Chapter 6

Small Signal Stability of Doubly Fed

Induction Generator

6.1 Introduction

Stability is defined as "the state of being stable” in a simple words. It can be elaborated
as the ability of a system, component or substance to remain unchanged over time under
stated or reasonably expected conditions of storage and use. Power system stability defi-
nition is similar to any other dynamic system. Small Signal Stability is related with the
ability of system with small change in its associated parameters. Small disturbance such
as load changes, voltage changes, network configuration changes shall affect stability of

power systems.

Small signal stability problem inherently refers to the stability problems caused by
small disturbances. Small disturbances in power system cause oscillations. The question
of "How much small is small?” depends on the concerned system. Oscillation’s property
is the key to analyse the stability of power system. This definition is equally valid for
any part of the whole system or any single equipment. Small Signal Stability is necessary
but not sufficient condition for stability of power system. Any disturbance in parameter
of system may cause transient condition. The sustainability of transient depends on the
system’s capacity to absorb the disturbace. Faster the decaying of transient, better is
the stability of system or equipment. Small-Signal Stability is assessed before assessment

of transient stability. A system remain stable under small disturbance, may or may not
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remain stable under large disturbance. So, large system stability assessment is inevitable.
But, a system which do not survive under small disturbance is definitely unstable under
large disturbance. So, Small-Signal Stability assessment is done before the transient
stability analysis. It is important to note that the Small-Signal Stability is not replacement
or alternative of transient stability.

The stability of system is related with the damping of transients or oscillations. The
damping is defined as ” A reduction in the amplitude of an oscillation as a result of energy
being drained from the system to overcome frictional or other resistive forces”. In a simple
words, ”Damping is a reduction in vibration over a period of time”. Another definition
found in literature is " The gradual reduction of excessive oscillation, vibration, or signal
intensity, and therefore of instability in a mechanical or electrical device, by a substance
or some aspect of the device”. The undamped power oscillation may cause the blackout.
The example of such event is the blackout of North American Western Interconnected
(WSCC) System happened in 1996 and failing of northern grid of India in 2014.

In order to examine the oscillation’s mode, two different methods are applied to analyze
the oscillation caused by small disturbances. The first method is referred to as model-
based analysis for small signal stability problem. It uses mathematical model to assess
whether the system is stable based on the eigenvalue calculation for the mathematical
model. The other method is the measurement-based analysis for power system. This
method is known as WAM (Wide Area Measurement). It is gaining momentum now a
days for power system analysis. It uses real-time synchro-phasor measurements, collected
from Phasor Measurement Units (PMUs), installed at various buses to estimate the mode
of oscillations based on prony method or uniformly sampled signals. This method requires
the system to be visible using PMUs. In addition, the mode of oscillation for every bus
can be detected with the time stamp.

This chapter studies small signal stability of Doubly Fed Induction Generator (DFIG)
using Modal (i.e. Eigenvalue) based method. Definitely, it is advantageous to use
measurement-based analysis. Also, as the power system is highly dynamic, model-based
analysis cannot provide accurate real-time information. However, the mathematical model
based analysis should not be under-estimated. First, it is useful at the design stage, when
the real time data is not available. Another point that goes in favour of mathematical
model base analysis is the challenge of applying measurement-based analysis. This chal-

lenge is to find the optimum locations for installing PMUs, so that, non-observable area
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does not exist in the whole system. Also, the distrubance in measurement of parameters

may lead to a false result.

In this chapter the probabilistic small signal stability of DFIG has been given.

6.2 Modelling of DFIG

There are many literatures are available on DFIG modelling. Various approach can be
found on the modelling of DFIG [267, 270, 271, 272, 274, 277, 280]. In this work, the
focus is maintained on the statistical part of the analysis. So, the base of modelling part
is prepared from [270]. However, the modelling given in [270] is not accurate due to use
of certain simplified relations. To use this model, the detailing part is improved by using

exact relations instead of simplified relations. It is explained here, part by part.

6.2.1 DFIG Equations in a-b-c Form

The convention of the positive direction of rate of change of flux and voltage given in the

figure 6.1, which is further shown in expanded form in 6.2.
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(a) Generator Convention (b) Motor Convention

Figure 6.1: Generator - Motor Convention
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DFIG Rotor

DFIG Sj:ator

Figure 6.2: Convention of Positive Direction of Current, Voltage and Flux

The flux induced in the stator coil makes current to flow in the circuit, so the direction
of flux and current is the same. According to Lenz’s Law, the voltage induced in the coil is
in the direction such that it opposes the flux which produces it, so the polarity of voltage
and flux are opposite. Applying the Kirchhoff’s Voltage Law to the circuit given in figure

6.2 will give following equations.

1 dipgs :
as — T - Rs as 6.1
Y wpB dt ! ( )
1 ddjbs
- _ 2
Vbs wg dt Rs'lbs (6 )
L dipes :
cs — T - Rs cs 6.3
Y wpB dt ! ( )

In a similar way, the rotor equations can be given as follows.

— Ryi,, (6.4)
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1 d¢br .
r = - Rr r
vb wp dt Zb
1 d cr .
Vep = —— w - ercr
wpB dt
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(6.5)

(6.6)

The values of resistance R, voltages V', currents ¢ and fluxes ¢ are given in per unit

[pu]. Whereas, the wp is the base frequency in rad/sec. It is given by 27 f. The time ¢ is

given in seconds. The flux linked in circuit is given as,

Yas :(Lss + Lls)ias + Lm(ibs + ics) + ...

2 2
L (cos8,i4 + cos (0, + ?ﬂ)z’br + cos (0, — ?ﬂicr)
¢bs :<Lss + Lls)ibs + Lm@cs + ias) + ...
2 2
Ly, (cos 0,1y, + cos (0, + ?ﬁ)z’cr + cos (0, — ?ﬂiar)
77ch5 :(Lss + Lls)ics + Lm(ias + ibs) + ...
2 2
L (cos0,ie + cos (6, + %)iar + cos (0, — ?ﬂibr)

Simillarly, for rotor circuit, the flux equation can be given as follows.

¢GT :(LST + LZT)iar + Lm(ibr + icr) + ...

2 2
L,s(cos 0,145 + cos (0, + %)ibs + cos (0, — %ics)

Vor :(Lsr + Llr)ibr + Lm(icr + iar) + ...

2 2
L,s(cos 0,iys + cos (0, + %)ics + cos (0, — %z’as)

Yer :(Lsr + Llr)icr + Lm(iar + ibr) + ...

2 2
L, (cos B,i.s + cos (6, + ?ﬁ)ias + cos (0, — ?ﬁibs)

(6.10)

(6.11)

(6.12)
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Where,

L., = Self Inductance of Stator

L,, = Self Inductance of Rotor

L;s = Leakage Inductance of Stator

L;,. = Leakage Inductance of Rotor

L., = L., = Mutual Inductance of Stator to Rotor

L,,= Mutual Inductance of Rotor to Rotor and Stator to Stator

0,.(t)=Angle between Stator - a axis (Stationary Axis) and Rotor - a axis (Rotationary
Axis)

6.2.2 a—b—ctoqg—d—0 Transformation
6.2.2.1 Transformation Matrix

It is difficult and laborious to work with equations in a — b — ¢ form. So, to ease out the
modelling work, all the equations are transformed from a — b — ¢ to ¢ — d — 0 frame (i.e.

Rotational to Stationary frame). In matrix form we can write as,

Vqdo = TOUabc (613)

Where,
Vgdo = [Vq Va Vo)’
Vabe = [Ua Up 06]7

Ty = a—b—ctod— qg— 0 transformation martix

In this work power invariant transformation is used. The d-axis is leading the ¢-axis
as per the recommendation for modelling of Synchronous Machine [9]. Figure 6.3 shows
the respective position of d — ¢ frame and a — b — ¢ frame. The transformation matrix 7j

is given in equation 6.14.
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5 sinf sin (0 — %) sin(0+ %)
Ty = 3 cosf cos (0 — %’r) cos (6 + %’T) (6.14)
1
V2 V2 V2

Tranformation matrix Tj is a orthogonal matrix, so the inverse transformation is equal

to transpose of matrix itself, i.e T, ' = T,.

6.2.2.2 DFIG Equations in d — ¢ — 0 Frame

Applying transformation given in equation 6.14 to equations 6.1-6.12. The resulting

equations in d — ¢ — 0 form is given as below in equations 6.15-6.22.

1 diys

Vgs = _WB dt - Rqus + wibgs (6]‘5)
_ 1 dqu)ds

Vds = _WB dt - Rs]ds - wqu (616)
1 di,,

- — wq - Rrjqr _I_ (w - w’r')djdr (617)

Vgr
e wp dt
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_i dwdr
wp dt

— R, — (w— wy )Wy

¢qs = Lssiqs + Lmiqr

2bds - Lssids + Lmidr

wqr = Lssiqr + Lmiqs

wdr = Lssidr + Lmidr

Where,

w = Rotational speed of dg frame, i.e w = fl—f

0 = Angle between d axis and a axis

w,=Rotational speed of Rotor, i.e dd—ag

w=ws=1 [pu] for synchronously rotating reference frame

(ws —wr)

s

s = slip of rotor =
(W — wy)=sws
Lys = Les+ Lis — Ly,
Lyy = Loy + Liy — Lys
Lap = Lyg = Ly,

6.2.3 State Space Equation Formation
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(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

DFIG is represented as a voltage source behind transient impedance for Small-Signal

Stability study. The same model is can also be applied for Transient Stability as well.

The difference between two studies is that, for Small-Signal Stability, the state equations
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are linearized, whereas for Transient Stability, the differential equations are used directly.
For formulation of state equations, equations 6.15 - 6.18 are substituted with relations

defined in 6.19 - 6.22 and new variables are defined as given in 6.23 - 6.26.

L

v, = L_:Ws¢dr (6.23)

vy = = Pty (6.24)

X, =w; (LsLer — L2,) /Ly, (6.25)

Ty = wsLyr /R, (6.26)
Zs = Rs+ 35X,

lqds = tgs + Jds Ugds = Ugs + JUds

o_

Figure 6.4: DFIG Model For Stability Study

After substituting of newly defined variables a given in 6.23 - 6.26, the DFIG states

equations 6.15 - 6.18 in [pu] can be re-written as given below.

X dig, X, — X0\ . .
s i:_ (Rs‘l‘ . 8) qu—}—XSst...
wewp dt 15 (6.27)
! ]_ ! Lm '
+ (1 - S)Uq - ﬁvd — Vgs + L_qur
X, dig, : X, — X,
o iy oy <RS + _)
wewp dt T4 (6.28)

/ ! Lm
+ v, + (1 = 8)vg — Vas + —vgr
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/

1 dv

WSWBE

T Ty

wswp dt T,

6.2.4 Electromagnetic Torque

. (XS—X;), 1, ;L
=\ —%— ) s — 75V, + SU4 —

1 dv, (XS—X;>, ;1
— == | ) lgs — SV, — Vg + —
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(6.29)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)

The power of DFIG at any istance is algebraic sum of Rotor Active Power, Stator Active

Power and losses (negative).

Ppric = Ps + Py — Losses in GSC transformer

Ppriec = Ps + Py — (Avdgidg + A"Uqgiqg)

Ps = VUgslys + Vdslds

(6.35)

(6.36)

(6.37)



Chapter 6. Small Signal Stability....

Pr = ,Uqriqr + Varlar
Py = vy4lqg + Vdglag
ro ro
Py = Uyglag + Vaglag
Where,

Ss = Vgdstygs=PLs + JQs

Sy = Vgdrlyg,=Fr + JQr

Sg = Vgdglaag=Fy + 1

Sy = U;dgi:;ig:Pg +0y

P,=Grid Side Converter Power

U; = GSC Voltage on Primary Side of Transformer
i; = GSC Current on Primary Side of Transformer
v, = GSC Voltage on Secondary Side of Transformer
ig = GSC Current on Secondary Side of Transformer
Ugds = Vgs + JVds

Vgdr = Vgr + JVdr

lgds = lgs T Jlds

lgdr = tqr + Jldr

Avgy = Vag — Vas = tqg R — 14 X1

Avgg = Vgg — Vgs = lag Ry + g X

lqdg = lqg T Jldg

Avgqy = Avgg + 7A04,

Neglecting losses in the converters and DC link capacitor.

P,=P, (i.e. P;~0)

Substituting equations (6.15) - (6.18) to equations (6.37) - (6.38).
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(6.38)

(6.39)
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. 1 dqu . 1 dwds
1gs — —lds——
wp dt wpgB dt
g LW L W (6.40)
quB dt T(,UB dt

+ ws’l/}dsiqs - wsquids + Swswdriqr - Swswqridr-“

— Avggiag — Avgglgg

The first two terms represent the machine losses, the second four terms are the power
associated with flux variation, the third four terms are related to the air-gap power and
the last four terms are losses in GSC transformer. The electromagnetic torque T is
obtained by dividing the air-gap power by the mechanical speed of DFIG rotor. To

achieve electromagnetic, using equations (6.19) - (6.22), we get following equation.

Te = Lm(iqsidr - Z-dsiqr) (641)

Adding and subtracting the (L, L./ Ly )igsias gives the expression of T, in different

form.

T. = (Lm/LTT)(iqsqu)dr - ids¢qr> (6-42)

Substitution of equation (6.23) - (6.24) gives following equation of T, to be used in
DFIG model represented by equation (6.27) - (6.34)

T = (v;/%) s + (v; /ws) s (6.43)

6.2.5 Drive Train Model
6.2.5.1 Two Mass Model

The turbine, generator, gearbox, shaft and other transmission components are having
certain mass. It is represented by lumped Inertia. For accuracy purpose, each and every

component can be modelled individually. But, for ease in analysis, two mass model is
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given here. In a Two Mass Model, the generator and turbine are considered using moment

of inertia H; and H,.

dwt
2Hi— =T, — T,
ar h
dw,
OH, = T, T,
I dt "
dby.,
d; = (wy — wy)wp
Where,

H;=Inertia of Turbine in second [
H,=Inertia of Generator in second [s]
wy=Turbine Speed in per unit [pu]
w,=DFIG Rotor Speed in per unit [pu]
T,,=Mechanical Torque in per unit [pu]

T, =Shaft Torque in per unit [pu]

The Shaft Torque in [pu] is given by,

detw

Ty, = Kb, +D
h tw + 7

Where,
01, = Shaft Twist Angle in [rad]

K= Shaft Stiffness in per unit/ radian [pu/rad]
D=Damping Coefficient in per unit-second / rad [pu-s/rad]

(6.44)

(6.45)

(6.46)

(6.47)

Substituting equation (6.47) in equation (6.44) and (6.45) and utilizing the relation

wy = (1 — s)ws and equation (6.46), gives the equations for Two Mass Model.
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2Ht% =T — (KO, + D(wy — (1 — s)ws)wp) (6.48)
ds

—2ng5% = (Kb + D(w; — (1 — s)ws)wp) — T, (6.49)

o = (w; — (1 — s)ws)wp (6.50)

dt

Where, T, is an electromagnetic torque given in equation (6.43).

6.2.5.2 One Mass Model

One Mass Model is further simplification of Two Mass Model. In One Mass Model, the
mass of turbine H; and generator H, are combined and given in term of total inertia H;y
in seconds [s]. Where H;,=H; + H,. Using this relation, the expression for One Mass

Model is given by equation (6.51). It is also known as swing equation.

ds
—2Ht0tws% = Tm — Te (651)

Where, T, is an electromagnetic torque given in equation (6.43).

6.2.6 Converter Model

DFIG includes two converters. One converter is Rotor Side Converter (RSC) and another
is Grid Side Converter (GSC) as shown in figure (6.5). GSC side converter is connected
to supply side by transformer with N; : N, ratio. Here, the transformer is represented by
ideal transformer with no losses and Ny : Ny ratio. The losses are represented separately
on the secondary side of transformer. The primary side voltage and currents are U; and
z';. Whereas, the secondary side of voltage and currents are v, and i, respectively. Both
converters are PWM based Voltage Source Converter (VSC). The two converters are
separated by DC link capacitor. Both converters are working with variable modulation

index. The Grid Side Converter varies its modulation index m,, in order to maintain the

constant DC link voltage Vpe. Generally, it operates at unity power factor and delivers
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no reactive power to the grid. However, there are literatures available, which claims
that variable power factor gives better stability in operation of DFIG. The rotor side
converter (RSC) operates at variable modulation index mg,;. The rotor side converter
injects appropriate voltage, so as to maintain desired Wind Generator’s speed. The
generator speed is a non-linear function of factors like Blade Pitch Angel (5) , Tip-
Speed Ratio (TSR (X)) and Coefficient of Power (C,). Normally, the WT are operated
with variable TSR and hence variable C,,, so as to maintain the speed of generator rotor.
Another strategy is to vary the TSR, to extract the maximum amount of wind power.

These are shown in figure (6.6) and (6.7).
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Figure 6.5: DFIG Converter Model



Chapter 6. Small Signal Stability.... 321

04r
. 03
o
gz
2
o 02
o
=
0.1r
0
1}

TSR A

Figure 6.6: Coeffficient (C,) Versus Lambda ()

Turbine Power Characteristics (Pitch angle beta = 0 deq)
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Figure 6.7: Turbine Output Versus Rotor Speed
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The converter switching frequency is very high, so it is not considered in converter
dynamics. Also, generally the DC link capacitor dynamic is not considered, but here it is
considered. To model the converter, first the relationship between AC and DC quantities
are established as shown in figure (6.8).These are first presented in actual unit and then

converted in to per unit [pu] [365].

1
ViNgms = (2—\/5> mVpc (6.52)

Where,
VLN s =Line-to-Neutral RMS AC Voltage in Volts [V]

m, = Amplitude Modulation Ratio
Vpe=DC Voltage in Volts [V]

The power balance in Volt-Ampere [VA] between AC and DC side is given in equation
(6.53).

3VinausIrvs = Voelpe (6.53)

Where,
Irps=Line RMS AC Current in Ampere [A]
Ipe=DC Current in Ampere [A]

Substitution of equation (6.52) in equation (6.53) gives the following relationship be-

tween DC current and AC current as shown in figure (6.8).

3
Ipco=|——= od 6.54
DC (2\/5) MelRMS ( )



Chapter 6. Small Signal Stability.... 323

—— Ma1 Ipcidpes Mg G5 s
Upg, [RSC ——=TSC Ygig L ——
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Figure 6.8: AC-DC Relationship of PWM-VSC

All DFIG equations are derived in per unit [pu], so the DC voltage Vpe and DC

current Ipc are expressed in per unit [pu] as given below in equations (6.55) and (6.56).

Vbe
Vie= ————2 6.55
¢ 2\/§%aselph ( )
Ipc
Iy =3——"— 6.56
! Qﬁ[baselph ( )
Ty Inc
Ipus S —
D | +
1"} Nanrs 1_11}{
AC-5Side DC-Side
Figure 6.9: AC-DC Relationship of PWM-VSC
Where,

V43.=DC Voltage in per unit [pu]
I;,=DC Current in per unit [pu]
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Now all quantities, including DFIG stator, DFIG rotor and DC link, are expressed in

per unit [pu]. As shown in figure (6.5), following relations are established.

V= ma1Vae (6.57)
Vo = mazVae (6.58)
Lyt = ma 1, (6.59)
Licx = Mo, (6.60)

The dynamic of DC link capacitor is given by,

dVae
dt

Equation (6.61) can be modified using equations (6.57) - (6.60). The modified expres-

Idc - Idcl - Idc2 =C (661)

sion is given in equation (6.62).

1 dVy,
Lo = — VI, — V,1,) =
d ‘/dc ( g g) C dt

(6.62)

The GSC is isolated from grid side by transformer with turns ratio N; : Ny and
impedance Zy = Ry + jXp. All quantities are expressed in per unit [pu], so the turns
ratio of transformer does not appear in equation. The dynamic of DC power is given by

following differential equation.

dVge 1

C -
dt Vi

((Vgrigr + Variar) — (Vaglqg + Vagldg)) (6.63)

dViye
dt

Assumption of constant DC voltage leads to zero. Under this condition, the active
power consumption by DC capacitor is zero and real power of RSC and GSC is equal and

equation (6.63) equals to zero.
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6.2.7 Interface of DFIG with Grid

DFIG converts wind power in to electrical power. This is transmitted to grid. Now it
is required to establish interface relationship between DFIG and Grid. It is done by
including the equations of active power and reactive power between DFIG to grid. The

procedure is given below.

6.2.7.1 d—q to D — @ Transformation

All the equations of DFIG are derived in d-q axis, which is an internal machine axis. The
d-q axis is aligned to the terminal bus voltage of phase a. The active power and reactive
power of DFIG are fed the grid through transmission line. One point worth noting is that,
there is angle between grid voltage and terminal voltage. Here, grid voltage is taken as
a reference, so the angle of grid voltage is taken as zero. Now it is required to transform
either grid reference frame (D-@Q) to DFIG reference frame (d-q) or DFIG reference frame
(d-q) to grid reference (D-Q). So, new reference frame D-@) is used. The @ axis is aligned
with the grid voltage.

The relationship between D — () and d — g reference frame has been given here. The
angle between two reference frames are separated by an angle (), which is also known as

load angle. The relationship between D — () and d — ¢ reference frame are given below.

Figure 6.10: Orientation of DFIG Machine d — ¢ Frame and Slack Bus D — @) Frame

Vg = Uy COS 0 — vy sin o (6.64)
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Up = vgsind + vy cos d (6.65)
Uy = Vg Ccosd + vpsind (6.66)
vg = —vgsind + vp cos § (6.67)

6.2.7.2 Power Flow between DFIG and Grid

As shown in figure (6.5), the power flows from DFIG to grid through transmission line
with finite impedance (Zr, = Rrp + )X7r). The grid is assumed as an infinite bus with
constant voltage (1.0 [pu]) and angle equal to zero. The grid is taken as a reference
to derive the power flow. For simplified analysis, the transmission line impedance is
considered as purely inductive (Zr;, = jXrz) and resistance is neglected (Rr;, = 0).
The strength of transmission line is expressed in ratio of transmission line reactance to
magnetization reactance of DFIG (Xr/X,,). The active and reactive power flow in per

unit [pu] is given by equations (6.68)-(6.69).

\/ V2 v XV
Py = X cos(7) (6.68)

Xrr,

V2, + 3 \/ Vs T Vs X Vi
Qtot = (qs—ds) — ’ X sin(7y) (6.69)

XTL XTL

Where, v is the angle between DFIG terminal voltage with respect to reference bus
voltage, which is grid or infinite bus voltage in our case. For multi-machine system, the
slack bus is taken as reference bus and equations (6.68) -(6.69) are replaced by Power

Flow Equations at DFIG terminal.
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6.2.7.3 DFIG Internal Power Flow

Power flow equations inside DFIG are given by following equations (refer figure (6.5).

Pyt = Ps+ Py — Pr (6.70)
Pyt = Py + Py — ((vgg — Vgs)igg + (Vg — Vds)isg) (6.71)
Py = vgglq + Vdstsg (6.72)
Pr = ((vgg — Vgs)iqg + (Vag — Vds)isg) (6.73)
P, =P — P, (6.74)
P.=P — P, (6.75)
Py = (Vgrigr + Variar) — (Vggleg + Vagidg) (6.76)
Piot = Py + Py — Py — (Vg9 — Vgs)igg + (Vag — Vas)isg) (6.77)
0= —Pit — Py + P, — Pje — ((Vgg — Vys)iqg + (Vag — Vas)isg) (6.78)

Qtot = Qs + Qg - QT (6-79)
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Qs = (Vasigs — Vgstas) (6.80)
Qg = (Vaglgg — Vgglag) (6.81)
Qr = ((vag — Vas)igg — (Vgg — Vys)idg) (6.82)
Qiot = Qs + Qg — ((Vag — Vas)Vigg — (Vgg — Vgs)idg) (6.83)
0= —Qot + Qs+ Qy — ((Vag — Vas)igg — (Vgg — Vgs)idg) (6.84)

The voltages of grid side converter are derived from supply voltage and grid converter

current as given below.

Vgdg = Vqds + ing Zr (685)

The equation (6.85) can be simplified in to ¢ and d axis voltage as given below in

equations (6.86) and (6.87).

Vqg = Ugs + (iquT — ingT) (686)
Vdg = Vds + (ingT + iquT) (687)
Where,

Pyor and @y are total active and reactive power as given in equations (6.68)-(6.69)
P, and P, are stator active power and rotor active power as given in equations (6.37)-

(6.38)
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P, is real power of GSC

Pr is real power loss in GSC Transformer

Py is the power flow in a DC link capacitor during transient condition, is given by equa-
tion (6.63) multiplied by V.

(s is the reactive power of stator. It is equal to imaginary part of vgasi,

Q4 is reactive power of GSC

Q7 is reactive power loss in GSC Transformer

Total current flow (igq) to the grid from DFIG is sum of stator current i, and GSC
current i,y (igdt = lqds + Tqdg). But, these currents are in DFIG machine reference frame.
These currents are first transformed in to grid reference frame to get the total current,
which can be equated with grid voltages. The transformation is already shown in section
(6.2.7.1). The total power flow from DFIG machine to the grid in machine reference frame

(d — q) and grid reference frame (D — Q) is given below by relations given in equations
(6.64) to (6.64).

Stot = Piot + JQtot = Vgds Ty = VQDs QD (6.88)
it =lg COSO — ig sind (6.89)
ipt =g COSO + iy sind (6.90)
Lyt = lgs + lgg (6.91)
lat = lds T ldg (6.92)

igr = (igs + lgg) cO080 — (igs + lqg) sind (6.93)
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ipt = (fas + Gag) c0Sd + (lgs + igg) sind (6.94)
Vgs = Ugs COSO — Vg SN0 (6.95)
Ups = Ugs COSO + gs SInd (6.96)
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Figure 6.11: Power Flow of Grid Connected DFIG

6.2.8 System Initialization

For system study, first the system parameter initialized to establish the initial condition.
System initialization starts with grouping of set of equations in Differential Algebraic
Equations (DAE), Algebric Equations (AE) and output variables. The form of DAE, AE

and output variable take the following form.
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i f(z, 2, u) (6.97)

0=g(z,z,u) (6.98)

y = h(x,z,u) (6.99)
Where,

x = State Variables

z = Algebric Variables

u = Control Variables

y = Output Variables

f = State Space Equations

g = Algebric Equations

h = Output Algebric Equations

System initialization is carried out in several steps. First, the load flow study is carried
out. To carry out the load flow, the type of DFIG bus is decided. If DFIG is operated
in voltage controlled mode, the voltage level is defined in advance and reactive power
is calculated, so the DFIG bus is treated PV Bus. If DFIG is operated reactive power
control mode, DFIG is treated as P(Q bus and voltage at DFIG bus is found out using
load flow.

The DFIG machine is connected to grid through transmission line. The grid reference
axis (@ - axis) is aligned with the slack bus or infinite bus (V4£0). The machine axis (g
- axis) is aligned with the terminal voltage of DFIG (V;/~v). This will give the following
relations of ¢ — d voltages and load angle 6. In case of PV bus, bus voltage is specified.

This voltage along with specified power (P,), gives the reactive power Q. and angle .

Vgs = Vi (6.100)
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vgs = 0 (6.101)

§=r (6.102)

The angle (0) is the internal angle between d axis and DFIG terminal voltage (V).
And, the angle () is the angle between terminal voltage of DFIG (V;/v) and slack bus
or infinite bus (V,20).

The DFIG is a variable speed Wind Turbine and operates at variable speed, depends
on wind power and other variable like blade pitch angle (3), tip to speed ratio (\) and co-
efficient of power (C,). The speed is set with specified speed reference (s*). The reference
speed (s*) is derived from total power (P ). If, total power (Py) is greater than or equal
to the nominal power rated power (P, ), the speed is set to nominal speed (wWpom). In
case of total power is less than the nominal power rated power, speed is set to optimum
value of speed for maximum power extraction by selecting optimal value of C), , which is

a function of blade pitch angle (3) and tip to speed ratio (A\) (C, = f(5, ).

Snom lf ]Dtot Z Pnom
st = (6.103)
S(Cp) if Ptot < Pnoma Cp = f(ﬁa >\)
The DC link voltage Vj. is an important parameter and is regulated by GSC. The

reference for DC link voltage (V) is set according to one of following methods, either by

equation (6.105) or (6.106).

V.
th: — ref (6104)
malref
V.
‘/7' — Srated 6 . 105
ref n ( )
* VDC'ref

Ve — 6.106
e 2 \/5‘/baselph ( )
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Where,

V..., = DFIG Rotor Reference Voltage in pere unit [pul

Vbe,., = DFIG DC link reference Voltage in Volts [V], generally 1200 - 1400 Volts
Vs, = DFIG Stator rated Voltage in Volts [V], generally 440 - 690 Volts

n = DFIG Stator to Rotor Turns Ratio, generally 1.5
mq1=RSC modulation Index, generally 0.75

The remaining variables are obtained by solving f (equation - 6.97) and ¢ (equation

- 6.98) simulataneously.

6.3 Eigenvalue Analysis

The small signal stability analysis is carried out by linearization of state equations 6.27
to 6.30, 6.48 to 6.50 and 6.63. The linearization is achieved by expanding state equations
in Taylor’s Series form and neglecting higher order terms. The linearized form of state

equation is given by,

Ar = AAz + BAu (6.107)

_[of _of (99\ " og

A_{ﬁx 32(&2) oz (6.108)
(%0,20,90)

_[or of (99\ "0y

B_{ﬁu (%(82) au} (6.109)
(%0,20,90)

The A is a state matrix. Eigenvalues of A decides the stability of system. The
eigenvalues of matrix may be real or complex conjugate. The real part gives the idea
about the stability of system. If real part of eigenvalue is negative, then the system is
stable. The postive value indicates the instability. If the real part is zero, then system
is said to be on the verge of instability. The damping ratio is an indicator of how well

system is damped. Higher the damping ratio, better is the system. It is given by
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£—— (6.110)

Where,
o = Real part of eigenvalue

w = Imaginary part of eigenvalue (Rad/Sec)

6.4 Probabilstic Small Signal Stability Analysis

The operating condition of WTG never remains constant in real time scenario. The effect
of variation in different parameters on WTG is very necessary to ascertain the stable
operation under all conditions. There are many literatures available on the small signal
stability analysis of WT'G [254, 255, 256, 257, 258, 262, 264, 266, 267, 269]. However, there
are only limited literature available on the probabilistic analysis of small signal stability.
In [259], the probabilistic small signal stability is carried out using Monte Carlo Simulation
(MCS). In [261], the probabilistic small signal analysis is presented with correlated wind
sources. To explore the property of correlation, the cupola theory is used. Utlimately
MCS is used to perform the small signal stability analysis. In [366], the second order
polynomial is presented to understand the relationship between the wind generation and
damping of any mode. This method is, however, very complex and also it does only
considers only wind power variation and no other variable. All these literatures are time
consuming or too computationally intensive. Also, none of the literature have performed
the multivariable probabilistic analysis in a very simplified way.

Here, a new approach using Latin Hypercube Sampling (LHS), is presented. It has
been already tested in the chapter of Voltage Stability. This is based on the sampling
theorem, called Latin Hypercube Sampling (LHS). LHS has already been discussed in the
chapter 2 of this thesis, so detail description is omitted here. In the analysis, three pa-
rameters variation are considered. These parameters are Wind Speed (i.e. Wind Power),
Grid Voltage and Grid Reactance (expressed in term of ratio of grid reactance X, to
magnetization reactance X,,). The distribution and variation of parameters are given as

under.
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Table 6.1: Paramerter Variation and Distribution

Sr.No Variable Distribution | Characteristic | Characteristic

Parameter A | Parameter B

1 Wind Speed Weibull c=385m/s k=20
2 Voltage (V;) Normal p=1.0 o =0.05
3 Reactance (X./X,,) Normal u = 0.055 o =0.03

The step by step procedure of carrying out analysis is given here.

10.

. Select variables and define PDF distribution and characteristics parameters for each

variable.
Decide sample size.

Find combination of variables using Latin Hypercube Sampling - Median method

(LHS-Median).

Decide Tip - Speed Ratio (\)

Find Power Coefficient (C,) from C, - A curve

Compute the Wind Power from Wind Speed samples

Find the WTG speed from Turbine Output Vs Rotor Speed Curve
Find initial conditions of DFIG.

Find eigenvalues of state matrix for different combination of variables.

Find statistical properties using eigenvalues.
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6.5 System Parameters
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The DFIG parameters and system parameters, used in this work, are given here.

Table 6.2: Paramerter Variation and Distribution

Sr.No | Parameter Value Unit Description
1 Ws 1 [pu] Synchronous Speed
2 2p 2 7w 50 [rad/s] Base Speed
3 Ve 0.9 to 1.1 [pul] Grid Voltage
4 Hr 3 [sec] Turbine Inertia
5 Hg 0.5 [sec] Generator Inertia
6 Hrot 3.5 [sec] Total Inertia
7 K 10 [pu/rad] Stiffness Constant
8 D 0.01 [pu-sec/rad] Damping Constant
9 R, 0.005 [pu] Stator Resistance
9 R, 1.1 X Ry [pu] Rotor Resistance
10 Xm 450 X Ry [pu] Magnetization Reactance
11 L, X/ ws [pu] Magnetization Inductance
12 L 1.01 X L,, [pul Stator Inductance
13 L,, 1.005 x L, [pu] Rotor Inductance
14 n 1.5 -] Stotor to Rotor Turns Ratio
15 Xr 0.5 [pu] Converter Transformer Reactance
16 C 0.0001 [pu] DC Link Capacitance
17 Xe/ X 0.01 to 0.1 [pu] Grid to Magnetization Inductance ratio
18 Vi 690 [Volt] Base Voltage
19 Sp 2.0 [MVA] Base MVA
20 p 4 [no] Pair of Pole

6.6 Results and Discussions

The result of eigenvalue analysis is given here.
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Table 6.3: Statistical Analysis of Eigenvalue

Eigenvalue | Mean Standard Mean Standard
(mode) (o) Deviation (o) (w) Deviation (w)
A -0.14 0.42 0 0
A2 -78.41 40.42 1473.96 630.45
A3 -78.41 40.42 -1473.96 630.45
A4 -302.56 | 5.992 e~ 0 0
A5 -10.64 8.76 137.78 81.49
A6 -10.64 8.76 -137.78 81.49
A7 -12.11 1.87 ¢ 15 0 0
As 0 0 0 0
Table 6.4: Statistical Analysis of Eigenvalue
Eigenvalue | Mean Standard Participation
(mode) (&) | Deviation (&)
A1 1 0 Vbe
A2, A3 0.070 0.047 Uds, Lgs
A\ 1 0 wy, S, 0
X, Ag | 0.159 0.208 Vg, Uy
A7 1 0 we, s, Oy
Ag 1 0 Wy, S
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In above results, four modes are found significant, which can affect the system opera-

tion. However, these modes are oscillatory but stable. As, the damping of mode-2,3 (s,

A3) are insignificant, it will take longer time to vanish. Also, the oscillation frequency will

be very high (1474 rad/sec, 234.7 Hz). The modes-5,6 (A5, Ag) are also oscillatory, but the

damping is very high. The oscillation frequency of these modes is (138 rad/sec, 22 Hz).

The other three modes ((A, Ay and A7) are real in nature and decay exponentially. The
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mode-1 (A;) associated with DC link voltage (Vpe) will decay slowly without oscillations.

When the variation in the value of oscillatory modes is checked, it is found that, the
possibility of mode-2,3 (A2, A3) go unstable is 6-7 %. This is calculated from the numbers
of positive numbers in randomly generated numbers, with given mean (x) and standard
deviation (A). The possibility of instability of mode-5,6 (A5, Ag) is 18 - 20 %. It is high
and can affect the stability of DFIG. So, its variation should be reduced by designing

effective controller.

6.7 Conclusion

The probabilistic small signal stability analysis is essential to ascertain the stability of
WTG under uncertain wind speed and other operating conditions. It gives insight in to
how WTG will behave under different operating conditions. It is necessarily should be
carried out at the planning stage. There are various methods found in literatures, but
Latin Hypercube Sampling (LHS) is an easy and less computational intensive method.
Also, it should work well with different optimization algorithm due to its simplicity. The
controller dynamics is not considered here to see the natural response of DFIG. However,
the controller design using proposed method can be carried out to make system operation

more stable.



