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1. Introduction

Recently, wind power generation has attracted special interest, and many wind power stations are in
service throughout the world. In wind power stations, induction machines are often used as
generators, but the development of new permanent magnet generators, the improvement of the AC-
DC-AC conversion and its advantages for output power quality make other solutions possible. A
recent solution is to use a permanent magnet generator with variable speed and a conversion stage,
which is the case studied in this technical paper.

The aim of this tutorial is to familiarize users with PSCAD software through a complete example.
PSCAD contains powerful tools for the wind turbine simulation.

Part B describes the step-by-step building of the entire energy generation cycle for one wind turbine.
All components are dimensioned and connected to each other. Intermediate simulations validate the
model.

In Part C, different power turbine regulation types are simulated and analyzed, and fault situations
on the grid are studied. Finally, an entire wind farm is modelled.
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2. PSCAD components

In PSCAD, the complete wind generator cycle is composed of :

The wind source component:
Wind Source

Mean
ES
: Gust i Vw
Ramp

e The mechanical turbine, represented by a component called “wind turbine”.

Wind Turbine
W MOD 2 Type ™

’\/P

=

Beta
e The regulation governor of the turbine’s output power. This regulation can be passive (passive
pitch control) or dynamic (dynamic pitch control). The difference is whether or not the blades
turn around their longitudinal axis. Both kinds of regulation can be simulated by a component

called “Wind turbine governor”.
Beta\

Wm | Wind Turbine
Governor
MOD 2 Type

e The other components are standard ones: synchronous machine, transformer, rectifier, inverter,
Control System, Modelling Functions (CSMF),....
All these componentswill be detailed in Part B.

WIND TURBINE APPLICATIONS PAGE 5



PART A: INTRODUCTION PSCAD®4.02
PSCAD components

PAGE 6 WIND TURBINE APPLICATIONS



PSCAD® 4.2 PART A: INTRODUCTION
Modelled structure

3. Modelled structure

Part B contains:

e A theoretical study of wind turbine generation

e The dimensioning of each PSCAD component with intermediate simulations in order to compare
results with the theory and to validate the model.

This paper makes the choice to define a wind turbine connected to a permanent Magnet
Synchronous Generator with 100 pole pairs. The connection to the grid is then performed through
a full AC/DC/AC converter and a step up transformer. The main advantage of this strategy is to
allow to remove the gear box in the wind turbine.

Of course different technologies can be fully simulated in PSCAD:
o Induction generatore direct connection
0 Doubly Fed Induction Generator
Some examples of the implementation of this models in PSCAD can be asked to CEDRAT or your
local PSCAD distributor.
In this document, the overall sequence can be summarized by the following diagram:

Wind turbine

Synchronous Die-filter Harmonic

apnerator lilter
Gear Diode Thyristor Networls
rectifier inverter transformer

R

T \
3
T
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4. Simulations performed

In part C, the global sequence is achieved through the connection of all components presented in
part B and the simulation results are analyzed:

e The power produced with a constant mean wind speed (13 m/s)

e The power produced with variable wind speed and passive pitch control

e The power produced with variable speed and dynamic pitch control

e The differences between the two types of pitch control

e The wind turbine’s impact on a distribution network in case of faults on the network

e The wind farm model and the impact of a wind farm connection on a transmission network
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5.  From the wind to the Synchronous Generator

In the first sections ( 5.1 to 5.5) , the following components will be described and dimensioned:
e Wind Source component

e Wind Turbine component

e Wind Governor

e Synchronous Generator

Then, a first simulation will be done to check the dimensioning.

First create a new PSCAD project : Turbine _generator.psc

In the project Settings, enable the unit conversion system (availablein PSCAD 4.2) to havethe
possibility to use different unitsthan PSCAD default units:

¥ PSCAD Professional - [Turbine_Generators

Ed Fie Edt View Buld Window Help
DEE8 o ga(@alm (06 @ & |wE &8
[T - e |

“x

A master [Master Library)

Project Settings - Turbine_Generator X
i e e Ed

General | Runtime | Simulstion Dynamics | Mapping | Forran | Link |

i~ Signal Storag

Signals must be stored to be viewed with tooltips, however they
require additonal processing and memory.

IV Gtore feed forvard signals for viewing:

~—Signal Flo

Controls signals alwaps flow from a source connection to a sink
connection. This flow can be attached to wires

™ Compute and display flow pathways on contiol wires.

- Bui

Buges represent a special electical node in the netwark. These
aptions allow for specific handing at campile time

I Treat multiple buses with matching names as the same bus.

= Unit 5

Units specified in parameter fields can be scanned and compared
with target units to produce a canversion fackar.

%Enah\e unit conversion and apply to parameter values,

T g
B Pr... |4 Ru... |—-TLL. | & Files | ’{gi Circui

% A master Master Liorary' |

i A Turbine_Generator " I

oK I Annuler Help |
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5.1 The Wind Source

Wind Source
M
ES| VGust N |ww
Ramp
1 /O Definition Description
ES Input An external value created by the user can be added to the value
External value internally generated.
Vw Output Wind speed in m/s.
Wind Speed (m/s)

Table 1: INPUT / OUTPUT for wind source component

This component can be found in the folder “Master Library/Machines”.
The Wind Source component simulates every wind condition:

mean wind speed

periodic gust with a sinus form

ramp

noise

damper for all the preceding conditions

For wind turbine, the three following wind characteristics are important:

The mean wind speed:

The rated characteristics of the turbine and the generator are determined according to the mean
wind speed. Economic studies are also based on this speed. In general, the mean wind speed is
approximately 13 m/s.

The cut-in speed:

At speeds higher than the cut-in speed, mechanical brakes are released in order to let the turbine
turn. In general, the cut-in speed is equal to 4 m/s.

The cut-out speed:

At speeds higher than the cut-out speed, the turbine rotation is stopped in order not to damage
the blades of the turbine. In general, the cut-out speed is approximately 25 m/s.

For dynamic simulations, the wind speed is simulated throughout a day; thus, the wind speed must
vary from the cut-in speed to the cut-out speed in order to study the wind turbine’s reaction for all
wind conditions. In this study, a startup below the cut-in speed and a stop above the cut-out speed
are not considered; the wind speed is limited to between 4m/s and 25m/s.

First, wewill consider a constant wind at 13m/s. Copy a wind sour ce component in your
project and parameterizeit as shown in Figure 1:

[wind_source] Wind Source 5[
b ain da ]

External wind speed input Mo -

Mean Wind 5peed at Reference Hei|1 3 [mis]

Gust wind companent Im
Fiamp wind component m
Noize wind component Mo j
Damp Wwind fluctuations ? Mo -

[ramping time constant IU_D25 [5]

QK I Cancel | Help |

Figure 1. Wind source characteristics
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5.2 The wind turbine component
Wind Turbine
W MOD 2 Type m
N R r
Bela/’\
/0 Definition Description
\% Input M echanical rotation speed of the turbine (rad/s).
Beta Input Angle of the blades (deg)
Vw Input Wind Speed in m/s.
Tm Output Torque of the turbine (p.u.)
P Output Power of the turbine (p.u.)

Table 2: INPUT / OUTPUT for wind turbine component

This component can be found in the folder “Master Library/Machines”.

5.2.1  Theoretical study

The kinetic energy of the air through the rotor blades is:
Ec='%m Ws’
The theoretical power we can obtain from a wind turbine is:
Pth=1"%p S Ws’
with p = air density (1.22 kg/m’)
S = rotor surface (m?)
Ws = Wind speed (m/s)

In practice, the power is smaller because the wind speed behind the hub is not 0.
This efficiency is characterized by the Betz coefficient (given by Bernouilli’s equations),
also called the Power Coefficient Cp:
Cp= Prea/Pth
Cp = ¥2(1-a%) (1+a)
a = Wind speed behind the rotor / wind speed in front of the rotor

Qo =1/2* (1-a*a) * (1+a)

0.60--_®

0.50

0.40

Cp

0.30

0.20

Preal/Pth

0.10 1

0.00
a 0.00

010 020 030 040 050 060 070 080 090 100

Figure 2 : Theoretical Cp(a)
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5.2.2 Cp curve with PSCAD standard model

In this study, a standard rotor with 3 blades is used.
With a 3 or 2-blades wind turbine, the power coefficient will be smaller than its theoretical value.
In the standard model of wind turine available in the PSCAD Master Library, the Power Coefficient
is defined with the following formula (model of PM Anderson [1]):
Cp = 0.5(y - 0.022p2-5.6) e
v =2.237 * Wind speed / hub speed
B: incidence angle of the blade

_'_..-"——-
|

1

L

direction of hlade

IOV eI Fy.

-

Figure3: gangle

Cp is maximum at § =0
The curve Cp(y) with B = 0 is shown below:

Cp by PSCAD
|
0.50 7 L

0.40 7
0.30 -

0.20 1

0.10 -

0.00

Figure 4: PSCAD Cp(y)
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5.2.3 Computation of parameters

The model’s permanent magnet generator has the following characteristics:

Number of pole pairs 100
Rated speed at 50Hz 2*n*f/100 = 3.1416 rad/s
Rated power Sn=3 MVA
Rated voltage 0.69 KV
Xd 0.4 p.u
Rated current In In = Sn/ (3*Vn) = 3000000 / (3*690) = 1450 A

Table 3: Synchronous machine characteristics
e Cp computation at rated conditions:

No gearbox=»Hub Speed=PM Synchronous Generator rated speed
The nominal power must be reached at the mean wind speed : 13 m/s.
=> v = WindSpeed*2.237/HubSpeed = 13*2.237/3.1416 = 9.25
2Cp(y=9.25p=0)=04

e Turbinerated power:

In general the turbine rating is 20% more powerful than the generator because of the friction in the
mechanical cycle:

Rated power of the generator: Sngen =3 MVA

=>» Turbine Rated Power : S,turb=1.2* 3=3.6 MVA

e Computation of therotor radius and area:

In PSCAD the power is given by the formula:
P =0.5*p*S* Ws> * Cp

with  Cp=0.4, Ws = 13 m/s, p =122 kg/m’
>S=6716 m?
SR =462m
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5.2.4 Define the Wind turbine parameters

Copy a wind turbine component in your case and defineits parameter asfollowing:

[wind_turbine] Wind Turbine x|
IOperating Data j

Generator Rated MyA W
Machine rated angular mech. speed IW
Rotor Radius IW
Rotor Area IW
Air density IW
Gear box efficiency W
Gear Ratiio - Machinefurkine I 1

Enuation for povwer coefficient Im

Ok I Cancel | Help. .. |

Figure 5: Wind turbine characteristics

PAGE 18
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5.3  Wind turbine governor component

Beta

wm | Wind Turbine

Governor
.| MOD 2 Type
Pg”
/0O Definition Description
Wm Input M echanical rotation speed of the turbine (rad/s).
Pg Input Output power of the turbine (p.u.)
Beta Output Angle of the blades (deg)

Table 4: INPUT / OUTPUT for Wind governor

This component can be found in the library “Master Library/Machines”.

5.3.1  Theoretical study
Cp = 0.5(y - 0.022B%-5.6) €17

The regulation of 3 enables the regulation of Cp and thus enables to control the output power of the
turbine depending on wind conditions. Two regulation strategies exists and are described below:

e Passive pitch control:

The B angle is determined by the wind turbine builder to produce maximum energy for a predefined
average speed. Below the mean wind speed, there is no angle control: Cp is not maximum. Above
the mean wind speed, the blade profile creates turbulence in order to keep the rotation of the blades
from increasing.

e Dynamic pitch control:

In this configuration, the blades can turn around their longitudinal axis. A power reference for the
regulation system is given, and at each second the system turns the blades in order to regulate the
output power as shown on the following curve:

PA

I iy

\hl

Figure 6: P(V) characteristic
e Zonel: Vwind < Vcut-in =» P = 0 (the turbine does not turn)
e Zonell: P<Prated = P=f(V)with =0
e Zonelll: P =Prated with  # 0, P is kept at Prated through the dynamic pitch control
e ZonelV: Vwind > Vcut-out = P =0 (The turbine is stopped with mechanical brakes)
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PSCAD®4.0

5.3.2

Define the Wind governor parameters

Copy awind governor component in your case and defineits parameter asfollowing::
[

|_governor] Turbine Gowernor x|

Wariahle pitch contral

Type of Generatar

Rated ang. frequency ofthe machinel 31416 [radrs]

Turhine Rated Power

Machine Rated Power

o]

Cancel | Help |

IEnabIed =
ISynchrnnnus b

| 36 [
| 3.0 [MvA]

[wind

Governor Type

Gear Ratio: machinefturbine
Power Demand -Pref Wi}

Reference speed -Wref

Cancel | Help |

=]

overnor] Wind Turbine Governor x|

MOD2 &« ©

TR e——
R
31416 [radfs] <

PSCAD can simulate a 2 or 3

+—blades wind turbine.

MOD?2 defines a 3 blades wind
turbine.

[ There is no gear box.

I~ The regulation must provide the

rated power at the rated speed.

[wind_governor] Wind Turbine Goy x|

Proportional gain - Kp
Inteqral gain - Ki
Integrator upper limit

Integrator lawer limit

e
EE

Ok I Cancel Help
[wind_gowernor] Wind Turbine Governor 5'

Gain - Ks 0 [deg/pu]

I 0 [degipy] 4——

| 0.0001 [radfs]

Gain hultiplier - Gm

nin.Speed diff. at gain crossover

0K I Cancel | Help

[wind_governor] Wind Turbine Governor

Initial Pitch Angle

Blade Actuator Integral Gain - K4

|0.1 [5]
IDisabIed 'l
|1D

Actuator Rate Limit
Blade actuator rate limit
Pitch angle limits

Pitch angle lower limit

Pitch angle Upper limit

QK I Cancel Help

IU[“] ¢

The wind turbine governor
allows also to regulate the wind
speed. As we use the power
regulation, these parameters must
besetto 0

The start is done with
—rhaximum power

(Beta=0).

The blades can rotate from
0deg to 25 deg

Figure 7: Governor characteristics
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5.4  The synchronous generator

The synchronous generator is described with the following component:
~ [
Ef If

Syncl /A

e B
—Tm c
w Tm
A
/0 Definition Description
Ef Input The exciter voltage (p.u.)
Tm Input, output The mechanical torque (p.u.)
If Output The exciter current (p.u.)
Te Output The electrical torque (p.u.)
w Output The speed of the generator (p.u.)
A,B,C Output The voltage (KV)

Table 5: INPUT / OUTPUT Synchronous generator
The synchronous generator component can be found in the folder “Master Library/Machines”.
e Computation of parameters:

In this study we use a permanent magnet generator, so the excitation is constant and equal to 1 p.u.:

Number of pole pairs 100
Rated speed at 50Hz 2**f/100 = 3.1416 rad/s
Rated power Sn=3 MVA
Rated voltage 0.69 KV
Xd 0.4p.u
Rated current In In = Sn / (3*Vn) = 3000000 / (3*690) = 1450 A

Table 6: Synchronous machine characteristics

<  Note:

1. p.u values: In PSCAD all the internal values are defined in p.u. Therefore, a new rated
value will modify all the internal parameters, the user does not need to calculate all the
new values.

2. Synchronous machine starting in PSCAD: PSCAD enables starting the simulation with the
generator as a source or with the rotor speed constant. In this study, the startup is done
with the mean wind speed and with the initial machine speed.

3. Modeling of a permanent magnet generator: To model a PM synchronous generator with a
classical synchronous model we have chosen:

e A constant excitation voltage: 1 p.u.

e Alarge unsaturated transient time Tdo’, which increasesthe field leakage: 10 s

e A very small unsaturated subtransient time Tdo”, which simulates the effect of a large
damper resistance: 0.0001s

e Aninitial Field current equal to its permanent value
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Copy a synchronous generator component in your case and defineits parameter asfollowing:

[s¥nc_machine] S¥ynchronous Maching

Machine name
Ma. of G-axis Damper Windings

Drata Entry Format:

Multimass interface: [Enables Speed Cirl]

Armature Resistance as:
D-gixis Ssturation
Type of settings for initial condition

IMachine scaling factar?

Graphics Dizplay

[sync_machine] Synchronous Ma

I FM GEMERATOR

Cne -

Mo -

ISingIe lire: wienow vl
[s¥nc_machine] Synchronous Machine

Supply terminal conditions to exciter

Smoothing Time Constant
Qutput exciter initialization data?
Qutput governar initialization data?

Qutput speed

X|

Source(0] -= Machine[1] transition

Lack-rotar[0]=-=rMarmal mode[1] transition

Initializing real power
EnahleiDisable Inertia control
Inertia scaling factor

Damper friction factor

Factor far damping speed
Enable/Disable P control of Locked
Field Woltage multiplier

DisablelEnable Ef multiplication

Rated RMS Line-to-Meutral Yoltage

[ema
oo |

Rated RMS Line Current
Base Angulat Freguency

Inettia Constant

INone vl
ID.02 [sec]

Mo v
Mo v
p.u. -

Help |

hechanical Friction and Windsge I 002 [pul

Figure 8: Synchronous machine characteristics

Meutral Series Resistance
Meutral Series Reactance
Iron Loss Resgistance

Mumber of coherent machines

PAGE 22
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Armnature Resiztance [Ra]
Armature Time Congtant [T a]

Puatier Reactance [<p]

[: Unzaturated Beactance [<d]

[ Unzaturated Tranzsient Reactance [=d]
[ Unzat. Transient Time [ Open | [Tdo']
[: Unzat, Sub-Trahs. Reactance [<d"]
[ Unzat. Sub-Trans. Time [ Open ] [Tdo"]
[: Real Tranzfer Admit [Armat-Field)
[ Imag Tranzfer Admit [Armat-Field)
3: Unzaturated Reactance [+q]

[: Unzaturated Trangient Reactance [=g]
[: Unzat, Trangient Time [ Open | [Tgo]
[: Unzat. Sub-Trans. Reactance [<q']

: Unzat. Sube-Tranz, Time [ Open ] [Tqo"]

Air Gap Factor

Cancel |

[s¥nc_machine] S¥nchronous Machine |

Terminal Woltage Magnitude at Time = 0-

Terminal Yoltage Phase st Time = 0-

The permanent

simulation

[s¥nc_machine] Synchronous Machine

magnets
create the following starting
conditions because the field
is constant all the time and
thus before the start of the

| 1.0[pu]
I 0.0 [rac]

Termminal Real Power at Time = 0- ; Out +
Teminal Reactive Power at Time = 0- ; Out +
Iritial Rotor Angle ref: Stator

D-axiz Armature Current; [n +

O-auiz Armature Current; [n +

Initial Field Current

Initial Machine Speed

Mame: Real Power; Cut + (pu)

Mame: Reactive Power,  Out + (pu)

Mame: Meutral “oltage (kv

Mame: Meutral Current to Ground (ka)

Mame: Load Angle; Gen. + (Fad)

Mame: Rotor Mechanical Angle (rad)
Mame: Internal Phase & Angle wrt. sindwt) Crad)

Mame; Steady Electrical Torgue (pu)

RealReactive power pu output is based on base MY A of

% zinile machine

= total number of machines

Ggene

T_elec_c

o
o
—
—
—
—
—
o

Figure 9: Synchronous machine characteristics

[ s¥ync_machine] s¥nchronous Machine

Fom
oA
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5.5  Turbine generator connection: Simulation at rated load

Now connect all the components as below:

T_ele
:

Fgent Te !

5 0.227 [chm]

Qgert

Wind Source Jor
Mean — i . Wind Turbine
MO0 2 Type
-] '

Mechanical Speed
e

21416 1000 -
Fole pairs #

Beta|

rm Wind Turbine
GOovernor
- MO0 2 Type

Figure 10: Turbine-generator connection

& Note: Computation of therated load

Wind speed = rated value = 13 m/s

B isforcedtoOin order to have the maximum power and The wind turbine delivers 3.6 MW:
P = 3*V*I*cosp = 3*VZ*R/ 72 = 3*V*R/ (2 + Xd?)
with Xd = 0.4 pu = 0.4* Vn/In = 0.4 * 690/1450 = 0.19 12

The rated load of the generator is: R = 0.257 £.

Simulation parameters & analysis :

e Duration: 40s

e Time step: 100 us

e Plot step: 1000us

e Startup method: Standard

e Scale Factors ( to display T and P with real values and non pu values)

Variable Name Scale Factor
Pgene 3
Qgene 3

Pturb 3
Wmech 1
Tturb 955000
T elec_gen 955000

Table 7: Scale Factors for measured quantities
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The evolution of curves follows the fundamental mechanical law:

e Turbine Torque — Electromagnetic Torque = J*dw/dt + f*w

=>» during the starting, the Turbine torque is > To the Electromagnetic Torque: Speed increases.
e Turbine power is managed by the Cp value, which is a wind speed and a hub speed function.
In this example the wind speed is constant (13 m/s), thus, Cp is only a hub speed function.

As the speed increases, the power coefficient Cp = 0.5(y - 0.022B7-5.6) ¢ *'”" decreases.
=>»Turbine power decreases

¢ Final steady state : Turbine Torque — Electromagnetic Torque = f*w

Tturb =1 173 000 Nm

TelecGene =1 156 000 Nm

=2>f*w=1173000-1 156 000 =17 000 Nm

w = 3.06 rad/s

and f=0.02 pu=0.02 * 955000 = 19100 Nm

=>f*w =19100 * 3.06 / 3.14 = 18 600 Nm =17000 Nm

e The turbine power corresponds to the rated power (3.6 MW)
e The generator power starts from 0 to the turbine rated power
e The speed is approximately the rated speed (3.06 rad/s)

400 = Genergtor_Reactive_Power |I Genergtor_~ActivePower |-Turhine Power

2480
300
2450
2.00
= 1.50
1.00
050
0.00
-0.50

m hiachanical Speed |
400

350 /—K

300
2480
2.00
1.50
1.00
050
0.00

= Hectromagnetic Torque = Turbine Torgue

0.4l

0. 2hi4

o0
0.0 50 10.0 15.0 200 5.0 30.0 250 400
Figure 11: Curves obtained with “ turb_gen_connection.psc”
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6. AC/DC/AC : Power and Frequency conversion

The speed of the wind source being variable, a converter stage AC-DC-AC must be implemented in
order to connect the output of the synchronous generator (variable frequency and voltage) to the
grid, where a constant frequency and a constant voltage is needed.
In the following parts, the power conversion stage will be described and parameterized.
It is composed of a :

0 A dioderectifier

o A DC buswith a storage capacitance voltage

0 A 6-pulsebridgethyristor inverter

As the model represents only a single wind turbine, the firing angle of the thyristor are not
controlled functions of the voltage level at the grid connection point but to keep the DC bus voltage
to its rated level +/- 10%. This will involve the modelling of HVDC control systems as shown in the
following parts.
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6.1 Diode Rectifier

A 3 phase diode-rectifier can be modelled in PSCAD with the following component:

Com. L |
Bus
| A
| Gt
A0
& Pulse ‘ﬁ
Bridge
1/0 Definition Description
ComBus Input The reference for the conduction start (V)
KB Input Block / deblock control signals (0,1)
A0 Input Firing angle from the reference (rad or deg)
A,B,C Input The alternating voltage
AM Output Firing angle measurement (rad or deg)
GM Output Extinction angle measurement (rad or deg)
Output The direct voltage (KV)

Table 8: INPUT / OUTPUT rectifier —inverter

The 6pulse_bridge component can be found in the folder “Master Library/HVDC& FACTS”.
Copy the generator and turbinein a subpage then connect it to therectifier :

¥ PSCAD Professional - [Generator_PowerConversiond2: Main.Wind_Turbine]

EAd Fie Edt View Buld Window Help

“D BEE LB o o &S| vﬂ\@.ov@‘ﬁ@.ﬁ‘m‘
[Ne%®®o®am 8= =

&1 [ master [Master Library) .

é—ﬂ Generatar_PoweiConversiond2 Uie 18 N -

T - —RJ-
EHE] -1 [Main] as
L[ -1: Mwind_Turbing] Fg T 3m
ke, Defint alem 20
B efinitions Og ™ zm

O [Main] wTm
3] MWind_Turbine] & o
S S e W T Tamive z:
Com. oD 2T |
Bus Wind Turbine | 12
] - w ’ = «m
G Ilecianca\SQ ] 2m
== am
o 1 un] ew B
i
i ) EITN mn_-° =
ind Turbine kg e =
Wi Tamhe 1m
W o
A0 om
PKEI 1"

& Fulze [ 1o
Bridge oz
L e
am
azm

The 6-pulse bridge can be used as a thyristor bridge or a diode bridge but with a firing angle (AO)
always set to 0.
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Rectifier parameters:

[g6p200] & Pulse Bridge §4||[06p200] 6 Pulse Bridge |
Configuration FLO
— Thyriztor Direction— — Fining Order [nput—— Riated Frequency |5|:|-|:I [Hz]
+ Up * Angle in Radians PLO Propartional Gain |1|:|.|:|
i~ Dawn = Aray of B Pulzes PLO Integral Gair |1EIEI_EI
- " B Pulzes + B Intarp. tim —PLO Reference Yaltage
— Uze Snubber Cincuit  AndleinD
ngle in Degrees " Bus Voltage
{* ez
N . {* Buz Woltage, Zero Sequence Femoved
] — Tranzfarmer Phaze Config— " Star Source Voltage
_ _ € +30Deg {~ Delta Source Yaoltage
— Graphics Display— ¥ D Deg[v-Dlead)
{3 phaze view " .30 Deg [+ or 0-D)
¥ Single line viey " B0 Deg [v-Dlag)
ok Cancel | Help | Ok Cancel | Help

[g6p200] 6 Pulse Bridge

Thyriztor OM HesistancW
Thyrigtar OFF Hesistanclw
Forward VYoltage Drop IW
Breakowver Woltage IW
binimum E stinction TimW

Snubber Capacitance IEI.EIE [uF]
Snubber Resistance I R000.0 [ohm]

ak. Cancel Help

Figure 12: Diode-Rectifier characteristics
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6.2 Overvoltage protection

The rated value of the DC voltage is:

V_DCbus = (3*Vn*V6) / © = (3*690*\6) / = = 1600 V

The output voltage of a generator is proportional to its speed. The speed of the generator not being
controlled, the DC bus must be protected from over-voltage. With a secure margin of 10%:
Maximum voltage = 1.1*1600 = 1760 V

To secure the bus, it is possible to block the rectifier in case of over-voltage. This is done with the
Single Input Level Comparator. This component can be found in the folder “Master

Library/CSMF”.
L |

Connect the Single Input Level Comiarator to the KB input and defli?the maximum voltage:

compare] Single Input Level Co

ICunfiguraﬂDn j

Threshold Input alue 176

Lo output level I 1
High autpt level I i

Irterpalation Compatibility
% Dizahled
" Enabled

Ok I Cancel | Help.... |

Figure 13: Singleinput level comparator characteristics

ind Turbine
A0 :
=]

5§ Fulse
Bridge
L :HE W_DEbus

—

Figure 14: Rectifier and overvoltage protection
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6.3 DC bus

6.3.1 Build the DC bus
1) Storage capacitance:

The energy stored in the DC bus must tolerate voltage sags of 1 second.
=>»The energy stored must be W = Pn*1s= 3MJ.

E=1%*C*V _DCbus’

V_DCbus = 1600 V

= C=2*W/V DCbus? =2*3*1e6 / 1600° = 2.3

2) Resistor:

The capacitor can be modelled as a short-circuit when it is discharged; thus we must include a
resistor in order to limit the current peak to its rated value when the capacitor is at low charge.
V_DCbus =Vres+Vcap = V res at low charge
>R =V _DCbus/In=1600/1450=1.1Q

3) Breaker:

The system is a first order one; its load time constant is Tr =3 * t (1 = RC)
2>Tr=3*RC=3*1.1*23=75s

This resistor must be shunted after 7.5s in order to limit the Joule losses.

A single_phase breaker will be used to shunt the resistor (this component can be found in the

folder “Master Library/Breakers”).

—

——

Configure the breaker as shown in the following figure:

[breaker1] single Phase Breaker il

ICanfiguration

Breaker Mame I Cap_BRK

Open possible &t any current? Ma =

Use Pre-Insertion Resistance? Mo =

Graphics Display IHigh Woltage Display vI
Current chopping limit I 0.0 [k

Ok I Cancel | Help...

Figure 15: Breaker characteristics
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In order to control the breaker, you can use the following sequencers

5 Stan S Open 5 wait Until 5 Close
= Breaker - Breaker |
Sequence Cap_BRK 7.5 (3] Cap_BRK
Figure 16: Breaker operation sequencers
You should obtain the following configuration:
Iz
'-'W — B
gom. | 1.1 pim] W_DGENE
P ARk )
G x_ i
=1 e
Iniied Turolee
T S
& Pake ‘—L
Bridge
:t': W DOl ks
k i RS =
= = = 5
W D Sej?er:m HI:rleF;ér At L i Hcreg;r -
- Cap BRK TS5 Cap BRE
I SR I S

6.3.2

To check that the system is correctly settled, prepare meters and scopes to visualize the following

values:

Figure 17: DC Bus

Model validation

RMS
Variable Name Scale Factor | Smoothing
Constant
Pgene 3 X
Qgene 3 X
Pturb 3 X
Wmech 1 X
Tturb 955000 X
T _elec_gen 955000 X
V_Dcbus 1 2
Idcl 1 2

Figure 18: Scale Factors and RMS constants for measured quantities
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Simulation parameters.
e Duration: 60s
e Time step: 100us
e Plot step: 1000us

)
= Generator_Reactive_Power [ ® Generator_ActivePower | = Turbine Power

4.0

3.0

2.0 A

1.0 4

oo

1.0 4

xn A

® echanical Speed

5.0

4.0

3.0 4

2.0

1.0 4

o.n

= Bectromagnetic Torque = Turbine Torgue

1.2M

1.0hd

0.2k

(LT

0.4kt

0.2hi+

o.n

o 0 0 30 40 A0 <]t

hiin : Graphs —
m ' OChus = |dci

1.50
1.60 4

1.40 4
1.20 4
1.00
£ 0.20 4
0.60 H
0.40 4
0.20 4
0.oo -

1] 10 0 30 40 50 G0

Figure 19: Curves obtained with “turb_gen DC_Connection.psc”
The motor torque is always higher than the resistive torque so that the speed increases.As speed
increases, Cp decreases so that the turbine power and the turbine torque decreases.
At t=7.5s, the resistance is shunted, the capacitor is charged, the over-voltage regulation limits the
bus voltage at 1760 V and Idc goes to 0 so that the delivered output power of the generator becomes
0. When Tturb — 0 = f * w; a new steady state is reached.
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6.4 6-Pulse Thyristor inverter

6.4.1 Presentation

In this study, the modeled inverter is a current inverter with thyristors (monodirectional in current,
bi-directional in voltage).
An inductor is added in order to model a current source at the input of the inverter.

e |nductor:

The energy in the DC bus must be enough to bear a voltage sag of 1 second =W =3 000 000 J.
The energy stored in a self-inductor is W = % * L *Idc?

Because Idc = Pdc/Vdv = 3*1e6/1600 = 1875 A = L =2*E / Idc* = 2*3000000 / 1875* = 1.7 H
Select an inductor and paste it your model.

e |nverter:

As for the rectifier, in order to obtain a thyristor current inverter, please select the 6 pulse bridge
component. Characterize it as shown in the following figure:

[g6p200] 6 Pulse Bridge $4|[rg6pz00] 6 Pulse Bridge x|
on =

r— Thawistor Direction— -~ Firing Order Input Rated Frequency |5g_n [Hz]
 Up & Angle in Radians PLO Propartional Gain I-m_g
& Down " Anay of B Pulzes PLO Inteqral Gain 100.0

" B Pulses + & Interp. tin

— Use Snubber Circuit C ’ PLO Reference Voltage
ngle in Degrees  BusValage
" Yes o g
= Mo ~ Transtormer Phase Corfig * BusVoltage, Zero Sequence Removed
~ 0D " Star Source Vialtage
I
L = " Delta Source Yaltage

- Graphics Display— % [ Deg [v-Dlead)

" 3 phase view " .30 Deg [v or D-D]

% Single line vies " B0 Deg [v-Dlag)

Ok I Cancel | Help | 0K I Cancel Help

[g6p200] & Pulse Bridge ﬂ

Thyristor OM HesistancW
T hyristor OFF Hesistanclw
Fonward Yoltage Drop IW
Breakowver Yaltage IW
Minimurn E stinction TimW

Snubber Capacitance ID'DE [uF]
Snubber Resistance IEDDD.D [ohrm]

ak. I Cancel | Help |

Figure 20: Thyristor Inverter characteristics
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com [ A El T iy EE om
(113 1.1 fim] W_DChis 1T H B
AN - AN
Gl ﬁEP_HRK Bl G
3
1nllecd Tarhlue
a0
T % <_1o_2 2
GPke — 5pPike
Bridge Briige
I
=
'-'— W Dbz
o |l
5 RIS .
i RIS
2 RIS = R S =
start b =10 C e
VDL .| Breaker Breaer |
Qe Cca BRK 5K Cap BRE

e Theinverter must providetwo additional functions:
e DC bus voltage collapse limitation in case of fault on the distribution system
e DC bus voltage control
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6.4.2  Voltage collapse limitation

The bus must be protected from short-circuit in case of fault on the distribution network; otherwise,
the voltage will collapse.

As for the overvoltage limitation, the secure margin is about 10%.

=>»Low voltage limitation=0.9*1600 = 1440 V
To secure the bus, we will stop the rectifier in case of low-voltage. This is done with the Single
input level comparator component, define it as shown in the following figure:

[compare] Single Input Level Comparator il
ICDnﬂguratiDn j
_The bus voltagelevel

KV.

Threshald Input Value I 144 &

Low output level I 0 4—_BCIOW 1:44’ the

_ inverteris locked.

High output level I 1 -

Fortran Comment I Step_wfer Functol _Above 1.44 the
inverter isdeblocked.

Ok I Cancel | Help

Figure 21: Single Input Level Comparator characteristics

You can connect the single input level comparator to the inverter in order to obtain the following
scheme:

Idez
A

T~ PR
_Dibus 1.7 [H]

ar

hd

G Pulse
Bridge

eS|

B

Figure 22: Inverter
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6.4.3  Voltage regulation

At that point, one single wind turbine is modelled. The weak impact of the turbine to the network
make that the voltage control will be done at the DC bus and not directly at the connection point.
One define that the fluctuation of the DC bus voltage must remain between 0.95 p.u. and 1.05p.u:

0 Vdv-5% <V_Dcbus <Vdv+5%

0 1520V <V _Dcbus <1680 V

This control will be performed with HVDC control system components available in the PSCAD
Master library (under HVDC, FACTS & Power Electronics) :

0 “Voltage Dependent current limits”

0 “Generic current controller”,

e Voltage Dependent Current Limits:

D Waoltage | O
Dependent

o) . Gurrent

- Limits
/0 Definition Description
VD Input Measured DC bus voltage (KV)

CI Input Reference Current

CO Ouput Current Order

Table 9: Voltage Dependent Current Limits component Inputs /Outputs

User defines two voltage values between which to maintain the DC voltage. These values are called
“Applying Limit” (Von) and “Removing Limit” (Voff). The user also enters a minimum value for
the current, called “Current Limit”, and then:

e if VD >"Removing Limit” : Current Order CO= Current Input CI

e if VD <“Applying Limit” : Current Order CO= Current Limit

Then, 2 option exists to provide either a hysteresis type characteristic between the Von and Voff or a
straight line sloping characteristic between the two levels.

Wi W

(P.U.) \I (pU:l
.

Wt A * Volf
o . | Vo

Iq Iq
Currant Cl Currant l
Limnit Lirnit
Hystarasis Function Straight-Line Function
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Please configure this component as shown in the following figures:

<  Note:
For the measured voltage, 1 p.u. = 1000V

[¥dcl] ¥Yoltage Dependent Current El

Canfiguration
Currert Recovery (Ramp or Lag) IRamp ,I
Fumber of “alve Groups |1_

“oltage Rating § Group I 1.0 [kY]
Hyzterizis ar Straight Line IStraigHt Line vI
Delay or Lag Function IDEIEY vI

04 I Cancel | Help... |

[wdcl] ¥oltage Dependent Current Limiks x|

Below this limit, the
—current is 0.06 p.u.

Wolts for Applying Limit I 162 [pu] &
Wolts far Removing Limit I 168 pu] €——fAbOVe this limit, the
current is 1.88 p.u.
Lag Time Constant I 0.0002 [5]
Current Limit 0.06 [p.u) | | The minimum current
I in the inverter.
Current Order Recovery Rate Imﬂ [p.utsec]

(0]54 Cancel | Help |

Figure 23: Voltage Dependent Current Limits characteristics
The Current Input is the current for the rated power:

Idc = Pdc/V_DCbus = 3000000/1600 =1880 A = 1.88 KA

WD co
v plbus  Juoltage

- Dependent
c| .| Current
1.88 Limits
e Generic Current controller:
%POLPIS DA
¢ %enerict:
urren
%‘CO Control |DGE
1/0 Definition Description
CD Input Measured DC bus current (KA)
CO Input Current order from the “Voltage Dependent Current Limits”
component
DA Output The firing angle for the thyristors of the inverter

Table 10: Generic current control Input /Output
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The model allows to produce an alpha order from a proportional-integral controller, acting from the
error between current order (CO) coming from “Voltage Dependent Current Limits” and measured
current (CD) on the DC bus.

Configure this component as shown in the following figure:

[pelpi5s] Generic Current Controlle il

I Configuration j

Current Margin 0.01 [pu] /DC current margin (CM) (+ for inverter,0 or - for rectifier)
Slope of Current Erar ID_-| [Pl A

&lpha t asimurn Linit |3.142 [ Current controller integral gain 3<GI<6 is suggested

Alpha Minimurn Limit IU-U [r] Current controller proportional gain (GP). 0.01<GP< 0.02 is

Integral Gain |5.EI [*/fg) X suggested [p.u.]
Proportional Gairn ID_D2 [pu] ‘/

Ok, I Cancel | Help |

Figure 24: Generic Current Controller characteristics
The entire system should resemble the following figure:

e k2
Com | - T - om .
[T 11 foim] _DCba 1TH B
Lan - an |
G ﬁﬁ’_ﬂm‘( el G |
3
Ul THrbdie
I e E . ]
5] Apha KB
& Pie & ke
Bridge Hridge
— -
P W DCbas w_DEEnE
[elefy
[ s |
c2
s RNS
. = co o0&, [l
o] e ez o |
carmeat
v ofEE W vage co oo, SVEIGE
- Depe: bid i
[s]] carrert
18—y Lmh
= 5 = 3
Opsb e
S = ﬂI'EF;ﬁI' =B Breakar .
Seqec: Cap BRK 15K CEp_BRK

Figure 25: complete_model.psc

=  Note:
Pay attention to the fact that the common potential of the rectifier/inverter/Capacitor is no
longer connected to the ground. If it is, this can lead to instability.
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6.5 Connection to the network

Place the following elements in your system:

= T
3

G Pulse
Bridge

R
| L
20000 [uF]

Figure 26: Connection between the distributed generator & the distribution network

e Capacitors:

Capacitors are added at the output to smooth output voltages and compensate for output reactive

power.
The simulation allows us to dimension the capacitor:
With C=2 mf per capacitor, the reactive power injected to the grid is null.

e Transformer:

In order to connect the inverter output to the grid a transformer is necessary to adapt the voltage
level.

Voltage level at the output of theinverter:

The current is Ieff-fond = Idc*V6 /n

We consider that there are no losses in the inverter:

P = 3*V*]eff-fond cosp = Vdv*Idce3*V*Ide*cose*\6 /n = Vdv*Ide=V = n* Vdv/(3* V6* cosop)
The currents in the thyristor must be ahead of the voltage, so in order to have a secure margin, we
choose ¢ = /4:

V =968V and U = 1675V
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[=fmr-3p2w] 3 Phase 2 Winding Tra B3| N[ xfrr-3p2w] 3 Phase 2 Winding Tra x|

Tranzformer M ame IT‘|— wwiinding 1 Line to Line voltage [RkS] W
3 Phase Transformer My, IW “winding £ Line to Line voltage [RkS] W
Baze operation frequency W
Winding #1 Type [+ =l
Winding #2 Type m
Delta Lags or Leadsz m
Pozitive sequence leakage reactance W
|deal Transformer M odel Yes -

Mo load losses W
Copper lozses W
T ap changer on winding Im
Graphicz Dizplay W

Dizplay Details? Ma -

)4 I Cancel | Help | (i]4 I Cancel Help

Figure 27: Grid Connection transformer characteristics

The complete model should look like the following diagram:

Tmed
Bregker
Eﬁ [
Re L op gD
W1 a2
Com I - T - om.
[ 173 1.1 fpim] W_DCEs 17 H [ 13
AN - an
[T ﬁaﬁ_ﬂﬂK 1 Gh
=
|

Wlnd Turblee

apiE g

£ P ike ‘—[ £ Pake
Arioge Aridge
; A, —
PETH VD W_DEEE

&

—
éﬁ
£
s
-
= &
—

amaopA

[ s |
2
[ s |
ol
2 RIS iR Ty R %a“'"
W_DEDN [ St A
hi1] co co et jps e
winltage Coitral [
w_OEEE mpe'?g“
o J St
{_m = Lmis

Figure 28: complete_model.psc
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7. The distribution grid

A distribution grid is a radial grid managed as an open loop. The power always flows in the same
direction.
Create a new problem: “distribution_grid.psc”.

7.1.1 Definition of the grid

The grid used in this study is shown below:

Mode 1 =
:

ey
L% 0046 [H]1.0 [ohm]

Mode 2 MNode 3

[ahm]

Qo0

"~ A

°id Eﬂ 0016 [H] 1.0 [ehm]

D)
-

17 . Qs Psor B r
[ -] 1 F g
h_ ]
. e = S
b
RMS ) ) :

Figure 29: Distribution grid
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PSCAD®4.0

e Voltage Source;

The generator is modelled with the following component, “3phase Voltage Source Modell”,
available in the folder “Master Library/Sources’.

T

0.0001

Configure the voltage source model as shown in the following figures and copy it to

distribution_grid.psc:

[source3] Three Phase Yoltage Source Mode

Source Mame

Source Impedance Type:

Source Contral:

Base MVA (3-phase)

Base Yoltage (L-L, RMS)

Base Freguency

Valtage Input Time Caonstant
Zero Seq. differs fram Fos. Seq. ?
Impedance Data Format:
External Fhase Input Unit

Graphics Display

o]

Cancel |

O
T
EST
EX
Mo -

Help |

source3] Three Phase ¥oltage Source Mode

= / for F trol

Voltage Magnitude (L-L, RMS)
Freguency

Phase

Cancel

o]

|34_5 k]
|50_n [Hz]
IU.IZI ]

x|

[source3] Three Phase Yoltage Source Mode ﬂ
Resistance (series) I 0.0001 [ohm]
Resistance {parallel) I 1.0 [mhim]

Inductance (parallel) I 0.1 [H]
Ok I Cancel | Help |

[source3] Three Phase ¥oltage Source Mode 5[

Ilntemal Cutput Wariahles

Mame for P Real Power (+0ut)
Hame for PL Reactive Power (+0ut)
Mame for PLU RMS Source Valts
kHame for Source Angle (degrees)
Mame for Phase A Current(ka)
Kame for Phase B Current(ka)
MNarne for Phase © Currentika)

Help |

o |

Cancel

Psource
QE0urce

Wsaurce|

IS

Help

Figure 30: Voltage Source characteristics
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e Transformer:

The 3 phase transformer is described by the following component :

Tranzformer Hame

2 Phaze Transformer ks

Baze operation frequency
Winding #1 Tupe
Wwinding #2 Type

Delta Lags or Leads ™

Positive sequence leakage reactance ID.DE P

[deal Transfomer Madel
Ma load lozzes

Copper loszes

Tap changer on winding
Graphicz Dizplay
Digplay Detailz?

o |

Cancel | Help |

T32

[300.07MvA]
[50.01Hz]

I Lags x I

ez bl

Mo b

[xfmr-3p2w] 3 Phase 2 Winding Transformer

Winding 1 Line to Line voltage (RMS)

Winding 2 Line to Line voltage (RMS)

o]

|34.5 [k
|12.4T [k]

Help

x|

Saturation Enabled

Saturation Placed on Winding
Air core reactance

In rush decay time constant
Knee voltage

Time to release flux clipping

mMagnetizing current

o |

Cancel |

[»fmr-3p2w] 3 Phase 2 Winding Transformer ﬂ

o -

#1 =~

Help |

Figure 31: Grid Transformer characteristics

WIND TURBINE APPLICATIONS

PAGE 45



PART B: BUILD THE MODEL PSCAD“4.0
The distribution grid

e NodellL oad:

The node 1 load is described by the component Fixed Load, which can be found in the folder
“Master Library/Passive”.:
i3

[fload] Fixed Load x|

|Parameters j

Rated Real Power per phase W
Rated Reactive Powsr(+inductive) per pha'W
Rated Load Valtage (ms L-G) W
alt Index for Pawer (dPidy) |u|—
Valt Indes: for @ (dG/dV) |n—
Freq Index far Power (dPidF) |n—
Freq Index far & (dQrdF) [om
Fundarrental Freguency W

Ok I Cancel | Help |

Figure 32: Node 1 load characteristics

e Node 2 and Node 3 L oads:

[Aoad] Fixed Load 5[

IParameters j

Rated Real Power per phase IW
Rated Reactive Power(+inductive) per phaW
Rated Load Vaoltage (rms L-G) IW
Wialt Index far Power (dPdy) Ig—
Volt Index far Q (dQdy) Iu—
Freq Indesx for Power (dPdF) Iu—
Fraq Index for G (dQidF) Iu—
Fundarnental Freguency W

0K I Cancel | Help |

Figure 33: Node 2, 3 load characteristics
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7.1.2 Load Flow Simulation

e Metering and Graphs:

e At the 3 nodes, extract the single phase RMS current to the three phase measured current.

Variable Name Scale Factor Rated Voltagefor Per | RM S Smoothing Time
Unitizing constant
Psource, Qsource 300 X X
E1,E2,E3 1 12.47 0.02
Iabcl, Ibc2, Iabe3 1 X 0.2
Table 11: Characteristics of meters for displayed values
e Simulation parameters:
e Duration: 2s
e Time step: 100uS
e Plot step: 1000us
Advanced Graph Frame -
ane Fi = P2 = p3 = Pzource .
0 0]
1 mE = E2 = £ = ipurce G
1.00
020 4
. 0.60 4
040 4
0.20
0.oo
050 it = |32 = |33 G
040 4
0.30 4 /
= 020 4
0.0 4
0.00
o J2L = 02 =03 = Osource *
0.0
0.00 0.5 0.50 0.75 1.00 125 150 175 2.00
1l Iisl
Figure 34: Load flow grid simulation
At t=2s, we have the following values:
Nodel Node2 Node3
P (MW) 7.3 1.44 0.71
Q (MVAR) 5.73 1.13 0.55
V (pu) 1 0.95 0.92
I (kA) 0.43 0.09 0.05

Table 12; Results

We can see light voltage drops due to losses in the grid: A Voltage = R*[*cos ¢ + Lw*[*sin@
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PART C: SIMULATE
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8. Constant Wind Study

8.1 Structure the complete model

We will now add the distribution grid to the wind generator.

First, create the sub-page for the grid. Follow the steps described in part B. This subpage will have
one electrical connection to the main page located at the Node 2 of the grid. This node will be a
dimension 3 electrical node. Then, you will obtain :

] rid

Figure 35: “ Grid” sub-page interface

Then, paste into this sub-page all the elements contained in “ distribution_grid.psc”. Do not forget
to add the external electrical node at the node 2 of the distribution grid.

Mode 1

.
s AT i)
0.016 [H] 1.0 [ohm)

[ahrm]

Mode 3

MNade 2
1 G(%d
s AT *

0zd oad 0016 [H] 1.0 [ohm]
[ I

ooot

-*&%
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You will obtain the complete model:

.
o i =3 T S
o 1.0 johml v o LA T
A |
L on |

[
21

ok

ez

Vird Fubrm T % Colibuon Cid
T r’&.
8 Pubm ﬁ =
. r
| _4— ¥ _ho W Do —}-"_
=
acd
i Pe ]
o
e s e i
e [ o) S [EEE
b wel R
* umi *  Omn * v Ui -
BT I v ERTT I S
N A+

Figure 36: Complete model
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8.2 Constant wind study

The first study is done with a constant wind speed.
Then add meters and channels in order to visualize the following values: Alpha, Idc, Idc2, Pgrid,
Qgrid, V_DCbus.

e Simulation parameters:

e Duration: 40 s

e Time step: 100us

e Plot step: 1000ps

e Startup Method: Standard
The results are the following :

9= L 1] (-3 Ll L=y} Ll (=3
140 1
1.40
1204
100 4
= 020
0a0 H
0.40 +
00+
om -
oo =0 100 150 a0 20 ano 30 00
i 3
= Gk -

W Trel= bod_Finng Angie
314

= 1=
1m
LER
om -
oo s0 100 150 mo =0 T
i 3
" : o -
= = o g
175
120
125
1m
= 075
LE R
02 -
o
-0z -
oo s0 100 150 mo 250 =o T o

i 3

Figure 37: constant_wind_study results

e Analysis:

The generator voltage increases according to the speed.

When Vdv reaches 1440 V, the DC bus regulation is activated and the alpha drive maintains the
voltage between 1520V and 1680 V. Once Vdv reaches 1520V, the inverter is unlocked, and Idc2
flows from the DC-bus to the grid.The alpha angle varies according to the measured voltage.

We measure 1.6MW for the output active power and no reactive power owing to the capacitors
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9. Fault Analysis

The connection of a distributed generator to a radial distribution system leads to situations not
normally supported by the network in case of faults.

The distribution network is a radial network and the protections are based on the current
measurement. The distribution system is the same as before.

The faults are simulated with the two following components which can be found in the folder
“Master Library/Faults:

Timed
<—— Fault
A->G Logic

This simulation consists of connecting the distributed generator at one node and the fault component
at another node. Then, the current and the active power are measured in order to determine the
protection level necessary and compared to the values measured without the wind turbine generator.
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9.1 Default at Node 3

9.1.1 Without DG

First perform a simulation with the distribution grid alone.
Add the 3phase fault defined below and connect it at node 3 of the network:

Mode 3
—
oy
20 3
T ¥ Timed
’ oad Fault
A= Logic

T L

Figure 38: 3Phase fault on the grid
Configure the fault as shown below:

[tpft] Three Phase Fault E3||[tpit] Three Phase Fault x|

Iz Phase A in Fault? Yes = Mame for Fault Curment, & (k) [Ifault

|z Phaze B in Fault? Mo - Mame for Faulk Current, B [ka)] I
|z Phase C in Fault? o - Mame for Fault Cumrent, C (ki) I

[z this Fault to Meutral? Yes -

ok | Cancel | Help | ok | [E— Help

Figure 39: Three phase Fault component characteristics

e Configuration for the Time fault logic component:
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[tfaultn] Timed Fault Logic x|
I Caonfiguration j
Time to Apply Fault |1 5 [sec]
Duraticn af Fault ||:|_5 [sec]
] 4 Cancel Help
Figure 40: Time fault logic configuration
e Simulation parameters:
e Duration: 20 s
e Time step: 50 pus
e Plot step: 1000 pus
9.1.2  With DG connected at node 1
From the constant wind case, add a fault on the Node 3 of the grid.
Set the Wind generator connection to the node 1 of the grid
Mode 1
I
—
Grid
— —
| o i s Vi A,
E L@ 0.016 [H] 1.0 [ohrn)
|| = =
Mode 3
Mode 2
ey
A i i
0016 MH]  1.0[ohmm] L@ 3 E—

oad
\E i oad Fault
I A5 Logic

b
S pedtteCledtte)

Figure 41: Timed Fault logic characteristics

RS

Modify the connection between the grid and the distributed generator; in this simulation, the
external node will be Node 1.
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e Curves& Analysis

Analog Graph —
= 31 _without DG = |31

1.20

1.10 4
1.00
0.80 -
080 4
0.70 4
060 -
050 4
0.40 4
0.30
0.0 -

® 1300 1360 1400 1450 1500 1550 1500 1650 17.00

oy P ] o

1 | r

Analog Graph =
. m Fault_R=S_withoutDc = Faut_RWMS

-

0.60 -
0.50 4
0.40
= 0.30
0.20

010

0.00
>< 00 25 50 75 100 125 150 175 200

| | »

Default node3 Peak Valueswithout DG Peak Valueswith DG nodel

11 (KA) 1.02 0.94

Ifault (KA) 0.68 0.68

Table 13: Results from fault_analysislb.psc

The peak values at Node 1 is lower with DG than without DG.

Thus:

1) The detection level must be below the smallest value (but above the normal consumption value).
2) The current at normal condition without DG must not reach the detection level, or the grid
manager must know when the DG is on-line or off-line to modify the protection level.
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9.2 Default at Node 2

9.2.1 Without DG

We will now insert a the same type of fault ( phase A to ground) at node 2:

MHode 2
i
X 0.0
b Timed 07d
Fault
A= Logic J_

Then, run the same simulation as before.

9.2.2 With DG connected at node 3

Perform the same simulations with the grid connected at node 3 :

Eaaml

= —
e1 ] Jaz e ettt =
0.016 [H]1.0 [ahm]
T T
I : ’
Mode 3
MNode 2

il
Ll

G-Iid
—
At Wi %‘

- 0016 [H] 1.0 [ohm]
" Timed oad ]
Fault oad
P Logic j

Figure 42: Grid connection at node 3
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PSCAD®4.0

Curves & Analyss:

Analog Graph ﬂ
0 0gg ™53 (withoutDG) = |53 |
0.0a0
0,070
0060
_ 0,050 [)\'\ Jj\,, {v\‘
0040 JMJ \_\VJ LY
0,030
0,020
oo -
x 13.0 14.0 150 16.0 17.0 18.0 19.0
R | B
Figure 43:Current in phase A at node3
Analog Graph -
S op L3 (WihouDG) (= p3 Lo
1.50 -
w4 64285714206
40 P3 [withoutD G: 0.7061201 77416 ‘ l |
050 _Y P23 07253631 33436 7 U f\nf " u A h
= 000 ], o
-0.:50 J L‘
100
150
x 0.0 25 5.0 75 10.0 125 15.0 175 200
| 3
Figure 44: Active Power at node 3
Untitled_1 : Graphs =
| p ™ Fault RS k
1.40 -
1.20 -
1.00
0.30 -
=
0,60 -
0,40 1
0.20
0.00
0.0 25 5.0 7.5 10,0 12.5 15.0 17.5 20.0
il [e]
Figure 45:Fault current
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Default node2 — DG node3 Peak Values without DG Peak Valueswith DG node3

13 (KA) 0.02 -0.08

Tfault (KA) 1.43 1.43

Table 14: Smulation results from fault_analysis 2b.psc

During a fault, the current at I3 flows in the other direction with DG (the active power is negative).
If there is a power protection at this point, this protection will see a negative active power and thus,
it will never act! The distributed generator fault current will never be stopped.

The peak value at 13 is greater with DG. This could cause a serious problem if the new and larger 13
exceeds the circuit breaker maximum interrupting rating. In this case the circuit breaker must be
changed.

9.3 Conclusion

The connection of a wind turbine cannot be done directly. The distribution grid is a radial grid and
the connection of a distributed generator can modify many uses and controls. Therefore, a complete
study must be done because the implementation of a distributed generator will change the
protections and circuit breakers needed.
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10. Variable wind study

In this study, two regulations are analysed:
e Dynamic pitch control
e Passive pitch control

10.1 Dynamic pitch control
In this case, B is regulated with the wind turbine governor.

In this configuration, the simulation scheme would be:

Wind Source Wind Turbine
Mean v V vw| MOD2Type .

AT~ |

1=
B

Beta’

Beta

wm| Wind Turbine
Governor
MOD 2 Type

Py’

Figure 46: PSCAD model in dynamic pitch control configuration

In this case, the hard-limiter models the cut-in and cut-off values for the wind speed.
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[hardlimit] Hard Limiter ﬂ

I Configuration j

Upper lirnit |25
Lawwer lirnit |4
Fortran Comment IHard_Limil

Ok I Cancel Help

Figure 47: Hard limiter in Dynamic pitch control configuration

We will generate the following wind waveform thanks to the CSMF components:
ird_Twuhire : Craphe

g
250
=5
oo -
175 -
15.0 -
= 125
100 -
754
504

Z5 -

| Al W
| " m

-] n P =
l.leclaltalsq:;}/"- -'"D
: . ul m Bet

o
_TIME 4 LG imn -0 Bet
Polk palrs #
W] Ui Turblee
Golerior
N Moo 2 Type
"Pg

Figure 48: Wind sourcein variable wind speed study
At the beginning, the wind speed is constant at 13m/s to reach the steady state. After t=29s, the
wind speed becomes variable thanks to the “Single input level comparator” component with the
following parameters :
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[compare] Single Input Level Col il
IConfigurati-:n j

Threshald Input value
Lowy output level

Higih output lesvel

Interpolation Compatibility
{+ Disabled
(" Enabled

CTME > —H—

o]

Figure 49: Sngleinput level comparator settings

Cancel | Help... |

Add two breaker operations with sequencers in order to limit the peak current when the wind will
reach 13m/s for the second time:

5 5 g 8 e 5 g S 5 g S 5 g
Start Brepaigr Wrait Until Elreoaiir Wrait Until Elrepaigr wiait Until Elregf:ir |
Sequence Cap_BRE 7.5 [ Cap_BREK 100 [g] Cap_BRK 120 [g] Cap_BRE
Figure 50: Add two breaker operations to limit current peak at 2nd capacitance charging
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Main Simulation parameters.
e Duration: 250 s
e Time step: 100 pus
e Plot Step : 10 000us

Curvesand Analysis:

=

|
=
o 4
irs -
130 -
- 1za]
LLE
re
a0
am =0

1] ILN|
Vird_fubrms . Ciaplho -

g

|
120
oo
an
- an
in
20
oo
(] am =0

Ll | IL1|
Amn ¥Vird_Fubre . Giapho
ap S FGm G111 |= rustwm_porem I

am o - = et =z |

Figure 51: dyn_pitch.psc results

The beta regulation is aimed at limiting the turbine power at the rated values. We can see that when
the turbine power becomes higher than 3.6MW, beta increases, Cp decreases and the output power
decreases. The DC bus regulation is still activated when Vdv reaches 1440 V and then, power is
delivered to the grid and Alpha varies according to the measured voltage.

When the wind decreases, beta decreases in order to increase the input mechanical power, but when
the wind decreases too much, Vdv becomes lower than 1440V and the inverter is locked. At the end
of the simulation, the turbine power turns negative; this means that the wind turbine is driven by the
inertia of the synchronous generator .
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10.2 Passive pitch control simulation

In passive pitch control mode, blades are specifically conceived to catch the maximum power until a
fixed limit. Above this limit, there are turbulences on the blades and the wind speed is seen as if it
was constant for the turbine. Here, the chosen optimal wind speed is 13 m/s. Thus, in this
simulation, Beta is set to 0 in order to get the maximum power under 13m/s, above the nominal
speed (13 m/s), turbulence is simulated by stopping the wind speed from increasing. This is modeled
with a “hard limiter” component defined as shown below:

[hardlimit] Hard Limiter

ICunﬂguratinn

5]

x|

Uppe lirmit 13
Laower limit |4
Fartran Comrment IHard_Limit

o]

Cancel |

Help |

Figure 52: Hard limiter characteristics

The scheme of the wind turbine subpages looks like the following figure:
Dggﬁ'@_—l

I
B ¥
£
Mechanical Speed T

Mind Turbine
MAal 2 Type

@:}F

= N o
314.16 - €._100.0 :ID

Fole pairs #

-

Beta|

[hardlimit] Hard Limiter

il nfm

ICaniguraﬁan

Ugper limit
Liowwer limit

Fartran Commernt

g

Wind Turbine
Gowernar
WOk 2 Type

Ix]

I Hard_Limit

‘Wind_Turbine : Graphs ;I
Ok I Cancel | Help... | | "
Fd -
d |
P cirenit | IE Grakic | ParamAtars Il =erietk |5 Frirtran B Mata |_
Figure 53: Wind source in passive pitch control
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e Simulation parameters:
e Duration: 250 s
e Time step: 100 ps
e Plot Step : 10 000us

e Curvesand Analysis:

ird_Tubm . Cixplo

[P ==
120
g
oo
a0
- an
rn
Ao
a0
in
o ] m (L] fr.1 1] =
4| In]
i Y{rd_F b . Giapho =
- - - ]
gag o FTI g |= ruatrm_Porem |
3.m
250
2m
150 »
-
m
= "
om
050
o ] m (L] fr.1 1] =
4| In]
Kimn . Ciaphs
|

= O = el |= ez

Figure 54: passive pitch.psc results
The wind is modelled with a sinusoidal function between the limits of 4m/s and 13m/s. Compared

with the previous simulation, we can observe that the beta regulation does not act, thus, the turbine
power coefficient is only a wind speed and a hub speed function.
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10.3 Comparison of passive and dynamic pitch control

You can see a comparison of power produced by the same wind turbine generator in passive pitch
control mode and dynamic pitch control mode. You can directly perform such comparison in
“Livewire”:

#raog Cragh -
]
= PCrid (Passie Plich) = Pocyid (0 1= pl
am
z.0
zm
1.0 A
= 1.0
0.0
om
o -
* o Ll im 150 am 20
" [[k]
#ralog Craph -
= B Tixhire _Poser (Pas=lue Plidy |ITl.rhIr: Power (D
70
50
ELE
e
= a0
z0 4
10+
oo
-0~
* o Ei] im 150 am 20
Ll 3
#raog Cragh
=0
=25
0 -
17 5 o
150 o
= 125
100
75
B
25 -
* o i im 150 am 20
| [

Figure 55: Comparison between pitch control modes

On these curves, it is easy to see that the pitch regulation tries to maintain the turbine power at its
rated value ( 3.6MW) whereas, without dynamic pitch control, the turbine power is not optimized
for an entire range of wind speed. Therefore, the energy received in the grid is much larger in
dynamic pitch control mode. A wind turbine with dynamic pitch control is more expensive than a
passive pitch control, but each time the wind speed is above its rated value, you can get more
energy.

These simulations would be a reliable basis for the technical-economic study concerning the choice
of the pitch control mode.
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11. Wind farm

Previously, we simulated a single 3MVA wind turbine. Now we will connect an entire wind farm
composed of 100 wind turbines representing a power of 300 MV A, which equals the rated power of
the main source of the distribution grid.

With connection to the grid power, the output power can no longer be neglected. Therefore, two
conditions must be respected at the connection point in order not to cause the grid to become
unstable:

e the voltage must be 1 p.u. The voltage regulation must be directly inserted at the
connection point.

e the frequency of the inverter must be locked on the grid frequency. In general, a
Phase Lock Loop (PLL) is used.
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11.1 From asingle wind turbine to a wind farm

Please open the file complete_model.psc and save it as windfarm.psc.

11.1.1 Change the structure of the model

1. Delete the 6 pulse bridge thyristor inverter and the capacitors. Then add the two external
electrical nodes Vdv+ and Vdv- to obtain the following:

Timed
Breaker
Chargei Capa Oplég%b“fo
Idc
p— N ®
11 w Vav_plus
Com. v Sl v
Bus | am GhargeCapa §W
oM | °
S
Wind_Turbine ©
ke |
KB
6 Pulse ol Vv
Bridge
¢ e |
Idc @

Vdv_minus
%%IIIIEIIAﬂ -

Figure 56: windfarm.psc after 1% step
2. Then, paste the subsystem shown above into one subpage.

3. Return to the main page and design a 6pulse GTO inverter as following (you can copy/paste the
structure in the example statcom_6pls_pwm_sld.psc furnished with PSCAD) :

The following inverter is a voltage inverter, whereas previously we used a thyristor current inverter.

The output voltage is now :
Utondetr = VAv*V6/m = 1520%V6/m = 1185 V ~ 1200 V

NAS
7N B
ViaS
NBS ~
N
VpbS
CcS
\,/%r]-_?:s
Ay 6 o
i, S, RE
g2 g6 g4

Figure 57: 6 pulse bridge GTO inverter
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4. Connect the different elements, the voltage meters and add the capacitor for the reactive power
compensation at the secondary side of the transformer. Finally, you should obtain the following

schematics:
/N
V_DGhus
NAS
A
Windfarm V—E“S
NpS
/N
V_!"LbS
NCS T
S
Vges
e 6 hey
92 g6 g4

For Vpu RMS measurement:

Figure 58: Global view of windfarm.psc

e Voltage per unit: 12.47kV
e RMS smoothing Time constant: 2s
11.1.2

3 Phase
RMS
—#-

I VBu

Grid

_G _G
1+sT Qurid Pgrid 1 +sT

G

Modifications in the synchronous generator

With PSCAD, it is very easy to change a single machine into a “multiple machine” equivalent to
several identical machines connected in parallel.
It requires only a few changes in the generator’s parameterization:

ﬂ [s¥nc_machine] Synchronous Machine

In the “configuration” window: Choose: “Machine scaling factor : Yes”
In the “basic data”, choose “Number of coherent machines: 100”

M achine name W Rated RMS Line-to-Meutral Voltage
Mo, of Q-axiz Diamper Windingz One - Rated RS Line Current

[iata Entry Farrnat: lm B ase Angular Frequency
Multimass interface:[Enables Speed Ctr] Im Inertia Constant

&mature Resistance as: lm Mechanical Friction and Windage
[-awis Saturation Im Meutral Series Resistatce

Tuvpe of settings for intial condition m Meutral Senes Reactance

Machine scaling factor? Yes = Iron Loss Resistance

Graphics Display W Murnber of coherent machines

Cancel |

OK I Cancel |

Help |

T
T
B3 e

Help |

Figure 59: Synchronous generator characteristics
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11.1.3 Modifications in the transformer

There are also a few change in the transformer connected to the inverter:
e The apparent power becomes 300MVA
e Asexplained above, the Primary side rated voltage becomes 0.6 kV

x x|
Transfarmer Mame I Wwinding 1 Line to Line voltage (RMS]  [0E[kv]
3 Phase Trarsformer My, [zoomver winding 2 Line to Line voltage [RS] W
B aze operation frequency IW
YWinding #1 Type ﬁ
winding #2 Tupe ﬁ
Delta Lags or Leads Y m
Positive sequence leakage reactance W
Ideal Transformer Madel Mo -

Mo load lozzes W
Copper lozzes W
Tap changer on winding lm
Graphics Digplay W
Dizplay Details? Ma -
oK I Cancel | Help | 1] I Cancel Help

Figure 60: Transformer characteristics

11.1.4 Modifications in the grid

The grid is always the same, but in order to test the voltage regulation, we will force the voltage

level to 0.95 p.u. = 0.95%34.5 = 32 KV.
Change the value of the voltage source from 32.5kV to 32 kV as follows:

[source3] Three Phase Yoltage So ﬂ

alues for Fized Control

Yaltage Magnitude [L-L, RMS] |32 [kw]
Frequency ISD.EI [Hz]
Phaze ID.D 'l

] 4 I Cancel | Help |

Figure 61: Grid voltage source characteristics

<  Note:
You do not have to change the rated values of the voltage source, only the actual values.
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11.2 PWM Regulation drives

You can begin with the PWM drive shown in the example statcom_6pls pwm_sld.psc and
copy/paste the components to adapt them to our model.

11.2.1 Principles

The voltage will be regulated through a PWM drive in order for the voltage at the connection point
to equal 1 p.u. ( 1pu = 34.5kV). To see the effect of this regulation, the voltage magnitude of the
main voltage source of the grid is set to 0.95 p.u. = 32kV, as shown previously.

The following parts will detail the regulation device.

The drive of our device can be divided into 3 parts:

e Generation of the triangular waveform

e Generation of the reference

e Generation of the firing pulses of the 6 GTO of the inverter

11.2.2 Generation of the triangular waveform

1) Generation of the triangular
weaveform 1
2
4 @ - 3 - =
G‘—Ua .L ) / &\ I:I :I
Yha . . /‘wf"
ve PLL hE 4 Madulo !
VED PLL 7L [FLL33| 360 / Trgon
- W
VR /h‘w“’
—.1
33.0 2
—.3
Tr%tlff

Figure 62: Triangular waveform regulation

WIND TURBINE APPLICATIONS PAGE 75



PART C: SIMULATE PSCAD®4.0
Wind farm

This part of the drive system is composed of:
e A Phase Locked Loop ( PLL), available in the master library folder “CSMF” and
parameterized as shown below:

x
Froportional gain IED—
Integral gain ]

Base Volts IW
Baze Frequency IW
Murnber of outputs =1 =

Angle input/output mode IDegleeS vI
Offzet angle to PLL [rad/deg as per F'mlg_n
PLL Shadows e for ts TREL ID'DE

Qk I Cancel | Help |

Figure 63: PLL characteristics
e 2 non linear transfer characteristic components available in the master library folder
“CSMF” and parameterized as shown below:
¢ Generation of the TrgOn signal:

[nl_tfun] Non-Linear Transfer Chara ﬂ [nl_tfun] Mon-Linear Transfer Chara il
. - Transfer Cl

Mumber of coordinates |4_ k1 ID.EI w1

%
THTTT

%10 |5.c| yin 50
ok | Cancel | Help | ok | Cancel | Help |

Figure 64: 1% Non linear transfer function characteristics
e Generation of the TrgOff signal:
S ]

Murmber of coordinates |4_ wl IDD— e IDD—
w2 IF e I-ID—
] W v Iw—
wd W ud IDD—
w3 Joo [t oo
#E [io [tz o
®F Jz0 i o
wd [zo w3 o
%3 [+ 3 [fo—
x10 [50 w10 o

0k, I Cancel Help | Ok, I Cancel | Help |

Figure 65: 2™ Non linear transfer function characteristics

PAGE 76 WIND TURBINE APPLICATIONS



PSCAD® 4.0 PART C: SIMULATE
Wind farm

e A modulo block : This “modulo” function is not directly available in the master library. Copy it
from statcom_6pls pwm_sld.psc into the definitions of your project (in the project manager use
the functions : Copy/Paste definition). Once it is done and appears in the project manager, right
click on the definition and then create the instance and copy it to your project. This component

will now belong to your project:
[+ FNSSIE [FESIEr LIDTary)

Li) [l U LA i
| .
é-ﬂ windfarm =B windtarm
_@ [Main] '@ [Ma_'”_]. 1) Generation of the triangul:
ﬁ L, Definitians =3 Definiions UENETE
PhaseShit Properties. .. 1ot [PhaseShﬁter]
—1ot [ . azeshifte 1ot [Sindmray] y
— 1ot [Sindray] Paste Definition & [modulaMR] o—-—as ]
—1zf [modulabR] - Impart Definition(s). . —[B) Dwind_Turbing]  Froperties. .
. . _ [3 [windfarm] Edit Definition. ..
—[o [wind_Turbir Copy to Clipboard Grd
- indf — 1 ”.] Delete Definition
[B] [wfindiarm] [Main]
B [Grid] Sort by Mame é%‘ ‘Z'” Copy Definition  Chrl-+C
L [+ ecords
[dy [Main] 5% by D tpiin =- g3 windtarm_espldrivel m
Eﬂ-@ Records |—@ [Main] Expart As. ..

Figure 66: Modulo block imﬁoftation

Configure the MODULO as follows:

x|

I Configuration j

tModulo Factor 360

Ok I Cancel Help

Figure 67: Modulo characteristics

The output of the PLL is a signal varying between 0 and 360° synchronized on the 3phase voltages
(Vna,Vnb,Vnc) at the frequency of the system. This signal is multiplied by 33 and the modulo
function gives the same signal at a carrier frequency equal to 33 times the fundamental frequency.

Each period of the carrier frequency is transformed in a triangular period with amplitude from —1 to
1 with the transfer function. The signal is separated into two complementary arrays of 6 triangular

signals: TrgOn (which will generate the on firing pulses) and TrgOff (which will generate the Off
firing pulses).
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Advanced Graph Frame
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Figure 68: PLL output

Advanced Graph Frame
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Figure 69: Generated triangular waveform
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11.2.3 Generation of the reference

2) Generation of the reference
Qorid N ]} N [ ]
o N/D N/D 003 D"
D D
(_300.0
Vpu

O

<, 01

t

Viou_filter

Tcnst

Pgain

-

Shit AngleOrder

(_TIvE H#’b i NS
Sin
Aray
o Va;
Vha
PLL Shift
o Vo; Six thetaY 2 in(in-sh) 1
Vhb 6 6 6 \
Pulse sh 2
Vh@%vc ‘ 3
C N
4
6 Sin
Shit g Nray

1 uou

Figure 70: Reference signal generation
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This part of the drive system is composed of:

e Three filters called «second order transfer functions» available in the master library/CSMF
and parameterized as shown below.
o The first filter comes from the inputs Qgrid and Vpu:

[cmiplx] Second Order Transfer Funck ﬂ

I Configuration j
Gain |-| I
D amping Fiatio ID_?

Charactenstic Freguency

I?E.D [Hz]

Pass High Frequencies Mo -
Pazs Mid Frequencies Mo -
FPazz Low Frequencies ez -

Help |

]

Figure 71: 1% filter characteristics

[cmiplx] Second Order Transfer Funck ﬂ

I Canfiguration LI

Gain |-|_|:|
D amping Fatio ID_-| E
|1EIEI.EI [Hz]

Cancel |

e Second filter:

Charactenistic Frequency

Pazz High Frequencies Yes -
Fazz Mid Frequencies Mo -
Fasz Low Frequencies Ve -

[ o< |

Figure 72: 2" filter characteristics

[cmplx] Second Order Transfer Funck ﬂ

Cancel | Help |

e Third Filter:

I Configuration

EET! |1 1
Damping F atio ID_-H;

Characteristic Frequency

Pass High Frequencies Yes -

Faszz Mid Freguencies Mo -

Fasz Low Frequencies Yes -
0k I Cancel | Help |

[<]

[50.0Hz]

Figure 73: 3" filter characteristics
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e Anup-ramp transfer function available in the Master library/CSM F:

[upramp] Up Ramp Transfer Functio il

I Configuration j

Start af Ramp IW
Saturating |nput W
Saturated Output W
Fortran Commett Im

0k I Cancel | Help

Figure 74: Up-ramp transfer function characteristics

e Alead_lagfunction available in the Master library/CSM F:

[leadlag] Lead-Lag x|

Gain I‘l 0
Lead Time Constant II],I:II:I? [sec]
Lag Time Constant ID_DDD‘I [sec]

Ok, I Cancel | Help

Figure 75: Lead-lag function characteristics

e A PI controller available in the Master library/CSM F:

[pi_ctlr] PI Controller P

I Configuration j

Proportional Gain IF'gain—
Integral Time Constant W
P awirriuarn Lirmit I'IEIEI—
Minimum Limit [to0
Imitial Olutput II:ID—
Fortran Comment IW

k. I Cancel | Help |

Figure 76: Pl controller characteristics
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Fl parameters |

The gain and the Time constant of the Pi controller and the level of the voltage reference will be
controlled with the sliders shown above.

A Phase-L ocked L oop six pulse available in the Master library/CSMF:

[tvekta] Phase-Locked Loop x|

Fropartional gain |5|:|—
Irtegral gain 500

Baze Volz IW
Baze Freguency IW
Mumber of outputs Im
Angle inputdoutput mode Im
Offzet angle to PLL [rad/deg as per F'mlm—
PLL Shadows e for b TREL ||:||:|5—

] Cancel | Help |

Figure 77: PLL characteristics

A component called «Phase shifter» which you can copy from the example
statcom_6pls pwm_sld.psc. As for the “modulo” component, you will have to copy/paste the
definition and create the instance from the project manager.

A component called «Sin_array» which you can copy from the example
statcom_6pls pwm_sld.psc. (You will have to copy/paste the definition and create the instance
from the project manager).

An error signal Shift is produced from the reference order of the voltage at the connection in Per
unit and the measured 3phase RMS voltage at the connection point.

Then, this error is subtracted from the six outputs of the PLL, which are 6 signals synchronized on
the measured output voltage of the inverter with a 60° phase difference between each one. These
signals are organized in order to fit with the GTO arrangement on the bridge and we obtain the
reference signals :

RsgnOn for the ON firing pulse
RsgnOff for the Off firing pulse.
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J"na_1 e 1Zhif

350 1
200 7
250 7
i :I?EE ] Vna 1 is one of the output of the PLL.
158 ] ______._—d___,_—‘—"_:#—_'—'_ Vna_1Shift is Vna_ lsubtracted with the angle
L —— 1

order (wich is a function of the error between
-a0 - the reference voltage reference and the real
[ ] .E I‘|C|I'| .1 [ ] value).

100 7 T 5l
075 7 RefSgnOn_1 is the sinus of Vna_Shift, this is
050 T the reference.
035 1 | [
, oao ||

050 1

075 1

-10n -

Figure 78: Reference signal generated

11.2.4 Generation of the firing pulses for the GTO inverter

The interpolated firing pulses component is the component semi-conductor drive component in
PSCAD.

Its inputs are the reference signals and the triangular waveforms (generated above) and its outputs
are the firing pulses that open and close the switches (Thyristor GTO, IGBT) according to the
comparison of the two input signals.

The interpolation method of PSCAD requires using this exact component to generate the correct
gate signals (gl,g2,g3,g4,25,26), which are arrays of two values. It is available under « Master
library/[HVDC-FACTS» .

3) Generation of the fiing pulses

V_D@bus T

Dbick| » gl
(1)

RSgnOn 2
9NN 6. ()12 g

ON

TrgOn 6 L @ ; g3
RSgnOff 6 H ) ; g4
OFF

Trg@Mr L (5) M
(6) VMG

Figure 79: Interpolated firing pulse for GTO inverter drive
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The measure of the voltage V_DCbus blocks and unblock the signals.
Please configure this component as follows:

[fp_int] Interpolated Fiting Pulses ﬂ [fp_int] Interpolated Firting Pulses ﬂ

Thyisorn 707, - Numberof Puses | - Add Block/Deblock Signal? | | Do Dobboek rput
(" Thyristor " One " No * Grtfu!:l
{* GT0 {¥ Cie 5 Yes ™ Individual

~ Format of pulse time output;

(% Tiolrcvidual Devices (6 oututs of dimersion 2]

€ TioiSiv Pulse Thpristor Group (2 autnuts of dimension &)

aF. Cance | Help aK Cancel | Help |

Figure 80: Interpolated Firing pulse characteristics

The input and output signals look like the following:

100 _"Refsgnn_1 Figure 817 Gate sigrihls generated
075 1 RefSenln 1 i the
050 A eitme of Vha  Shift.
0.25 1 I[ ‘( Tt"s the Tefererce .
v 0.00
025 1 |'
-0.50 1
075
.00 -
|
100 7 & T —————EL——— fxd
. e Cotpare the
- ] reference  to the
7 perind.
| The trancitor is 0N
W - eachtitne the reference
] i larger than the
. triatgabr period .
nn
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11.3 Simulation

e Simulation parameters:

Duration: 70 s

Time step: 100 us

Plot step: 2000 us
Startup method: Standard

Variable Name

Scale Factor

Rated Voltage for Per
Unitizing

RM S Smoothing Time
constant

Psource, Qsource

300

2

P2,Q2

1

P4,Q4

1

Vsource

1

ltaltalks

Vconnection

1

12.47

NN (NN

Table 15: Metering characteristics for measured quantities

e Curvesand Analysis:

-\

160 7
140 7

100 1
y 080 T
080
040
020

Advanced Graph Frame

000

= P2

140 7
120 A
100 A
80
60

20 1

Iy 50

Advanced Graph Frame

= p4

00
20
40 -

10 0

20 50

Figure 82: Windfarm.psc results
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Figure 83: Windfarm.psc results

At t = 5s the resistance is shunted, thus the voltage drops. When Vdv reaches 1520V, the regulation
starts. Before the starting of the regulation, the connection point voltage ( V4) is imposed by the
grid. Afterward, the regulation set it to 1pu The wind farm produces 3.5 MW to maintain the

voltage at 1pu (P4).
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