 PSS type 2 PSS type 3
37.13 40.89 38.05 8.48 9.24 10.35
51.78 53.34 53.48 84.35 66.26 58.15
10.88 16.15 16.78 7.78 8.48 10.23
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—Case 1
— Case 2

Imaginary
I f=]

* I
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(a) Eigenvalues plot
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S oA O L A o ~
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(d) Active power at bus 2
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Time (s)
(¢) Voltage magnitude at bus 2

Fig. 9 Small-signal and transient responses of IEEE 39-bus system
subject to a three-phase short-circuit fault for cases 1 and 2

5.2 Case 1

The small-signal stability analysis is performed for the
considered system by adopting the first scenario and
eigenvalues are extracted. Among these values, 37 have
negative real parts, two are null (represented by green
circle), and one has a positive real part (represented by red
star) as shown in Fig. 7. These results demonstrate that the
system is unstable as an eigenvalue with a positive real part
exists and contributes to a negative damping ratio. The
system oscillatory modes, oscillation frequency, damping
ratio, and other associated states are summarized in
Appendix A Table Al. Based on the oscillation frequency,
the dynamic modes are classified as follows:

1) Modes 1 to 8 correspond to a local area mode with a
frequency range 0.95934-1.49 Hz.

2) Mode 9 corresponds to an inter-area mode with a
frequency equal to 0.63033 Hz.

3) Mode 10 corresponds to an eigenvalue with a positive
real part. Therefore, this mode is linearly unstable.

5.3 Case 2

The voltage magnitude of the power system is adjusted
through the addition of the excitation control system
(AVRs) providing good reaction over the terminal voltage
of the SGs. Consequently, the generator damping torque
will be reduced at the grid oscillation frequencies. This
problem can be resolved by inserting a PSS loop into the
excitation system. Therefore, all the power system SGs
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Fig. 10 Eigenvalues plots for cases 3 and 4

should be equipped with AVR and PSS. The performances
of three different AVR and PSS combinations were
examined and compared based on the maximum rotor
angle deviation and the oscillation period. A three-phase
short-circuit fault disturbance appears at bus 2 at r =2 s
and lasts for 0.2 s. The transient response of the SG rotor
angle for different AVR and PSS types is depicted in
Fig. 8.

This figure indicates that the oscillations are damped out
quickly from the case of AVR type 1 and type 3 to the case
of AVR type 2 for different PSS models. Comparing
Fig. 8a, b, and e, we conclude that AVR type 3 shows the
lowest rotor angle deviation value for all PSS models. The
summary of maximum rotor angle deviation rate
(MRADR) and oscillation period for different AVR and
PSS models is provided in Table 1. MRADR is defined as:

‘Dref - Dwn|
ref

MRADR = x 100% (29)
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where D,,r and D, are the maximum rotor angle deviation
under normal condition and fault condition with SG
controllers.

Table 1 demonstrates that the combination of AVR type
3 and PSS type 1 yields the best oscillation damping results
within the lowest period. Therefore, this controller com-
bination is applied to all power system SGs for the fol-
lowing cases.

The eigenvalues plot for this case is shown in Fig. 9a
and different network oscillatory mode characteristics are
tabulated in Appendix A Table Al. The obtained results
prove that the power system becomes stable when using
AVRs and PSSs providing the best damping and an
increased oscillation frequency for different modes com-
pared with the first case. Thus, the oscillatory modes for
case 2 are classified as follows: @ modes 1-8 correspond to
a local area mode; @ mode 9 corresponds to an inter-area
mode.

As shown in Fig. 9, for the initial operation condition,
the power system is transiently unstable when it is sub-
jected to a three-phase short-circuit fault. However, with
the integration of controller devices, rotor angle transient
oscillations are eliminated. Moreover, the voltage and
active power at bus 2 remain within tolerable limits after
the fault becomes cleared for case 2, thus preserving the
stability of the system, reinforcing the eigenvalue results
obtained in Fig. 9a.

5.4 Case 3

The SGs are replaced one at a time by a DFIG and only
four cases with reference to DFIG power rates are pre-
sented. Figure 10 shows the system eigenvalues plots for
each case. The results reveal that the replacement of SG by
DFIG affects the power system stability. This conclusion is
drawn from the positive real parts of eigenvalues, which
contributes to a negative damping ratio. The oscillatory
characteristics of the inter-area modes are provided in
Appendix A Table A2. From this table, we conclude that
wind energy penetration has a considerable impact in
reducing the damping ratio, oscillation frequency, and
mode characteristics change. Figure 11 shows the transient
response of the power system to a three-phase short-circuit
fault in the presence of DFIG. These plots prove that the
negative effect of high-level wind generation results in a
loss of synchronism for all cases. It can be concluded that
the transient stability performance of SGs worsens as the
share of power generation increases.
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Fig. 11 Transient response of rotor angle d,,; — 6, for Cases 3 and 4

5.5 Case 4

As observed in the preceding case, the integration of
wind power in the test system exhibits a critical unsta-
ble condition owing to low damping. Thus, the addition of
the chosen AVR and PSS controllers to the SGs provides
better damping and stabilizes the system in the presence of
a wind generator. Figure 10 illustrates the eigenvalues
plots and Appendix A Table A3 summarizes the oscillatory
response characteristics for the three significant modes; the
highest and lowest frequency oscillation local modes and
the inter-area mode. These results show that the real parts
of all the eigenvalues are negative. Therefore, the system is
dynamically stable. Furthermore, the damping ratio and
oscillation frequency increase when inserting AVR and
PSS compared with those in the other cases. Moreover, the
transient response of the rotor angle depicted in Fig. 11
demonstrates the robustness of AVR and PSS controls for
the damping of system oscillations in the presence of high
wind generation levels.

The active output power of the wind generator, voltage,
and active power characteristics at bus 2 are presented in
Fig. 12. During the pre-fault, the voltage at bus 2 is esti-
mated to be 0.99 p.u. This value falls to 0.09 p.u. during the
fault. After the fault, the voltage shows some oscillations,
but always lies within the stability limits for the fourth
case. However, for the third case, in the absence of control
devices, the voltage, active power at bus 2, and DFIG
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Fig. 13 Eigenvalues plot for cases of two DFIGs

output power continue to drop, leading to power system
instability.

5.6 Case 5

In this case, the SG at bus 34 and the one at bus 39 are
replaced by two DFIGs of the same power capacity with a
total power generation share of 1508 MW. Figures 13 and
14 illustrate the eigenvalues plots and the transient
response of the IEEE 39-bus system in the presence of two
DFIGs with and without SG controllers, respectively. The
results have further shown the efficacy of the coordinated
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control of AVR and PSS in preserving the small-signal and
transient stabilities of the power system under high wind
energy penetration levels.

6 Conclusion

This paper discussed the impacts of wind power pene-
tration by DFIG on the low-frequency oscillation modes for
the IEEE 39-bus New England power system. The fol-
lowing conclusions were drawn. The wind farm generators
considerably affect the stability of the power system,
leading to poor damping of the oscillatory modes. Initially,
the power system is dynamically unstable and the inte-
gration of wind farms worsens this instability. Thus, SG
control devices are used to provide additional damping
oscillations and improve the voltage performances of the
power system. Several combinations of AVRs and PSSs are
investigated. The best performances are obtained with the
combination of AVR type 3 and PSS type 1 in terms of
oscillation damping compared with the other controller
types. The integration of SG control devices allows safe
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penetration of high wind energy levels, thus ensuring the
damping of local and inter-area modes.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a

Table A1 Prevailing oscillatory modes for cases 1 and 2

link to the Creative Commons license, and indicate if changes were
made.

Appendix A

See Tables A1, A2, and A3.

Case Mode Eigenvalue Oscillation frequency Damping Participation of the most associated states in the mode
No. (Hz) ratio control (%)
1 1 — 0.14529 £+ j6.1988 0.98 0.023 01 = 36.98, w; =36.98,0, = 11.18, w, = 11.18
2 — 0.22644 £+ j3.546  0.56 0.064 09 = 21.19, w9 = 21.19,04 = 4.88, w4 = 4.88
3 0.00193 + jO 0 — 1.000 03 = 12.07, w3 = 12.07, 09 = 23.17, w9 = 23.17
2 1 — 1.318 £j7.886  1.26 0.165 04 = 15.44, 04 = 19.19,06 = 11.79, w¢ = 13.44
2 — 0.73506 + j8.799  1.40 0.080 0g = 11.2,wg = 12.7,010 = 27.84, w10 = 29.43
3 — 0.7005 £ j3.9152 0.62 0.180 09 = 16.62, w9 = 16.86
Table A2 Prevailing oscillatory modes for case 3
Mode No. Eigenvalue Oscillation Damping Participation of the most associated states in the
frequency (Hz) ratio mode control (%)
Bus 30 — 0.08009 =+ j3.4439 0.55 0.020 03 = 30.62, wg = 30.62,0; = 14.41,w; = 14.41
0.0628 =+ j2.6256 0.42 0.024 01 = 10.14, 0 = 10.14,0, = 34.45, w, = 34.45
6.6195 + jO 0 — 1.000 07 =27.81, 07 =27.81
3.0075 £ jO 0 — 1.000 o7 =21.14
0.64479 £ jO 0 — 1.000 d9 = 20.62, w9 = 20.62
Bus 34 — 0.255 £+ j4.35 0.69 0.059 03 = 16.85, w3 = 16.85,04 = 12.14, w4 = 12.14
— 0.63648 + j2.5512 0.41 0.240 06 = 28.14, w6 = 28.14,e;6 =12.75
4.28 £+ j0 0 — 1.000 0, = 30.74, w, = 30.74
352+j0 0 — 1.000 03 = 11.56, w3 = 11.56
2.09 £j0 0 — 1.000 0y = 18.12,w; = 18.12, 95 = 10.26, w3 = 10.26
0.926 £ jO 0 — 1.000 el = 44.74
0.00614 + jO 0 — 1.000 07 =49.99, w7 = 49.99
Bus 35 — 0.13307 + j4.0974 0.65 0.030 03 = 24.04, w3 = 24.04, 64 = 24.36, w4 = 24.36
— 0.25262 + j2.1079 0.34 0.120 06 = 22.76, w6 = 22.76, 99 = 15.33, w9 = 15.33
— 0.01678 £ j1.5143 0.24 0.011 01 = 13.14, w; = 13.14,6,18.61, w, = 18.61
3.64 £jl.11 0.177 —0.950 07 = 13.63, w7 = 13.63
1.624 £ j0.279 0.26 — 0.987 0s = 11.67, ws = 11.67
0.66 £ jO 0 — 1.000 01 = 12.36,w; = 12.36,0, = 17.44, 0, = 17.44
Bus 39 — 0.15436 + j3.7352 0.59 0.041 07 = 43.05, w7 = 43.05
— 0.10896 =+ j2.8386 0.45 0.038 0, = 15.87, w, = 15.87, 03 = 10.36, wg = 10.36
— 0.07332 + j2.5645 0.41 0.280 01 = 15.35,w; = 15.35,0, = 19.39, w, = 19.39
— 0.07236 + j1.9801 0.32 0.036 01 = 28.62,w; = 28.62
383 +£j0 0 — 1.000 09 = 44.05, wy = 44.05
1.77 £ jO 0 — 1.000 03 = 17.25, w3 = 17.25
STATE GRID
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Table A3 Prevailing oscillatory modes for case 4

Mode Eigenvalue Oscillation frequency Damping Participation of the most associated states in the mode control
No. (Hz) ratio (%)
Bus 30 —1.4524 +j11.6746 1.8581 0.124 03 = 20.53, w3 = 36.36, .5 = 16.52

—0.77513 £j6.5459  1.0418 0.117 01 = 12.06,w; = 13.12,9, = 19.74, w, = 20.76

—0.73901 +£3j3.9794  0.6300 0.182 09 = 14.67, w9 = 15.02
Bus 34 —1.7407 £j11.4201 1.8176 0.150 06 = 21.48, w6 = 33.31, ;6 = 15.22

—0.81508 +j6.674 1.0622 0.121 0y =11.53,w; = 12.62,6, = 17.9,w, = 18.94

—0.80688 +j4.2781  0.6800 0.185 O3 = 12.67, w3 = 12.93
Bus 35 —1.5031 +£j11.6039 1.8468 0.128 03 =18.75, w3 = 33.177e;3 =15.27

—0.81304 +j6.6421  1.0571 0.122 01 = 11.26,w; = 12.32,6, = 17.51, w, = 18.48

—0.83448 +j4.2838  0.6800 0.191 03 = 12.43, wg = 12.69
Bus 39 —1.4467 £j11.6549 1.8549 0.123 03 =20.09, w3 = 35.55,6;3 =16.13

—1.0549 +j7.3315  1.1668 0.142 0 =21.81,w5 = 23.4
—0.834 +£j3.21 0.5100 0.251 s = 6.64, w5 = 6.64
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