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Abstract

Wind turbine power is a vital source of
renewable energy and accounts for major plants
in generating electricity in various countries.
The aim of this paper is to develop the physical
model of three types of wind-turbine induction
generators and to investigate their impacts on
the frequency in a single-area power system.
The generator types are as follows: (i) squirrel
cage induction generator (SCIG); (ii) doubly-

fed induction generator (DFIG) and (iii)
brushless doubly-fed induction generator
(BDFIG). The analysis  scenario is

demonstrating the effect of variable wind speeds
on the grid frequency under load variations. The
simulation results show that BDFIG achieves
better performance in comparison with DFIG
and SCIG in terms of maintaining the grid
frequency.

Keywords: Wind turbine power, SCIG, DFIG,
Brushless DFIG, load frequency control.

1. Introduction:

The necessity for growing use of renewable
energy sources has been realized as a result of
daily increases in electrical energy demand,
increased attention to environmental concerns,
and declining fossil fuel availability. Tidal wave,
solar irradiation, Wind, biomass, and fuel cells
are all potential sources of such energy. Wind
energy is the most common and widely used
option among all of the alternatives mentioned
above. Regulators and operators of power
systems are concerned about the increased
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penetration of wind energy into present power
grids because wind energy convertors
traditionally do not engage in frequency control
or Automatic Generation Control (AGC)
systems. A high penetration of wind power into
power systems can lead to a reduction of total
system inertia and a high rate of system
frequency deviation for any fluctuations in the
load. There are various factors that affect on
increasing wind power efficiencies, which are:
(i) the number of blades, (ii) pitch control
system, and (iii) tip-speed ratio relates with
power coefficient [1]. Because of the risks of
oscillating wind turbine generators when
connected to the grid, knowing the
characteristics of the different WTGs and
studying their performance is very vital in order
to identify and fix the causes of problems. A
conventional type of wind power (WP) generator
known as a squirrel cage induction generator is
used in several existing electrical power systems
(SCIG), on the other hand, is not the greatest type
of WP because it has a negative impact on power
system stability. DFIG is the most extensively
used type in the business when compared to the
others because of its ruggedness, high efficiency,
and energy yield.

Another type of DFIG is brushless DFIG also
known as Brushless Doubly-Fed Machine,
which is considered the best alternative to
conventional DFIG and more use in wind energy
systems [4], and it needs less maintenance
compared to conventional DFIG due to the lack
of brush equipment and slip rings [5].
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2. Research aims: 3. The proposed power system:

Firstly, Stability analysis of the dynamic model
of three types of induction generators used in
wind turbine systems and design control systems
in order to regulate the power extracted from
variable wind energy. Secondly, Investigation
the effect of wind speed fluctuations on
frequency and developing a virtual inertia
control strategy to stabilize the grid frequency
under load and wind speeds disturbances. The
considered model in this paper is shown in Fig.1.

The system, as shown in Fig. 1, consists of wind
generation system and a local generator, with
the addition of the primary and secondary
frequency-regulating loops. The proposed
power system is modelled as follows: (i)
Dynamic model of wind turbine - induction
generator (WECS); (ii) Active and reactive
power control system based on vector control
(for a DFIG and BDFIG) and (iii) Equivalent
model of thermal power plant (Conventional
Generation) with primary and secondary

control system for adjusting frequency
variations.
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Fig.1: The structure of a wind turbine generator unit connected with a single-area power system.

The wind generation system consists of a
turbine and an induction generator, where three
types of generators were investigated: a
squirrel-cage induction generator, a brushless

where: wy is speed of synchronously and w =
PWy, .

The following equations link DFIG's currents
and fluxes:

DFIG, and a DFIG whose speed was controlled ; -1
. lsa Ls 0 Lm 0 (psd
using PI regulators based on the vector control ; [(D ]
hod lsq|_| 0 Ly 0 Ly sl (5)
method. ira| [Lm 0 Lo 0 [%J
4. Model of an Induction Generator: lrq 0 Lm 0 L Prq

The dynamic model of the induction generator
in (d-q) frame which included the stator and
rotor fluxes, voltages current is [2, 3]:

ddyy

The electromagnetic torque Tem - for DFIG - is
given by:

Tem = ((Dsdisq - (Dsq isd) (6)

V= Rgiyq + . ws Py ) The following equations link SCIG's currents
and fluxes:

Vo = Rii +%+wd) ) o Pas—Pa . Pys = P

= ol T g TP ias = Vg == (D)
do d Lls Lls

Vg = Rpig + T — (wg — w)@rq 3 P= Dyr — Pra i (qu - ‘pmq (8)
do @ Llr na Llr

. T
qu = errq + dtq + (w5 — W) P4(4)
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Mutual fluxes are equal to:
st

Dy
(Dmd = Lad (L— I T) (9)
ls Ir
() ()
Drng = Lag (—LZ + L‘;) (10)

In the situation of equal winding distribution in
space, the armature inductances are:

Lad = Laq

Ly -Lis-L
— Ir ls m (11)
Llr ' Lls + Lm . (Llr + Lls)

The electromagnetic torque Tem for SCIG is
given by:

Tem = (Qsdisq - ¢sq isd) (12)
The mechanical equation the induction
generator is:

dwpy,
]F = Tem — Tinech — f Wm (13)

5. Brushless DFIG:
The Brushless DFIG is a prospective substitute
DFIG,

delivering higher dependability, lower capital and

for the commonly used traditional

maintenance costs, and a considerable reduction
in energy use [5,6]. It is made up of two stator
coils that are electrically secluded, Power The
winding is directly plugged into the power supply
and Control winding feeding to Frequency
converter. The majority of electrical energy
passes through the power winding, which is
directly linked to the power grid and hence runs
at grid frequency. Only about 30% of the total
power goes via the control winding, which is
connected to the grid through a frequency
converter. The control winding is also utilized to
govern both active and reactive power. These two
windings are located in the stator and are
electrically isolated from each other Each of them
has a different number of poles, and each coil is
fed at two different frequencies. These equations
are as below:

wp=2 nf

we=wp=(Pp + D)W

Wr=Wy=Pp Wiy
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where: w, is the synchronous speed; w, is the

control winding speed; w, is the rotor side

speed;
) ddg,

Vdp = Rpldp + T - a)pdbqp (14)
o dDg,

qu = Rplqp + T + a)pdbdp (15)

. d(Ddc
Vie = Reige + T - wcq)qc (16)

) dog
Ve = Relge + ” + WPy a7
. d(Ddr
Vdrerldr+T_wr¢qr (18)
] do,
VqrzRqur-I_T-l_wrd)dr (19)
The following equations link BDFIG's currents
and fluxes:
p [ O 0 0 Ly 07"
|1 0 Ly 0 0 0 Lyl
il 0 0 Le 0 Lp 0]
ig.1]1 0 0 0 L. 0 Ly
lid| |Lmp O Lme O L. 0
ligdl 0 Ly 0 Lme 0 L
[or]
e
0]
[ %] (20
|¢,qc (20)
(Ddr
| &y |

BDFIG power equation (active and reactive):

3 . .

Po =5 (Vaplap + Vapiap) (21
3 . .

Qp = 2 (Vapiap + Vapiqp) ~ (22)
3 . .

P. = E(chlqc + Vdcldc) (23)
3 . .

Q.= E (chldc + Vdclqc) (24)

PT = PP + PC (25)

Qr =Qp + Q¢ (26)

The electromagnetic torque Tem for BDFIG is

calculated as follows:
3 . .
Tem = 2 (PP (d’dplqp - d’qpldp) +
PCme(idciqr - iqcidr)) (27)

6. Wind turbine model:
The wind turbine converts the wind's kinetic

energy Pw to mechanical energy Pm. The power
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coefficient of the turbine Cp represents the
relationship between them. Wind power Pw is
written as:
Pying = 0.5pAV? (28)
The wind turbine's power output is
calculated as follows:
Pmech = PuinaCy(B, ) (29)
where p, A, V, and A are the air density
(kg/m3), the area swept by the rotor
blades (m?), the wind speed and the tip
speed ratio (TSR) defined as:
A=R,wn/V (30)

where Ry is radius of the turbine blade
(m).

Cp = ¢; (1 /A — c3B — cy)e /D

+cgdi (31D
The physical parameters of wind
Turbine C;=0.5, C,=116, Cs3=0.4,
C4=5, Cs=21, C6=0.0068, maximum
Cp=0.5 and optimal tip speed ratio =8.

11 0.035
A A+0088 38+1

(32)
7. Simulation results:

In this paper, in the beginning, a simulation is
designed for three types of wind generator
systems, the values of each generator are 2
MW and a test is implemented by connecting
two wind generators of the same type and the
of wind 4MW with a

conventional generator is 17 MW, which

contribution

depends on changes in power generated by
generators. The wind speed is varied randomly
between 11 m/s to 14 m/s, and the electrical
load is considered constant during 450
seconds. Suddenly the load is increased by
2%. The variation in frequency when changing
wind speeds and when there is a change in load
has been demonstrated for each generator
type. The simulation parameters are illustrated
in Appendices A, B and C. Figure 2 shows the
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frequency of the single-area power system
with conventional synchronous generators.
Figure 3 illustrates the dynamic responses
when connecting SCIG or DFIG or BDFIG. It
is clear that performance of the BDFIG is
better compared both DFIG and SCIG, and
performance of the DFIG is better compared
both SCIG as the frequency vibrations are less
for the presence of continuous changes in wind
speeds.

Table 1. The frequency variation under
disturbances.

Time Frequency Variation (mHZ)
®) [ ~Without | BDFIG | DFIG | SCIG
WTS
0 0 0.00 0.00 0.000
10 0 -21.2 -150 -1690
20 0 -46.0 -229 -240
50 0 0.90 5.00 -33.6
101 0 1.60 4.40 259.3
201 0 2.70 4.80 29.30
301 0 3.00 11.5 29.50
401 0 3.80 12.8 28.90
450 0 0.50 1.20 2.400
455 -32 -29.0 -31.0 -0.32
501 0.6 2.90 11.5 26.30
601 0 3.00 13.3 27.80
700 0 0.00 0.00 0.000
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Fig.2: Frequency response of the single-area
power system without WTS.
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Fig.3: Frequency response of the single-area
power system connected with WTS for
comparison.

7. Conclusion and future research:

This research has studied different types of
generators used in wind turbines at fixed speeds
SCIG and variable speeds DFIG and BDFIG
with a view to increasing the penetration of
wind generators to power grids. It is necessary
to investigate the effect of wind speed changes
on power system and determine the behavior of
each of them based on the response of change
of frequency. It is concluded that BDFIG is
better than the other two types, either type
DFIG is better than SCIG and the latter is not
suitable for supporting the power system. The
simulation results showed that BDFIG is
suitable for wind farms because it does not
contain brushes, so it does not require more
maintenance compared to the conventional
DFIG. The future goal of this research is to
reduce frequency oscillations by designing
advanced power converter based on energy
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storage to provide inertia to the grid under the
variation of wind speeds and load.
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