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ABSTRACT

This paper presents the solution to the problem of grid voltage instability during
occurrence of fault, on a system connected with wind turbine - driven doubly-fed
induction generator (DFIG) which supplies alternating current (AC) power to the utility
grid. Here, two pulse width modulated voltage source converters are connected back to
back between the rotor terminals and utility grid via common direct current (DC) link.
The grid side converter controls the power flow between the DC bus and the AC side. It
allows the system to be operated in sub-synchronous and super synchronous mode of
operation. The rotor excitation is provided by the machine side converter. The model
makes use of d-q rotor reference frame using dynamic vector approach for machine
model. The controller was implemented by the orientation of the generator stator flux
vector along a synchronous reference axis. In this way, constant voltage and frequency
was obtained and the generator would supply the active and reactive power demanded for
the voltage correction by the load, while the wind turbine will be responsible for
achieving power balance in the system. The system is modelled and simulated in the
Matlab Simulink environment in such a way that it can be suited for modelling of all
types of induction generator configurations. The results of the simulations show that
DFIG wind turbines improved the voltage stability of the system through its ability to
control reactive power and decouple control of active and reactive power by

independently controlling the rotor excitation current especially during fault.

1. Introduction

One of the renewable energy sources, the wind turbines,
have been used widely in recent years. The motives behind
this common use of wind turbines is not unconnected to their
low cost and environment friendly nature. However, when
wind turbines are used to produce large power, some
problems arise in connecting it to power systems. One of the
reasons for this is that sometimes, the changes in load
demand make the system unstable. This instability in the
power system brings about the voltage and reactive power
problems (Shukla, Tripathi, 2014). In Power systems, voltage
and reactive power control problems are important for
continuous case stability. These problems have been solved
through the use of DFIG and power electronic converters.

In the case of smaller installations connected to weak
electric grids such as medium voltage distribution networks,
power quality problems may become a serious concern
because of the proximity of the generators to the loads. The
existence of voltage dips is one of the main disturbances
related to power quality in distribution networks. In
developed countries, it is known that from 75% up to 95% of
the industrial sector claims to the electric distribution
companies are related to problems originated from this
disturbance type (Touaiti, Azza, Jemli, 2015; Abdoune,
Aouzellag, Ghedamsi 2016)). These problems arise from the
fact that many electrical loads are not stable during a voltage
dip. The main idea behind this work is to conduct a voltage
stability analysis using an iterative power system simulation
package, to evaluate the impact of strategically placed wind
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generators on distribution systems with respect to the critical
voltage variations and collapse margins. This work concludes
with the discussion of wind generators excellent options for
voltage stability.

2.0 Wind Turbine Model Equations

The wind power can be expressed as a function of wind
speed
Py = 0.5pC, (1 8) AV €h)

Where:

p is the air density (Kg/m?), Ag is the area swept by the
rotor (m?), Vi is the upstream wind speed, C, is the
performance coefficient with respect to the speed ratio A and
the pitch angle &

Where A; can be approximated by a function of the tip
sipeed1 ratio 4, which is given by
% =7 + 0.002

The mechanical torque is given by:

Tinech = /oy )

3.0 Model Equations of Doubly-Fed Induction Generator
(DFIG)

The basic equations of the doubly-fed induction machine
can be established by considering the equivalent circuit of a
single stator phase and a single rotor phase, and the mutual
coupling the stator and the rotor phases. The voltage vector
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consisting of the voltages drops across the resistances of these
phases, and the rate of change of the fluxes linking the stator
and rotor phases. The fluxes in turn are related to the current
vector via a matrix of inductances, which are not constant but
periodic functions of time with the period equal to the rotor's
electrical speed ¢, = Pey,,, Which is the product of the
number of pole pairs P and the rotor's mechanical speed cu,,, .
When all of the stator and rotor quantities are transformed to
a stationary frame (the d-q frame), using Park transformation,
in terms of the stator's and rotor's voltage-pulsation
frequencies w, and w,, respectively, the basic equations can
be reduced to a set of four with constant coefficients.
Moreover, . = w, — e and can be found by measuring
and e, and the slip frequency (the ratio s = w, fcs. is the
slip) (Ataji, Miura, Ise, Tanaka 2016). Thus, the phase angles
relating the direction of the d-q frame and the phase angles of
the first of the three stator phases A, B and C, 8, = 8, — &,
and the first of the three rotor phases a, b, and c, &, satisfy the
relation 8, = &, — &, where &, is the rotor's electrical angle.
The four equations of the DFIG with constant coefficient in
the d-q frame are:
Vie = Rgig: + d;_:: — wip g |’ )

a8 s
1"2'.3 = squ +d_:_msads

,  de
Var = Rpige + d:r Wrgqr (4)

H;'r = Rr qr + mradr
The stator fluxes are related to the stator and rotor currents in
the d — g frame as:
Bgr = Lpige + Lm:-dr} (5)
Ope = Lpige + Lypigy)
The rotor fluxes are related to the stator and rotor currents in
the d — g frame as:
Gdr = erdr + Lm:-ds} (6)
Bor = Loige + Linige
Where, E,, R;, L, , and L, are the resistances and self-
inductances of the stator and rotor windings, and L, is the
mutual inductance between a stator and a rotor phase when
they are fully aligned with each other.
The vector control strategy applied to the DFIG consists
on making the stator flux in quadrature with the g — axis of
the Park reference frame, therefore,

Gg = Gﬂg and Er"ﬂg =10 (7)
Equations (3) and (4) can be simplified as:
dpgc ; -,

e = —Rgige+ Vys (8)
1'{'.'3 = Rsfq's + w0y, C))
dg . .

d_:r = —Rig + I:"-"'r':’:j'r;r + Vg (10)
do, ) ,

d: = _Rr:qr — w, By + 1’1','?' (1)
From (5)

-q'.s = _I'm."rz'sfqr (12)
And fgs = ':Esds - I'm:-dr:]."rj:'s (13)
By substituting (12) and (13) in (6), we obtain

dr = I:L[‘ - LFn:]Idr + Ly/Ls By, (14)
Bgr = Le(1 — L2/ (L, L))ig (15)
By introducing the leakage coefficient with:
g=1-1L%/(L,L) (16)

then:
Gﬂr = Lrﬂfdr + Ll:n."rLsads (17)

Bgr = Lyoig (18)
Substituting (17) and (18) in (10) and (11), yield:

} Lrﬂ--‘r dzﬂ; (19)
Fdr :Rr1dr+1 dr +_T_':‘:'rL ':r‘q'
Vor = Rylgy +==4 welpgig + :mraﬂs (20)

Assuming that the stator flux is stationary in the d — g
frame (the d-axis is aligned with the stator-flux-linkage vector
@,) and neglecting the stator's resistive voltage drop, so:

Ba: = O, and Bgs = 0 (21)
Also, Vg, =0 and Vi, =V, (22)
From (3)

Vgs = Vs = Riigy + w,0; from which

B; = (V3 — Ryigs)/wog (23)
From (5)

Gds - G' =L ld3+ Lmlqr ':.-Us Rg[qs:]."rms = Ll:n:-rr..s
Where i, is defined as

. . Ve L 24
Ime = (V3 — Rslqs:]r'rmsl'm = ool - (Rs(_ﬁ) r'r{msLm]) ( )

Then, the rotor voltage equations given by (19) and (20) are
expressed as:

T L_md Fds (25)
Ver = Roi dr+“*d;* + 5= — sw,Lyoig

d
V= (R +S"") (g + Lo~ + 5Ly iy + 5Ly /LY, (20)

Furthermore, the active and reactive components of the power
at stator terminals are given by:

P - vﬂs bdz +vqs q= (27&)
Q: = vqs‘q'.s Vst g= (27b)
The active and reactive components of the power at rotor
terminals are given by:

B = Vaplgr + vqr bgr (28a)
Qr - vqr‘r,'r vﬂr tgr (28b)
The electromagnetic reaction torque may be expressed as:
Ty = Gﬂsqu - vqsfds (29)
From (21), (22), (23), and (24):

2 Ve B - :
T = —LpfLy (E"'E‘qr)‘qr (30)

And the active power at the stator terminal:
Ps :vs:-r,'s = Lmr'rz'svsfqr' (31)
The reactive power at the stator terminals:

2 v R 1
Qs = Vitgs = w5 L3 /Ly (- + =i, ) (= +
1 stds ] rr."r S\ gl | gl O ol
Ry 5 5
. cgr T btdr

g Ly

(32)
If the stator resistance R, is neglected, then (31) can be
expressed as
Q; = + V2 [(wsLs) (33)

L I--:l.ar

4.0 Wind Energy Conversion using DFIG

With the increased penetration level of wind power in the
power system, wind turbines have to contribute not only to
active power generation but also to the reactive power. The
main advantages of DFIG wind turbine is its ability to control
reactive power and decouple control of active and reactive
power by independently controlling the rotor excitation
current. The DFIG can produce or absorb any amount of
reactive power to or from the grid within its capacity, to
regulate the terminal voltage (Erlich, Feltes, Shewarega
2014). To assist its further integration into the modern power
system, it is therefore important to assess its dynamical
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behavior, steady state performance, and impacts on the
interconnected power network with regard to its reactive
power capability and voltage control. The optimum speed of
the generator should be selected based on annual wind speed
distribution and the size of the power converter.

It is not always possible to operate wind turbine in
maximum power point tracking mode and constant pitch
control only. For maintaining regulated frequency and voltage
in the power system, the generated power should be equal to
the demanded power, when the load decreases, the power
output from the turbine should reduce to match the load.
When the speed is less than the rated speed, the pith angle is
always kept at zero and the speed ratio A is varied and
corresponding performance coefficient Cp is calculated to
obtain demanded power output from the wind turbine.

The case described in this section illustrates application
of SimPower System software to study the steady-state and
dynamic performance of 9MW wind farm connected to a
distribution system. The wind farm consists of six 1.5MW
wind turbines connected to a 11kV distribution system
exporting power to a 33kV grid through a 30km 25kV feeder.
A 23kV,2MVA plant consisting of a motor load (1.68MW
induction motor at 0.93 PF) and of a 200kW resistive load is
connected on the same feeder at bus B25. A 500kW load is
also connected on the 0.575kV bus of the windfarm. The
Simulink model of the DFIG wind farm is illustrated in
Figure 3.

5.0 Wind Turbine Modeling

Wind turbines convert the kinetic energy present in the
wind into mechanical energy by means of torque production.
Since the energy contained by the wind is in the form of
kinetic energy, its magnitude depends on the air density and
the wind velocity. The wind power developed by the turbine
is given by the (34):

P =2C,pAV* (34)
Where;

£z is the Power Co-efficient,

p is the air density in kg/m?,

A is the area of the turbine blades in m* and

I is the wind velocity in m/sec.

The power coefficient £z gives the fraction of the kinetic
energy that is converted into mechanical energy by the wind
turbine. It is a function of the tip speed ratio A and depends on
the blade pitch angle for pitch-controlled turbines. The tip
speed ratio may be defined as the ratio of turbine blade linear
speed and the wind speed

A== (35)
-

Substituting (35) in (34), we have:

P=2C(pA () w2 (36)

The output torque of the wind turbine Tiyrpine 1S
calculated by the following.

Turbine Power Characteristics (Pitch angle beta = 0 deg)

Figure 1. MATLAB Simulink model for wind turbine.
=1 pAC,V/A 37)
Where R is the radius of the wind turbine rotor (m}.
There is a value of the tip speed ratio at which the power
coefficient is maximum. Variable speed turbines can be made
to capture this maximum energy in the wind by operating
them at a blade speed that gives the optimum tip speed ratio.
This may be done by changing the speed of the turbine in
proportion to the change in wind speed. Figure 1 shows how
variable speed operation will allow a wind turbine to capture
more energy from the wind. As one can see, the maximum
power follows a cubic relationship. For variable speed
generation, an induction generator is considered attractive due
to its flexible rotor speed characteristic in contrast to the
constant speed characteristic of synchronous generator.

rmri:'ir! g

6.0 PWM Voltage Source Inverter Model

The DC power available at the rectifier output is filtered
and converted to AC power using a PWM inverter employing
double edge sinusoidal modulation (Figure 2). The output
consists of a sinusoidally modulated train of carrier opuses,
both edges of which are modulated such that the average
voltage difference between any two of the output three phases
varies sinusoidally. Each edge of the carrier wave is
modulated by a variable angle & and can be mathematically
expressed by
dx= Mlsin(ax) . (xr=123.2r+1) (38)
Where;
M1 is the modulation index and ranges from 0 to 1.
subscript x denotes the edge being considered,
r is the ratio of the carrier to fundamental frequency at the
inverter output,
ex is the angular displacement of the unmodulated edge and
& max 1S the maximum displacement of the edge for the
chosen frequency ratio r.

DCLink
DC J_ AC
: AC T DC ’
Grid Side Rotor Side
Conv erter Converter

Figure 2.Two back-to-back PWM converters.

In the present scheme, the inverter output voltage is
controlled, while its frequency is held constant at 50 Hz. In
this range of operation, the PWM generator generates a
carrier wave with frequency 15 times the fundamental
frequency at the inverter output. Such a choice results in a
line voltage waveform with 15 pulses per half cycle at the
observed that the operating speed increases from inverter
output. By modulating the carrier wave and hence the phase
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voltages, the fundamental and harmonic voltage content can
be varied. There are 15 pulses and 15 slots of 12° each. In
each slot, two edges are modulated. For 100 % that
modulation {MI = 13, the maximum amount by which the
edge can be modulated is &, =6°. Any further
displacement of the edge will cause the pulses in the
modulated phase voltage to merge, resulting in a reduction of
the number of pulses in the line voltage waveform (pulse
dropping phenomenon).

7.0 Doubly Fed Induction Generator Wind Farm Model
Figure 3 shows the Simulink model of the single line
diagram of the wind farm. Here, a 9-MW wind farm
consisting of six 1.5 MW wind turbine connected to a 11kV
distribution system exports power to a 33kV grid through a
30kM, 11kV feeder. A 2.3kV, 2 MVA plant consisting of a
motor load (1.68MW induction motor at 0.93PF) and of a
200kW resistive load is connected on the same feeder at bus
B11. The DC link voltage of the DFIG is also monitored.

Fie Gt Vew Doy Digom Smubson Andyss Code ook Help

o = q =1 | @ | ilh =
lu@'a'[\"u.‘/ 4 e e T e

(wind|

Vind Speed 9 M Wind Fam
(615 Wy

<Vdc (V> @
A )

el <Pitch_angle (degF
Wind Turbine
A \515V) o Jutin
Induction
Generator p

Grounding
Fhisars Transformer b
X0=47 Ohms 1

Measurements.

Figure 3. Simulink model of the DFIG wind farm.

Wind turbines use a doubly-fed induction generator
(DFIG) consisting of a wound rotor induction generator and
an AC/DC/AC IGBT-based PWM converter. The stator
winding is connected directly to the 50Hz grid while the rotor
is fed at variable frequency through the AC/DC/AC
converter. The DFIG technology allows extracting maximum
energy from the wind for low wind speeds by optimizing the
turbine speed, while minimizing mechanical stresses on the
turbine during gusts of wind. The optimum turbine speed
producing maximum mechanical energy for a given wind
speed is proportional to the wind speed. For wind speeds
lower than 10m/s the rotor is running at sub-synchronous
speed. At high wind speed it is running at hyper-synchronous
speed.

The wind turbine is a phasor model that allows transient
stability type studies with long simulation times. In this case,
the system is observed during 50s. From the wind turbine
block menu, four sets of parameters specified for the turbine,
the generator and the converters (grid-side and rotor-side) are
considered. The 6-wind-turbine farm is simulated by a single
wind turbine block by multiplying the following three
parameters by six, as follows:

1. The nominal wind turbine mechanical output: & = 1.3e6
watts, specified in the Turbine data menu.

2. The generator rated power: &=1.5/0.9 MVA
(6=1.5 MW at 0.9 PF), specified in the Generator data
menu.

3. The nominal DC bus capacitor: &= 10000 microfarads,
specified in the Converter data menu.

8.0 Simulation of a Fault on the 11kV System

In other to observe the impact of a single phase-to-
ground fault occurring on the 11-kV line a B25 bus, a single
phase-to- ground fault was initiated on phase A at time t = 5s
using the “Fault” block. The fault is programmed to apply a
9-cycle single-phase to ground fault at timet=5s.

Setting the wind turbine at “Voltage regulation” mode, it
was observed vividly from Figure 4 that the positive-
sequence voltage at wind-turbine terminals (V1_B575)
dropped to 0.8 pu during the fault, which is above the
undervoltage protection threshold (0.75 pu for a t > 0.1 s).

The wind farm therefore stays in service.
Plant Vollage pos. seq. (pu)

115

11

| | | | |
0 H 10 15 20 % 30 B 40 45 50
Time

Figure 4.The positive-sequence voltage at wind-turbine
terminals with the wind turbine at “Voltage regulation”
mode

But when the wind turbine was set at “Var regulation”
mode with Qref = 0, the voltage dropped below 0.7 pu and

the undervoltage protection tripped off the wind farm.
Plant Voltage pos. seq. (pu)

(pu)

085~ 1

0 ; 1ID 15 2‘0 25 3.El 3‘5 AID 45 ;O
Time
Figure 5. The positive-sequence voltage at wind-turbine
terminals with the wind turbine at “Var regulation” mode
It can also be observed clearly from Figure 5 that the
turbine speed increases. At time t = 40 s the pitch angle starts
to increase in order to limit the speed as shown in Figure 6.

Turbine Speed (pu)

08

o H 10 15 20 % 0 3 40 45 50
Time:

Figure 6. The wind-turbine speed with the wind turbine at
“Var regulation” mode



55542

Pitch angle (deg)

0 5 10 15 20 25 30 35 40 45
Time

Figure 7.The wind-turbine pitch angle with the wind
turbine at “Var regulation” mode.

9.0 Conclusion

Voltage stability analysis of grid connected wind farm
system during occurrence of fault has been presented. DFIG
were generally used in Wind farms because of their ability to
supply power at constant voltage and frequency.
Characteristics of DFIG were studied in MATLAB
environment. Control techniques of DFIG have been studied
also Magnitude and Frequency control has been studied and a
Simulink model for the same has been proposed. Unlike
traditional methods like Stator flux orientation vector control
and magnitude and frequency control method manipulates the
magnitude and frequency of the rotor voltage. This simplifies
the design of the control system and improves system
stability.

This work has been able to demonstrate the response of
the system during occurrence of a short circuit fault on the
line using AC/DC/AC IGBT-based PWM converter in DFIG
has been obtained. The grid system voltage stability
regulation was actually achieved as was seen by observing
the response of the turbine to change in wind speed and
through simulating the model for a voltage sag on the 132kV
system and for a fault on the 11kV system.
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