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Abstract

This paper present the comparative analysis of an integration of a doubly fed
induction generator and permanent magnet synchronous generator models fed
to power grid. The large number of wind generators are going to be connected
with the existing network in the near future. Therefore, it is necessary to
analyse various models of wind energy conversion systems (WECS) for the
purpose of studying the impacts upon grid. Both models are connected to AC
grid through an efficient power electronic interface. Transient simulations are
carried out under the condition of sudden short circuit disturbance and effect
of increased generator inertia constant, friction factor and base speed is
analysed. The power quality is also analysed in terms of total harmonic
distortion for both models and steps are taken to improve the power quality by
reducing total harmonic distortion.

Keywords: Permanent Magnet Synchronous Generator, Doubly Fed Induction
generator, Power Electronic Interface, Power Quality, Total Harmonic
Distortion.

Nomenclature

THD Total Harmonic Distortion

DFIG Doubly Fed Induction Generator

WECS Wind Energy Conversion System

EPEI Efficient Power Electronic Interface
PMSG Permanent Magnet Synchronous Generator
RSC Rotor Side Converter

GSC Grid Side Converter
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OB Rotational speed of turbine
Pw Power from the wind

P Air density

R Blade radius

Vo Wind speed

Co Power coefficient

A Tip speed ratio

B Blade pitch angle

J Moment of inertia

Pa Accelerate mechanical power
u Voltage

R Resistance

i Current

® Stator electrical frequency
S Rotor slip

L Stator leakage inductance
L, Rotor leakage inductance
M Mutual inductance

Lq,Ld q and d axis inductances

Introduction

The development and utilisation of wind energy to satisfy the electrical demand has
received considerable attention in recent years, owing to the concerns regarding the
energy resources and enhanced public awareness of the potential impact of the
conventional energy systems on the environment. Improvements in wind generation
technologies will continue to encourage the use of wind energy in both the stand-
alone and grid-connected systems [10], [9] & [7]. Owing to the random nature of the
wind, the wind generators behave quite differently from the conventional generators.
Therefore, it is important for the power system planners and engineers to carefully
consider the reliability issues associated with the wind energy sources. A wind energy
conversion system (WECS) converts the natural energy available at the system
location into electrical energy. Directly interfacing the WECS to the utility gives rise
to problems of wvoltage fluctuations, flickering and generation of sub-
harmonics/harmonics [8],[2] &[5] associated with the pulsating torque, characteristic
of the vertical axis wind turbine (prime mover) driving the induction generator.
Hence, to overcome these difficulties generally, an asynchronous link is used to
interconnect the WECS to the utility. The asynchronous link used in this paper
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consists of rotor side converter (RSC), DC to DC intermediate circuit and grid side
converter (GSC) as shown in Figure 1.

In terms of the generators for wind-power application, there are different concepts
in use today. The major distinction among them is made between fixed speed and
variable speed wind turbine generators. In the early stage of wind power development,
fixed-speed wind turbines and induction generators were often used in wind farms.
But the limitations of such generators, e.g., low efficiency and poor power quality,
adversely influence their applications. With large-scale exploration and integration of
wind sources, variable speed wind turbine generators, such as doubly fed induction
generators (DFIG s) [6] & [1] and permanent magnetic synchronous generators
(PMSGS) [3] & [4] are emerging as the preferred technology. In contrast to their
fixed-speed counterparts, the variable speed generators allow operating wind turbines
at the optimum tip-speed ratio and, hence at the optimum power efficient for a wide
wind speed range.

In this paper, two different wind turbine generator systems (WTGS) models
connected to AC grid through efficient power electronic interface capable of reducing
total harmonic distortion (THD) noticeably during disturbances are proposed. The
WECS model has a pitch-angled controlled, wind turbine, a generator model, a power
system model with harmonic filters and power electronic interface having controlled
converters. Simulations have been conducted with Matlab/ Simulink software to
validate the model and the control schemes.

The generator speed is regulated to 1.09 p.u., reactive power to O p.u. and pitch
angle to O degree. The two WTGS models are compared for increased generator
inertia constant, increased generator friction factor and increased generator base
speed. Further, power quality is analysed in terms of reducing THD using harmonic
filters. Different types of symmetrical and asymmetrical faults are analysed under
different wind generator power conditions with and without consider different
harmonic filters at various bus locations of a power system.

Modeling of Wind Energy Conversion System with DFIG

Model 1

Half of the world*s leading wind turbine manufacturers use the DFIG systems. Figure
1 shows a schematic of the WECS having WTGS Model 1 (DFIG) and efficient
power electronic interface that will be discussed in this paper.
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Figure 1: Model 1: Wind Energy Conversion System with DFIG and Controlled
Efficient Power Electronic Interface.

The mechanical power available from a wind turbine

P, =0.5pITRV’C (4, B) (1)

C, =%x(ﬂ,—0.022xﬂ2 —5.6)xe 1 (2)

PR ©)
Wg

where Py, is the extracted power from the wind, p is the air density, R is the blade
radius and V,, is the wind speed. C,, is called the ‘power coefficient’ and is given as a
nonlinear function of the parameters tip speed ratio A and blade pitch angle . The
calculation of the performance coefficient requires the use of blade element theory. wg
is the rotational speed of turbine. Usually C,, is approximated as [14]-[15],

C,=al+ B+ 92 (4)

where a, f and y are constructive parameters for a given turbine. The torque
developed by the windmill is

T, =0.5u(% ) v2ur? (5)

The equation of rotor motion is

do, _ 2P, ©)
dt  Jo,

where J is the moment of inertia due to the rotating mass and Pa is the rotor
accelerate mechanical power. The angular velocity of the rotor is considered in the
region 0.70 < o, <1.3o for the case study presented in this paper.

The DFIG equations can be written as [16],
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AAy

it =Uy — Ry + colqs ()
% = Uy, — Ry~ (8)
% =Uu, — Ry, + SO, ©)
djtq — U, — Ry, — S0, (10)

The stator electric values are indicated by the subscript s and the rotor electric
values are indicated by the subscript r. u is a voltage, R is a resistance, i is a current, A
is a flux linkage. o is the stator electrical frequency and s is the rotor slip. The flux
linkages are given by

Age = Ly, + Miy, (11)
Ags = Ll + Miy, (12)
A = Liig + Miy, (13)
Age = Ly + Mg (14)

Ls, Ly and M are respectively the stator and the rotor leakage inductance and the
mutual inductance between the stator and the rotor.

Modeling of Wind Energy Conversion System with PMSG Model 2
The WECS considered here consists of WTGS having a PMSG driven by a wind
turbine and efficient power electronic interface as shown in Figure 2. The modelling
of wind turbine is same as that of Model 1. The dynamic model of PMSG is derived
from the two-phase synchronous reference frame in which the g-axis is 90° ahead of
the d-axis with respect to the direction of rotation. Figure 2 shows model 2 having
PMSG and efficient power electronic interface.
The electrical model of PMSG in the synchronous reference frame is given as:

di, v, Ri, L, .
da L, L, ! L, PWlq (19)
Go Yo R, Lo gy, - 200 (19)
a L, L, L, L,
T, =15p|Ai, + Ly, (17)
where all quantities in the rotor reference frame are referred to the stator.
Le, Le - gand d axis inductances
R - resistance of the stator windings
lo, s - gandd axis currents
Vg, Va - ¢ and d axis voltages
or - angular velocity of the rotor
A - flux amplitude induced by the permanent

magnets in the stator phases
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p - number of pole pairs
Te - electromagnetic torque.
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Fig. 2. Model 2: Wind Energy Conversion System with PMSG and Controlled
Efficient Power Electronic Interface

The Lqand Lq inductances represent the relation between the phase inductance and

the rotor position due to the saliency of the rotor. The inductance measured between
phase a and b (phase c is left open) Lavis given by:

Ly = Ly + L + (L, - L, )005(296 +%] (18)
Where erepresents the electrical angle. Mechanical system for the model is:

dw 1

r==(T.-Fw -T 19

i Ubela B B (19)
de
—w 20
el (20)
where
J Combined inertia of rotor and load.
F Combined viscous friction of rotor and load.

Rotor angular position.

Tm - SHAFT mechanical torque.

Table 1 shows the design parameters of DFIG and PMSG. Figure 3 shows

voltage and VAR regulation of rotor side converter. The control system of converter 1
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is illustrated in the Figure 4 and pitch control system is presented in the Figure 5. All
the control systems shown in Figure 3 to 5 are used for both models.

Table 1: Generator parameters of Model 1and Model 2.

Model 1
Pnom (VA) 106 x 10°
Rs (p.u) 0.0071
Ls (p.u) 0.1710
Rr (p.u) 0.0050
Lr (p.u) 0.1560
Lm (p.u) 2.9000

Model 2
Pnom(VA) 2 x 10°
Xd (p.u) 1.3050
Xd” (p.u) 0.2520
Xq (p.u) 0.4740
Xq” (p.u) 0.2430
Td” (p.u) 0.0681
Tq” (p.u) 0.0513
Rr (p.u) 0.0060

PI - -t Poer
P
Power Power rll Tracking sI
Losses Measureme Charactenstic
‘i‘v‘_.T I. Los W I W
I

Figure 3: Voltage and VAR regulator of Rotor Side Converter.
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Figure 4: Voltage and Current regulator of Converter 1.
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Power System Model
The WECS having EPEI is connected to a 33 kV distribution system exports power to
a 220 kV grid as shown in Figure 6. A-B fault at t=0.104 s for a duration of 3 ms is
simulated at B3. The wind speed is maintained constant at 10 m/s. The control system
is used to maintain the speed at 1.09 pu and to regulate reactive power produced by
the wind turbine at 0 MVAR.

Harmonic filters are included in power system model at bus B1 with a circuit
breaker with transition time between 0.0667 and 0.1667 secs, breaker resistance of
1x10%Q), snubber resistance of 1x10°Q and snubber capacitance of infinite value.

Three Phase Harmonic Filters
Due to the significant amount of capacitance in a typical wind power plant, there is a
high potential for resonance problems to occur [8], [9], [17]. That can result in
unacceptable levels of harmonic current distortion at the substation capacitor banks,
high voltage distortion at the MV bus of the plant main substation, and unacceptable
harmonic current injected from the plant at the PCC. In order to reduce distortion,
several banks of filters of different types are usually connected in parallel.
The filter set, used in paper, is made of the following four components:
(i) One capacitor bank of 100 kVAR.
(ii) Three filters.
1. One C-type high-pass filter tuned to the 3rd harmonic (100 kVAR).
2. One double-tuned filter 11th harmonic (100 kVAR).
3. One high-pass filter tuned to the 24th harmonic (100 kVAR).

Figure 7: Three Phase Harmonic Filter set connected at various Busbar Location.

Results and Discussion
In this section the results obtained through simulations for the grid connection of the
WECS using models 1 and 2 with efficient power electronic interface are presented.

Effect of increased generator inertia constant

As shown in Figure 8, with increase of inertia constant, generator speed regulation
improves for model 1. The generator speed is required to be almost constant during
fault. Hence, it is best regulated at 75% increase of inertia constant as increase in
generator speed is less at 75%, while it is best regulated at no increase of inertia
constant in case of model 2, as shown in Figure 9.
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Figure 9: Effect of increased inertia constant on generator speed Model 2.

It is clear from Figure 10 that increases in inertia constant affects regulation of
reactive power for model 1 during three phase fault. The maximum value of deviation

from regulated value (0 p.u.) is 0.004, 0.

0041, 0.0019 and 0.0042 for no increase,

25% increase, 50% increase and 75% increase respectively. Thus reactive power is
best regulated at 50% increase of inertia constant for model 1. In case of model 2, the
regulation of Q is best for 75% increase, as shown in Figure 11. The effect of
increased inertia constant on reactive power is too less in case of model 1.
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Figure 10: Effect of increased inertia constant on reactive power Model 1.
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Figure 11: Effect of increased inertia constant on reactive power Model 2.

Effect of increased generator friction constant

It is seen that with increase of friction factor, regulation of generator speed becomes
slightly better for model 1. As clear from Figure 12, the speed is best regulated at 75%
increase of friction factor in case model 1. The speed regulation is best for no increase
in model 2 as it is nearest to 1.09 p.u (as shown in Figure 13).
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Figure 13: Effect of increased friction factor on generator speed Model 2.
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Figure 15: Effect of increased friction factor on reactive power Model 2.

Effect of increased generator base speed

In model 1, the maximum deviation from regulated speed 1.09 p.u. is same for 50%
increase and 75% increase, i.e., 0.0007, but for 50% increase the deviation is on
positive side or generator speed increases and for 75% increase the deviation is on
negative side or generator speed decreases as shown in Figure 16. Speed is best
regulated for no increase of generator base speed in case model 2 as clear from Figure
17. It is shown in Figure 18 that Q is best regulated at 25% increase of base speed in
case model 1. In case of model 2, Q is worst regulated for no increase while the
curves are overlapping for 25%, 50% and 75% increase of generator base speed as in
Figure 19. It is repeatedly seen that the effect of increased inertia constant on reactive
power is too less in case of model 1.



243

3\
— o)
— o
(<} o
= b= =
1 S °
(7] ™ [«B]
> I N A P R o w @
[7p] Eood % O4E 8 L B % T ; L = o
1 ] I il ] 1 1 1
m Foaoon N b A _|_ = o ! 1 - Cru
I a6 s to s BRY SR = 5
o \ ' — B et i ks U T o (- R
| | | (R 1l | | [
QL A T U T B - =] : :__ AR m 8 =
b divmle sl Rdued salbabbl o8 @ I iyl o |BEEEE = D
o= v ; il 5
o 1 1 1 [ ] [ 1 = M« e e e e I B B ek b m
O R AT = oM [2ase S
> | | | | | | | | =t | | :_ | I [
3 o = coedeecbolg et | £ opo i@ & | ,
— 1 ool 1 1 [ : i _Z.._ ; = 2 @@ !
2 FRE | A . )_ o I X R D 2888 _
L %88 m-L--:L--_T-_---u 2 TlL_--|-_r-|Mm-|-|_-|-|T---m L ggg¢g _ :
859 g [l | = = HE o o w2
=R - I RV N -4 BT -
= sgge A . S i ; _W | | - 3 FARE e " T | |
W R 1 Y _., 1" Mm % TR T S T T T A T T 7 mm _ vl _ﬁ M..\._u L,. o
© A U A L Iy S| s
Y= | I RN TR L I ! ! ! ! ! =2 O ! [ G S
(@] | | | AR = — _ ! _ ! ! = m T T | 1 | 1 |
c Y 1 0 !l b = o i : i | 1 i o] el Bl A B el o | R
[ T R T R A b~ i i i : S ) I ! r--T =
o © | l | l 1 I
— [ T T R T T U B o I I I I © o
= [ A A N L [} e e Bt dt et <5} ! ! ! ! ! [
(4] £ = I | I | | I
— |I._.II_|II_III_|I|_I|._.|I/_|L Ep < I I I I | G e
> Loy _L_. . <5} i I i _/ ! Foob ol T||_|||+|||m
I T T T O o ; | | N BE= w [ I [ (.1 I [
c [.L.uu_.uu_uuLuu._uL.uu_wu_ ]2 o I I I I I = N I I I | I |
= CCTTTTTTTUTUTRTRTIE © I I I I | I3} [ I [ i I [ =
c gy o s g Wy A I I I I ) e [~
(3] [ Y S T A | © ! ! ! ! ! N = [ I , I I |
Vi D posmamies omn e T Tems sims e s mN s S (&) | | | | | |
| | | | | | | ( ™ =
o R S I S 1 S ! ! ! ! ! = | I | 1 1 |
o A VA = N T B = L 1y
(%) ! = [Pt s R A R
2 B B e e e e AT R R S A
£ s3g-3EzEEE o O W e e = P
m - m b 2 2 3 m L w pasdg J0jEIBUAE = T P [ M L 2
< WEELISTCIETEY b L ('nd o
>
- — .- . 1
= ©
© — [«B}
= -
4] [<B) >
o — (@)]
= > 2
(@)] L
o —
O L

time
Figure 18: Effect of increased Generator base speed on reactive power Model 1.
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Figure 19: Effect of increased Generator base speed on reactive power Model 2.

Power quality analysis using harmonic filters
The effect of adding harmonic filters is analyzed using models 1 and 2 with three

phase fault. The simulation results are shown briefly in Tables 2 and 3 for model 1.

Table 2 represents the effect of adding capacitor filter, then third harmonic filter,
then 11/13™ harmonic filter and lastly 24th harmonic filter at various locations (B1,
B2, B3 and B4) in power system model. Table 3 presents the effect of adding
harmonic filter set at different location of power system and effect of changing filter
conFigure urations and then again running simulations.

Here,

‘0 - Represents decrease in THD

(in range 0.025-0.05);

‘00’- represents significant decrease in THD

(in range 0.05-0.075).

‘000’-represents more significant decrease in THD.
(more than 0.1).

‘X’ -represents increase in THD.

(less than 0.1).

XX Represents significant increase in THD.
(more than 0.1).
‘s’ - Represents approximately same.

Steps 2 to 4 are performed to decrease THD at various bus locations and increase
power quality.

Sep 2: Remove capacitor filter from B4 bus and run simulation. (S2).

Sep 3: Remove capacitor filter from bus B3 and run simulation. (S3).

Sep 4: Remove 24th harmonic filter from bus B4 and run simulation. (S4).
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Table 2: THD measurements at va
harmonic filters, model 1.

rious locations of power system by adding different

THD Measurements

1st ‘ 3st ‘ 1lst ‘ 2 4st 1st ‘ 3st ‘ 1lst 2 4st
Location: bus B1, Adding H.F. Location: bus B2, Adding H.F.

0 0 0 0 0 0 X [ X
Location: bus B2, Adding H.F. Location: bus B4, Adding H.F.

0 0 0 0 0 0 | x [ X

Table 3: THD measurements by
set, model 1.

changing con Figure uration of harmonic filter

THD Measurements

El| BZ E3 E4 El | B2 B3 B4
Steps

Buz=El, add HF Bus B2, add HF
=1 o xx | OO0 O o M coo | O
52 o xx [ 000 o o XX ooo | O
=3 o -+ 3 Kl lu] o o HH coo | O
sS4 o xx | OO0 o o 5 ooo | O

Bus E3, add HF Bus B4 _add HF
=1 o o ooo o o = = s
= o o ooo o o = bes o
=3 o o OO0 O o s s o
sS4 o o ooo o o = = o

Table 4: THD measurements at various locations of power system by adding different

harmonic filters, Model 2.

THD Measurements
1st Srd 11"h 24&1 1st 3rd 11Lh 24&1
Location: bus B1. Location: bus B2,
Adding H.F. Adding H.F.
0 0 0 X 0 0 X X
Location: bus B3, Location: bus B4,
Adding H.F. Adding H.F.
0 s 00 X 0 0 0 X
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Table 5: THD measurements by changing conFigure uration of harmonic filter set,
model 2.

THD Mleasurements

Bl B2 | B3 B4| Bl| B2 | B3 B4

Steps

Bus Bl,add HF Bus B2, add HF

51 0 xx | 000 s o] xx (000 O

52 o xx [ 000 s 0 = | 00O O

53 o xx [ 000 o 0 x| 00O O

Bus B3, add HF Bus B4, add HF

51 0 0 Qoo O o) s % %

53 o o Qoo o o s X o

Tables 4 and 5 present the simulation results briefly for model 2. Table 4
represents the effect of adding harmonic filters and Table 5 represents the effect of
adding harmonic filter set at various bus locations of power system. Also, steps 2 and
3 are performed to reduce THD and hence enhance power quality.

Sep 2: Active power from 0 to 100x10°; reactive power Q from 50x10° to 150

x10°. (S2).

Sep 3: Active power from 100x10°to 150x10°; reactive power Q from 150x10°to

200x10°. (S3).

In step S3, the decrease in THD at B4 due to adding harmonic filter set at B4 is
more significant than increase in THD at B4 due to adding harmonic filter set at B3.

Conclusion

In this paper, grid connected WECS having two different WTGS models are
compared during severe network disturbance. Power quality is also analysed and steps
are taken to enhance it by reducing THD. A detailed model of the variable speed wind
turbine with different generators connected to AC grid having harmonic filters
through efficient power electronic interface is presented. At the same time, the paper
addresses control schemes of the wind turbine in terms of pitch angle control, AC and
DC voltage regulation, VAR regulation and current regulation of converter systems.
The effect of increased generator parameters such as inertia constant, friction
constant, base speed are examined for the above mentioned two types of WECS.
Moreover, different types of symmetrical and asymmetrical faults are analysed at
different power levels, with or without harmonic filters. Considering all the
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simulation results, it can be concluded that the regarding efficient control of reactive
power to 0 p.u. WECS having model 1 is effective and regarding control of generator
speed to 1.09 p.u., WECS having model 2 is effective. The effect of changing
generator parameters is less on generator speed and reactive power in case model 2.
So, one can choose any model according to need of system. As a whole, it can be
concluded that the proposed models can enhance the power quality of system during a
transient fault and maintain the output reactive power at 0 p.u., rotor speed to 1.09
p.u., pitch angle to O degree and also reduces THD at various locations in power

system.
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