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Abstract

The worldwide demand for more diverse and greener energy supply has had a significant
impact on the development of wind energy in the last decades. From 2 GW in 1990,
the global installed capacity has now reached about 100 GW and is estimated to grow to
1000 GW by 2025. As wind power penetration increases, it is important to investigate its
effect on the power system. Among the various technologies available for wind energy
conversion, the doubly-fed induction generator (DFIG) is one of the preferred solutions
because it offers the advantages of reduced mechanical stress and optimised power capture
thanks to variable speed operation. This work presents the small-signal modelling and
analysis of the DFIG for power system stability studies.

This thesis starts by reviewing the mathematical models of wind turbines with DFIG
convenient for power system studies. Different approaches proposed in the literature for
the modelling of the turbine, drive-train, generator, rotor converter and external power
system are discussed. It is shown that the flexibility of the drive train should be repre-
sented by a two-mass model in the presence of a gearbox.

In the analysis part, the steady-state behaviour of the DFIG is examined. Comparison
is made with the conventional synchronous generators (SG) and squirrel-cage induction
generators to highlight the differences between the machines. The initialisation of the
DFIG dynamic variables and other operating quantities is then discussed. Various meth-
ods are briefly reviewed and a step-by-step procedure is suggested to avoid the iterative
computations in initial condition mentioned in the literature.

The dynamical behaviour of the DFIG is studied with eigenvalue analysis. Modal
analysis is performed for both open-loop and closed-loop situations. The effect of pa-
rameters and operating point variations on small signal stability is observed. For the
open-loop DFIG, conditions on machine parameters are obtained to ensure stability of
the system. For the closed-loop DFIG, it is shown that the generator electrical transients
may be neglected once the converter controls are properly tuned. A tuning procedure is

proposed and conditions on proportional gains are obtained for stable electrical dynamics.



Finally, small-signal analysis of a multi-machine system with both SG and DFIG is
performed. It is shown that there is no common mode to the two types of generators.
The result confirms that the DFIG does not introduce negative damping to the system,
however it is also shown that the overall effect of the DFIG on the power system stability
depends on several structural factors and a general statement as to whether it improves or

detriorates the oscillatory stability of a system can not be made.
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Chapter 1

Wind energy background

The present thesis investigates the small-signal modelling and behaviour of the doubly-fed
induction generator (DFIG) in grid connected wind energy conversion systems.

To place the work into context, this chapter starts by giving general background on
wind energy and the DFIG. In the first section, relevant concepts and common terminolo-
gies are introduced. In the second section, studies on the dynamical behaviour of the
DFIG and its impact on the power system are reviewed. A summary is given on the mod-
elling alternatives, control approaches and study methods reported in the literature. The
third section concludes the chapter by presenting the objectives, motivations and contri-

butions of the present work.

1.1 Background 1: Topics on wind energy

1.1.1 Wind power worldwide and in the UK

The growing demand for more secure and greener energy supply has had a significant
impact on the development of wind energy in the last decades. From about 2 GW in
1990, the global installed capacity has now reached nearly 100 GW (Fig. 1.1 [1,2]). For
the last ten years, the sector has been growing exponentially at about 30% annually with
Europe leading the market (Fig. 1.2 [1]). Predictions for the future give the same order of
growth figure and it is estimated that global installed capacity may reach up to 1000 GW
by 2025 [3]. Denmark, Germany and Spain have presently the highest wind penetration
in terms of wind capacity to peak demand (Table 1.1 [1,4,5]). In terms of production,

in 2006, wind power plants generated 100 TWh in Europe, representing 3.3% of the EU
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electricity consumption [1].
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Figure 1.1: Worldwide installed wind power capacity in GW from 1990 to 2007
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Figure 1.2: Installed wind power capacity per region in GW by end 2007

Two critical aspects that have a direct impact on the growth of wind energy are the
policy frameworks and the manufacturing capabilities. A well-known example of poli-
cies impact is the Production Tax Credit (PTC) in the US. Under this scheme, wind farm
developers receive a tax credit (1.9 cent/kWh) over the first 10 years of a project opera-
tions. In 2003 the PTC expired without being renewed, and new installations amounted
to 389 MW in 2004. By the end of that year the PTC was finally extended, and more than
2400 MW were installed in each of the following years [1]. The other aspect is the ability
of the supply chain to keep up with the strong demand. Wind farms developers have now

(2006-2007) to wait 12 months for the manufacturing of the turbines and the growing de-
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Table 1.1: Installed capacity and penetration level of top ten countries

Top 10 capacity | wind capacity* | peak demand** penetration [%]
=81.1GW [GW] [GW] (wind cap/peak dem)

1 Germany 22.2 76.6 29.0

2 US 16.8 na na

3 Spain 15.1 43.2 35.0

4 India 8.0 na na

5 China 6.1 na na

6 Denmark 3.1 4.7 66.7

7 Italy 2.7 534 5.1

8  France 2.5 86.1 2.9

9 UK 2.4 na na

10 Portugal 2.2 8.9 24.7

*end 2007 , **Jan 07

mand suggests that this waiting period is likely to increase to 18-24 months [1]. Industry
experts predict that the current bottleneck issues will be overcome by 2009 [1].

In the UK, recognising the role of renewables in reducing carbon emissions, the gov-
ernment introduced the Renewables Obligation (RO) in 2002 requiring all electricity sup-
pliers to provide 10% of their supply from renewables by 2010 (the exact figure is different
for England & Wales, Scotland and Nothern Ireland, but the idea behind the scheme is
the same) [6,7]. In 2003, the Energy White Paper was published and stated a goal of 60%
reduction in carbon emission by 2050. In response to the ambitious programme, the RO
target was increased to 15% of electricity supply by 2015 [7].

To comply with the RO, suppliers can either buy Renewable Obligation Certificates
(ROCs) which are issued to renewable generators for each MWh of electricity produced,
or they can pay a buy-out fund (30£/MWh in 2002) [6]. The RO does not specify which
particular technology is preferred and ROCs are issued to all types of renewables. How-
ever, it is expected that three-quarter of the 10% by 2010 target (about 8 GW of capacity)
will be supplied by wind power as it is relatively more mature and economical [7].

The location of potential future wind farms in the UK is shown in Fig. 1.3 [8-10]. In
Scotland, most interest has been expressed for onshore sites [8]. In England and Wales,
most development is expected to come from offshore [8] due to the less favorable wind

conditions onshore. To accommodate this, the Crown Estate has made available areas of
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seabeds through two rounds of competitive tenders. Wind farms sited in the leased areas

of Round one and two are estimated to provide 1.3 and 7.1 GW respectively [8].
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Figure 1.3: Present and future UK wind farm connections by end 2007

In February 2007, the UK achieved a new milestone in the wind energy sector as

it reached 2 GW of total installed capacity (onshore and offshore) [11]. By end 2007,

operational capacity increased to 2.4 GW with in addition 1.3 GW of wind farms under

construction, 5.2 GW of consented projects, and 9.2 GW of planning projects [10]. The

present 2.4 GW represents 1.5% of UK electricity supply (1.1 million homes) and places

the UK in the top 10 countries worldwide (Table 1.1).

1.1.2 Capacity factor and generation cost

The term capacity factor of a wind power plant refers to the ratio of actual electricity

production over the total production if the plant was running continuously at full capacity
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[6]. It is equivalent to the term load factor of conventional plants. Since wind turbines are
operating most of the time at less than full capacity, the capacity factor of wind plants are
typically lower than conventional plants [6]. For wind units, a capacity factor of 0.25-0.3
can be considered as reasonable and a capacity factor of 0.4 as very good [12]. These
values can be compared to average load factor of conventional plants ranging from 0.5 to
1 [13] (developed countries with more excess capacity tend to operate at the lower end of
the range, developing countries with more pressing demand tend to operate at the higher
end of the range).

The capacity factor depends on the location and technology of the wind farm. In the
UK, typical values of onshore plants are between 0.20-0.40 [6]. The industry standard
is to assume a value of 0.30 [6]. For the near future, it is expected that this figure will
increase (up to 0.35-0.40 [6]) as windier sites and offshore wind farms are developed.
Table 1.2 [13] shows average capacity factors of other European countries. It is seen that

the UK has indeed better wind resources.

Table 1.2: Capacity factor of wind plants in Europe in 2005

UK 0.28
Spain 0.25
Denmark 0.24
Germany 0.16
Sweden  0.19

There are various ways to evaluate the economics of a wind farm (generation cost,
integration cost, wind farm cost, etc). In the following, a brief discussion on generation
cost is given, as it is often used to compare different types of generation.

Generation cost is expressed in £/kWh, hence both total cost and total production of
a wind farm over its lifetime influence the estimated figure. The total production de-
pends mainly on the average wind speed and is site specific (the higher the wind speed,
the higher the output, and hence the lower the generation cost). The total cost can be
split into investment capital (planning, construction, transport, material, grid connection,
etc), operational expenses (maintenance, repair, administration, etc) and integration costs

(reserve, emissions, network reinforcement, subsidies).
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Due to the high level of initial investment, the total cost is very sensitive to the interest
charged on the capital and the repayment period. These two parameters differ from coun-
try to country, which explains partly the wide range of reported cost figures. For example,
Danish wind farms are typically cheaper because utilities use public sector interest rate
and repayment periods (about 5% over life time of the plant). In UK, where the industry
is liberalised and undertaken by the private sector, interest rates are higher and repayment
period shorter (about 8-10% over 15-20 years) [6]. The integration costs are still subject
to debates and it is unclear whether to include them.

Depending on the assumptions, estimated generation costs can be very different, as

shown in Table 1.3 [6,7, 14] for the UK. The most notable differences are for nuclear and

Table 1.3: Estimated generation cost in the UK

RAE [p/kWh] BWEA [p/kWh] SDC [p/kWh]
Mar 04 Nov 04 May 05
CCGT 2.0-2.5+ 1.5 for COy 2.6-3.0+0.2 for COy 2.3-3.0
Coal 2.2-34+2.0for COy; 2.6-3.2+0.6 for COy 3.0-3.5
Nuclear 2.2-2.4 3.0-4.3 3.0-4.0
Onshore wind | 3.7-5.4 2.6-3.9 3.2
Offshore wind | 5.5-7.2 3.7-5.0 5.5

RAE = Royal Acadamy of Engineering [14], BWEA = British Wind Energy Assoc. [7],
SDC = Sustainable Development Commission [6]

wind. For nuclear generation, the RAE assumes simpler and cheaper modern technology.
For wind, it assumes cost of back up eight times larger than those of the BWEA [15]. The
estimates show nevertheless that present wind generation cost is higher than CCGT, and
offshore generation is more expensive than onshore due to the higher capital cost. It is
forecast that by 2020 the cost may drop to 1.5-2.5 p/kWh for onshore and 2.0-3.0 p/kWh

for offshore due to economies of scale and exploitation of windier sites [6].

1.1.3 Wind energy conversion systems

Horizontal and vertical axis wind turbines
From the physical setup viewpoint, there are horizontal axis wind turbines (HAWT) and
vertical axis wind turbines (VAWT) [16]. For HAWT, the blade rotate about an axis

parallel to the ground and windflow. Common examples are the old-style Dutch windmill
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and modern wind turbine. For the VAWT the blades rotate about an axis perpendicular to
the ground. The most common design are the Darrieus (curved blades), Giromill (straight

blades) and Savonius (scoop blades), as shown in Fig. 1.4.

old-style maodern
witid mill wind turhine Darrieus Giromill Savonius
(drag) (lift) (lift] (lift) (drag)

Figure 1.4: Examples of horizontal and vertical axis wind turbines

Nearly all the larger turbines employed in modern wind farms are HAWT [17]. One
reason is that they are more suitable for harnessing the higher and smoother wind speed
at higher altitude. In terms of blade loading and fatigue, HAWT are subject to revers-
ing gravitational loads (structural load is reversed when the blade goes from upwards to
downwards position) which imposes a limit on the size of such turbine [16]. In terms of
material, VAWT have greater solidity (fraction of swept area that is solid) and hence are

more heavy [16]. Presently, HAWT are the most commercially viable.

Drag and lift powered motion

The rotation of both HAWT and VAWT can be powered predominantly by lift or drag
force depending on the design of the blade. In drag design, the wind pushes the blade out
of the way. The rotational speed is typically slower. Due to their high torque capabilities,
drag powered turbines are suitable for pumping, sawing or grinding [17]. The typical
example of such design is the old style Dutch windmill. In lift design, the blade cross
section has an airfoil shape so that when the wind passes by the blade, the pressure on the
lower surface is higher and hence lifts the blade. The same principle allows airplanes and
birds to fly. Lift powered turbines have much higher rotational speed than drag-powered

turbine and are well suited for electricity generation [17]. In general, lift machines are
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more efficient than their drag counterpart [18].

Number of blades

In order to extract a maximum amount of wind power, each blade should interact as much
as possible with the wind passing through the swept area. Hence the lesser the blades the
higher the rotational speed of the turbine, as the blades have to move faster to ‘fill up’
the swept area [16]. In theory, the more blades a turbine has, the more efficient it should
be. However for larger number of blades there is more interference and a blade is more
likely to pass in the disturbed weaker flow of the previous blade. In practice, low-solidity
turbines tend to have a higher efficiency [16].

From a structural stability viewpoint, the number of blades of lift powered HAWT
should be odd and greater or equal to 3, in which case the dynamic properties of the tur-
bine rotor are similar to those of a disc [19]. For an even number of blades, the structure is
subject to more important bending forces because when a blade is in the uppermost posi-
tion receiving most wind power, another blade is in the lowermost position in the shadow
of the tower. The majority of commercialized modern wind turbines are three bladed.
Sometimes two bladed or even single bladed design are used to save the cost of blades.
However these turbines require more complex structural design to avoid heavy shocks
(two-bladed turbines require a teetering hub, one bladed turbines require a counterweight

on the hub) and are visually more intrusive due to their higher rotational speed [19].

Betz limit

An important operational characteristic of wind turbines is the Betz limit. It indicates
the theoretical maximum amount of wind energy that can be extracted by a turbine. If
turbines were 100% efficient all the airflow energy would be extracted and the flow speed
after passing through the turbine would be zero, which is impossible. In 1928, Betz
showed that under ideal assumptions (uniform rotor disk with infinite number of blades)
the maximum efficiency of a turbine is 16/27 (59.3%) [16]. In practice, this coefficient is
less due to non-idealities (wake rotation behind the rotor, finite number of blades, blade-

tip losses, frictional drag, etc). Present turbines have efficiency around 30-40% [16, 18].
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1.1.4 Components

The main components of a wind turbine generator is shown in Fig. 1.5 (drawing not
in scale). The turbine is formed by the blades, the hub and the connecting components
(bearings, pitching actuators). It transforms wind kinetic energy into mechanical energy.
For multi-megawatt turbines, dimensions are large with blade length ranging from 35-60

meters [20].

low speed high speed generator controller

shaft shaft 4+— anemometer
blade \
A / <— vane
v l«—— nacelle
fan
hub hydraulics gearbox brake  transformer
unit

«— tower

Figure 1.5: Main components of a wind turbine generator

The drive train is formed by the turbine rotating mass, low-speed shaft, gearbox, high-
speed shaft and generator rotating mass. It transfers input power (turbine mechanical
power) to the point where useful power (generator mechanical power) is used. In most
cases, a gearbox is required because the rotating speed of the turbine is much lower than
that of the generator. For multi-MW units the gearbox ratio is about 50-100 as the typical
speed range of the turbine is 10-20 rpm while for the generator it is about 1000-2000
rpm [20]. For smaller wind turbines, the turbine speed is higher, hence the gearbox ratio
may be less than 50 [19]. The low speed shaft contains pipes for the hydraulics system that
operates the aerodynamic brake [19]. The high speed shaft is equipped with an emergency
mechanical brake that is used in case of failure of the aerodynamic brake [19].

The generator converts mechanical power into electrical power. For variable speed
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generators, an ac-dc-ac converter is required. Usually the generator produces power at
690 V and a transformer steps up this voltage to 33 kV for underground cable transmission
[21]. The transformer may be placed at the bottom of the tower [19] or in the nacelle for
losses consideration [6]. The power is then transmitted to the wind farm substation where
a further voltage step-up may be done to 110~765 kV for long distance transmission [18].

Other components include the anemometer and vane which measure the wind speed
and direction respectively. Wind speed measurement is used to start and stop the turbine.
Wind direction measurement is used by the yaw-control mechanism (see next subsection).

Devices such as electric fans and oil coolers are used to cool the gearbox and generator.

1.1.5 Aerodynamic torque control

The mechanical input torque can be controlled in many ways. Fig. 1.6 [16, 18] shows
the tower yaw angle v and blade pitch angle 3, which can be actively controlled for

aerodynamic torque regulation.

pitch ,q view 2 view 1: yaw angle 7
rotation
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wtation <z

plane
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B = pitch angle

¥ o=waw angle

a = axial interference factor
(reduction factorn

yaw D, L =dragforce, lift force
axis Vo = undisturbed wind speed
' W = relative wind speed
view 1 V (seen from moving blade)
L

Figure 1.6: Definition of aerodynamical angles, forces, and wind speeds

The yaw angle is usually controlled to make sure that the turbine is facing the wind
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(v = 0°). It is done by rotating the nacelle about the yaw axis (tower axis) [19]. In
theory, it can also be used to reduce the captured power by turning the turbine out of the
wind. However this is only possible for very small turbines (< 1 kW) because operation
with yaw error increases fatigue loads (cyclical varying stresses, bending torques) which
damage the structure [19].

Reduction of input mechanical power is usually done with the blades. In stall-
controlled turbines, the aerofoil shape (blade cross-section) is designed so that above a
certain speed the blade goes into stalling mode (Fig. 1.7 [22]) [18]. When the blade is
stalled, the wind flow is partly detached on the upper surface, reducing the lift and hence
performance. Stall-regulated turbine can be passive- or active-stall controlled. In the for-
mer case, the blades are bolted on the hub at fix angle [19]. In the latter case, a pitching

mechanism pitches the blade to stall (increases the angle of attack) when required.

Figure 1.7: Laminar flow (left) and stalled flow (right)

The counterpart of stall-controlled turbines are pitch-controlled turbines. In these
configurations, the windflow is always laminar and the aerodynamic torque is regulated
by pitching the blade to feather (by reducing the angle of attack). Pitch regulated turbines
can also be active- or passive-pitch controlled. In the former case, a pitching mechanism
(usually hydraulics system) is in place. In the latter case, the blades are mounted on the
hub so that the thrust force pitches the blade (i.e. the blades are “self-pitched”) [18].

Rotation to feather (smaller angle of attack) gives quieter operation and easier con-
trol [18]. Rotation to stall (larger angle of attack) is faster but gives more noise, bending
loads, and less exact control due to the unsteady nature of stalled flow [18]. The advan-
tage of stall-regulation is that complex control for blade pitching is not required. The
aerodynamic and structural design of the turbine are however more complex. In the early

days, most wind turbines where fixed speed stall regulated [22], nowadays the trend is the
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use of variable speed pitch regulated turbines because of increased performance (notable

but not the main reason) and less mechanical loads (main reason) [18,23].

1.1.6 Generator concepts

There are mainly four types of electrical generator used commercially (Fig. 1.8 [24])
[24-26]. Depending on the generator type, the turbine is referred to as fixed or variable

speed.
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Figure 1.8: Electrical generator used in commercial wind turbines

The simplest type is the fixed speed squirrel cage induction generator (SCIG) which
makes up the biggest share of the smaller wind turbines already installed and scattered
on the network [22]. The rotor consists in short circuited bars i.e. the rotor voltage is
zero. The speed varies within a very narrow range (practically constant) and the mechan-
ical torque is usually controlled by stalling the blades actively or passivily [18,22]. The
advantages of the SCIG are its simplicity and robustness [22]. For small size turbines in
a strong grid, this is arguably the most economical solution as the grid is able to provide
reactive power and maintain a satisfactory voltage profile. Capacitor banks are installed
to complement the reactive power consumption. The capacitors must be carefully sized to
avoid self excitation [18]. Soft-starter are used to mitigate the high starting currents [18].

The second type of generator is a wounded rotor induction generator with variable

rotor resistance (best known under the commercial brand name “opti-slip” from Vestas).
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It is essentially a fixed-speed machine, where the speed range is increased to typically
2-10% [24] by inserting an adjustable resistor bank in the rotor. The mechanical input
is controlled by pitch regulation for optimal wind power capture. The advantage of this
generator type is its larger slip range compared to the conventional SCIG and simpler
control structure compared to the following two generator types. It has however the same
problems as the SCIG. Reactive compensation and soft-starters are required and voltage
quality is easily deteriorated in weak networks. Compared to the SCIG it has increased
losses due to the larger rotor resistance.

The third type of generator is the doubly-fed induction generator. It is a variable
speed asynchronous generator where the rotor consists in conductors with slip-rings fed
by an ac-dc-ac converter connected to the grid. The provision of non-zero rotor volt-
age at slip frequency results in speed variability. Modern transistor based back-to-back
converters allow bi-directional rotor power flows and hence operation at both sub- and
super-synchronous speed [27]. Typically the slip range is +30% (determined by the size
of the converters). The advantages of the DFIG are the speed variability which reduces
mechanical stress [28,29], the possibility to optimise the power capture by regulating the
electrical torque and control reactive power independently [27,30]. Recent studies inves-
tigated further potential advantages such as frequency control and power system stabilizer
capabilities [31,32]. Both acquired and potential capabilities of the DFIG are achieved
by appropriate control of the rotor voltage.

The last type of generator is the fully-converted SG or fully-converted SCIG. Synchro-
nous generators are suitable for large rating applications as they operate at unity power
factor. Induction generators need reactive power compensation from the generator side
converter or additional capacitor banks, hence are more suitable for small rating applica-
tions [19]. For the SG which can be excited externally or with permanent magnet, using
a multi-pole design removes the need of the gearbox [25]. As the converter rating is the
full rating of the generator, the slip range is not limited to 30%. The main advantage
of the fully converted generator is the complete decoupling of the generator from the grid
which can facilitate the control of the system under severe disturbances from the wind or

network. The main disadvantage is the higher cost of the large converter.
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The present trend in the industry is to use variable speed generators [33]. Initially, the
main reasons were the reduced mechanical stress (longer life time), better wind capture,
smoother power output (due to both variable speed and controllable electrical torque), and
ability to operate at unity power factor. Nowadays, tighter grid connection requirements
(see Subsection 1.1.8) and advances in semi-conductors make converters economically
justifiable. It is not yet clear which of the DFIG or fully converted generator will be the
preferred choice in the future. It has been suggested that experienced manufacturers tend
to propose the fully-converted design for new wind farm development [34]. In the last

decade, a significant share of the wind farms installed was DFIG based [33].

1.1.7 Operating regimes

The operating regimes of wind machines can be illustrated by their power curve, which
gives the estimated power output as function of wind speed. Examples from two leading
manufacturers are shown in Fig. 1.9 [35,36] . The power curve gives three important

values:
(1) Cut-in wind speed: wind speed at which usable power is generated.

(2) Rated wind speed: wind speed at which the turbine generate a designated rated

power, which is often but not always the maximum power [18].

(3) Cut-out wind speed: wind speed at which the turbine is shut down (with automatic

brakes and/or blade pitching) to protect the turbine from mechanical damage [18].

Below rated wind speed the wind turbine is said to be in sub-rated regime. Above rated
wind speed, it is said to be in rated regime. In each region the turbine can be controlled
in various ways to achieve specific objectives. Table 1.4 [18] gives an overview of typical
control strategies used for fixed speed and variable speed systems [18]. The primary goals
are to optimize the power capture in subrated regime, and reduce power capture in rated
regime [18]. It is noted that the pitch angle is usually kept constant in subrated regime to
limit the mechanical wear of the pitching mechanism [18].

A remark on power curves is that in practice they are obtained by field measurements

[19]. Though, they may also be obtained by computation using blade element methods
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Figure 1.9: Power curve of GE 3.6 MW and Vestas 3MW turbines

Table 1.4: Typical control strategies used for fixed speed and variable speed systems

Below rated speed Above rated speed
Optimized performance Reduced performance
Stall Design aerofoil for lami- | Design aerofoil for stall with/without
Fixed controlled | nar flow pitching (active/passive stall)
speed Pitch Use fixed pitch and const- | Control pitch (difficult as fast pitching
controlled | ant speed is required due to constant speed)
Stall Control generator torque | Control generator torque
Variable | controlled
speed Pitch Use fixed pitch and cont- | Coordinate pitch and generator
controlled | rol generator torque torque control

[18,37]. Due to the difficulty of measuring accurately the wind speed (the anemometer
must be able to measure the undisturbed wind flow speed, which is virtually impossible
for the feasible positioning of the device [19]) and due to the sensitivity of power output
to wind speed (power is related the cubic power of wind speed), measurements are made
of a collection of scattered points and the power curve is fitted through the data. Because
of the uncertainty in measurements, power curves may not be used to evaluate the exact

power output at a certain wind speed [19]. They do however give a good estimation.

1.1.8 Grid integration issues

Grid connected wind generators raise a series of issues due to their fluctuating active
power output, demand in reactive power (fixed speed systems), and injection of harmonics

by converters (variable speed systems). The difficulty of integration depends, among other



1.1 Background 1: Topics on wind energy 30

things, on the grid strength!. In weak grids, penetration of wind energy is often limited
because the issues listed below can not be addressed economically.

In the early days, utilities were faced with small SCIGs scattered over the distribution
system. The main integration issues were mainly related to voltage and power quality
problems such as [18, 38]:

e Steady-state voltage change

e Voltage flicker

e Harmonics (for fully converted 1G)

Steady-state voltage changes with the wind farm average production. It depends largely
on the system X/R ratio and generator characteristics [18]. For X/R of about 2 (typical
range is 0.5-10), voltage fluctuation of the SCIG is the lowest [39]. Voltage flicker refers
to fast and small variations caused by switching operations (connection, disconnection)
and torque fluctuations (tower shadow, pitch change, turbulence). Various standards are
in place, such as the IEC 1000-3-7 and 61000-4-15 (International Electrotechnical Com-
mision), which give guidelines for emission limits and measurement [38]. Harmonics
relate to the distortion of the grid voltage fundamental sinewave and are typically caused
by inverters. Older inverters (mostly grid commutated, thyristor based) produce integer
harmonics in the range of hundreds Hz. Modern inverters (mostly self-commutated, tran-
sistor based) have harmonics in the range of kHz which are easier to filter out [38].

The shift towards the DFIG during the last decade has alleviated some of the above
integration issues since such generators have smoother power output, are able to control
power factor, and use modern power electronics. However, new integration issues are
raised because of the increasing size and geographic concentration of modern wind farms.
In the recent years, most countries have enforced new grid codes requiring larger wind
farms to behave more as conventional plants [8]. Examples of new requirements are:

e Power factor control at point of common coupling (PCC)

e Voltage control

e Frequency control

e Ride through capabilities

'A wind farm is said to be connected to a strong grid if the short circuit ratio (short circuit level at the
connection point over rated capacity of the wind plant) is above 20-25, and weak if it is below 8-10 [38]
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The challenge of the above issues are more related to their cost rather than their tech-
nical feasibility. Recent studies have shown how the various control capabilities can be
achieved by modifying the control algorithm (see Subsection 1.2.2). There are usually re-
quirements for performance sacrifice (operation at less than optimal power capture) [40]
and larger or additional compensation devices such as uninterruptible power supplies [41].
It can be argued that when addressing these new integration issues the economics and
easiness of implementation put the DFIG and fully converted SG on the same foot. This

probably explains the recent shift towards the latter scheme by large manufacturers.

1.2 Background 2: Topics on DFIG

Following the introduction on general topics of wind energy, the present section reviews
the main studies related to the dynamical behaviour of the DFIG and its impact on the
power system stability. The research results that are relevant to the present thesis can be
broadly classified into three areas:

e Modelling

e Control

e Dynamical behaviour in power systems
Before reviewing each of these areas, it is noted that the present work studies modern
DFIG with back-to-back transistor based converters. The older configurations, such as
slip energy recovery drives (SERD) with diode rectifiers (unidirectional rotor power flow)
are not discussed. Details on SERD, DFIG with cycloconverters or thyristor based con-
verters, and history of variable speed wind turbines can be found in [27,30,42—-44]. Sim-
ilarly, hardware implementation issues are not in the scope of the present work. Experi-
mental settings and ways of practical realisation of various control schemes (e.g. without

rotor speed measurement encoder) can be found in [27,45-47].

1.2.1 Modelling

Depending on the purpose of the study (power quality, steady-state stability, dynamical
stability, protection) different modelling details may be pursued. Clearly, the component

subject to or causing the dynamics of interest should be modelled in greater detail, e.g.:
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e Mechanical engineers will pay more attention to the turbine and its aerodynamics
to ensure structural stability and performance (fatigue, vibration, soundness, effi-
ciency), while electrical engineers will be more concentrated on the generator and

its controllers to ensure stable and compliant electrical power production [39].

e For power system stability studies, the interest is in low frequency dynamics over a
time frame of 0.1-10 seconds after a fault, hence fast dynamics that are damped out
very quickly are ignored [48,49]. For fault current and protection studies, the focus
is on the first few cycles after a fault, requiring consideration of subtransients and

non-linear phenomena such as magnetic saturation and iron losses [39].

In dynamical studies of wind energy conversion systems (WECS) with DFIG, the
modelling is mostly done in a modular fashion [18,22,48,50-52]. This approach allows
the testing of different models for a particular module (component) to determine which
degree of complexity or simplicity should be used. Below, an overview of the common
modelling alternatives for the main components of the wind driven DFIG is given. The

specific models used in this work are detailed in Chapter 2.

Turbine
For the turbine, a non-linear algebraic model (i.e. without dynamical equations) is used
in power system studies [48,51-53]. The model gives the mechanical torque as function
of wind speed, turbine rotational speed and blade pitch angle. Since it is algebraic, it
assumes that the torque changes instantaneously with its input variables. In contrast,
dynamical models require the modelling of wind power capture dynamics (aerodynamics
of windflow around the turbine) with advanced fluid theory and methods. In the context
of power system studies, the additional accuracy gained with detailed dynamical turbine
models does not justify the extra computational cost [54]. To address the issue, different
modelling methods have been proposed to represent the impact of aerodynamics in power
system studies.

In these approaches, the focus is essentially on refining the wind speed model. The
windflow dynamics are approximated by replacing the incoming wind speed with an

equivalent signal that generates an input torque containing the disturbances of interest,
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such as dynamic stall and inflow (also known as induction lag, which is the dynamical
effect of wake adjustment after wind speed or blade pitch angle change), evening out
of wind speed variations over the rotor surface, and tower shadow (dynamical effect of
blade passing in front of the tower) [25, 39, 53,55, 56]. The equivalent wind speed signal
is obtained by passing the average wind speed through different functions which can be
approximated by first order filters [39] and/or second-order rational functions [53, 56].
With the simpler filters, the accuracy in response is only possible for low frequencies up
to 2Hz [39], restricting the applicability of such models.

Apart from the dynamical phenomena accounted with the filtered signals, the stochas-
tic nature of the wind (mean, ramp, gust, turbulence) can be represented by models based
on Kaimal spectrum (common stochastic model used for wind speed signal to predict
wind turbulence) [48, 53] or alternatively one can use recorded wind speed data [53,57].

When investigating the impact of the SCIG on the network voltage, detailed model
of the wind input is important because for fixed speed generators the wind disturbances
are directly translated into electrical torque disturbances [39]. For power system stability
studies of the DFIG, it has been observed that the pulsating torque does not seem to
have significant impact [57] and it is common to simply assume a constant wind speed
[51,58,59]. In such case it is argued that the effect of aerodynamics and stochasticity are

negligible over the time frame of network disturbance studies (5-30 seconds [59]).

Pitching
Blade pitching is a slow process (in the order of seconds) due to the heaviness of the
blades and limited capability of the actuators [48, 60]. This sluggish behaviour must
be represented as it can have a significant impact on the required coordination with the
electrical torque control (rotor-side conveter) [60] and on power system dynamics [51].
The pitching behaviour is usually represented by a first order actuator [50,53,58,61—
64] or second order with delay [65]. The simpler model (first order) is used for power
system studies, the more detailed model for pitch control design. In few cases, actuators
dynamics have been neglected by only considering the controller dynamics with a satura-
tion constraint on the controller output and its rate of change [52]. This approach should

however be avoided because it assumes that the pitch angle reaches its setpoint instanta-
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neously (3 = (3,.¢) when the rate limit is not exceeded, or that the outputs of a rate limiter
and first order system are identical (which is not the case) when the rate limit is exceeded.

The finite bandwith (response speed) of the actuators are represented by inserting
limiters on the rate of change and actual value of the pitch angle within the first order
model [58,61-63]. A deadzone can also be included for avoidance of too frequent small

pitch angle changes which cause unwanted wearing of the components [50,62,63].

Drive train

For the drive-train, the common discussion is whether to use the single or two-mass
model. The lumped mass model is often suggested simply to follow the modelling ap-
proach of conventional power plants [29, 51, 61, 66—70]. On the other hand, the two-
mass model has been recommended to reflect the fact that the shaft stiffness in wind
applications is typically lower (due to the gearbox) than that of conventional power
plants [71-73]. Obviously, soft and stiff drive trains behave differently. One difference
is that a softer shaft damps the high frequency input variations [39]. There is however
not yet an agreement on whether the lower shaft stiffness has a significant impact on
power system stability [51] and recent large scale studies have been performed with both
lumped-mass model [37,59,67] and two-mass models [44,58,74].

By taking a closer look at the research findings, it may be argued that the two-mass
model should be preferred. On one hand, for the fixed speed SCIG, it has been shown
that the response to large voltage disturbances with the lumped mass model may be over-
optimistic [72]. This can be explained by the fact that for a larger inertia (such as the
lumped-mass model), the pull-out torque of the SCIG is reached more slowly and hence
the stability margin may be overestimated. On the other hand, for the variable speed
DFIG, it has been suggested that the one-mass model could be used because the converter
control decouples the electrical frequency and generator rotor speed (whose mechani-
cal oscillations can be damped by well-designed controllers) [48]. In other words, since
the electrical torque is controlled, assuming different shaft flexibility affects the particu-
lar frequency and damping of the mechanical oscillations, but does not change the final
steady-state. This is reasonable if the interest is in the final steady-state. However, as rotor

speed is the controlled variable, the way it varies (which depends on the shaft model), has



1.2 Background 2: Topics on DFIG 35

significant impact on the control performance and coordination of the electrical torque
(rotor-side converter) and mechanical torque (pitch) control. When assessing novel con-
trol schemes such as frequency support capabilities with exploitation of the kinetic en-
ergy [31,40,67], it may be important to have an accurate estimation of the available and
feasible acceleration or deceleration. In such cases, the two-mass model should be used

for a more accurate evaluation.

Generator

For the generator model, the practice is to express the machine equations in a rotating two-
axis frame so that decoupled control of active and reactive variables can be formulated.
Derivation of the model from three-phase to two axis frame (abc-to-dq) are found in
[29,49,75] and will be recalled in detail in Chapter 2. In such framework, it is assumed
that the system is balanced (so that the zero sequence component can be neglected). The
exact expression of the induction generator equations given in the litterature, may differ

according to:

e the choice of state variables: flux [27,45, 61, 67, 68], current [76], or equivalent
voltage behind transient impedance [29,37,44,57,69,70,75,77],

e whether the dq-frame is rotating at synchronous (most ref.) or rotor speed [47,75],

e the alignment of the rotating frame: d-axis along stator flux (V,, = 0) [27,37,57,
61,69,76,77], d-axis along airgap flux [45], g-axis along terminal voltage (vys =
0) [28,29,31,68], or d-axis along terminal voltage (v,s = 0) [44],

e whether the g-axis (most ref.) or d-axis [75] is leading,
e whether the abc-dq transformation is power invariant (most ref.) or not [27,45,76],

e whether the direction of positive current is defined according to the motor [27, 29,

44,45,67,68,75,76] or generator convention [25,37,57,61,69,70,77],

e whether equations are in per unit (most ref.) or actual units [27,45,61,70,76].
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These choices give different arbitrary constant and/or sign, however when the same dy-
namics are modelled, results on stability and performance are evidently unchanged.

For power system studies, the different generator models relate to whether stator and
rotor electrical dynamics are represented. In all the reviewed references, stator transients
are neglected for transients studies. The justification put forward is always identical to that
given for conventional synchronous generator, namely that stator transients are associated
with 50 Hz oscillations [48, 78]. This was shown to be the case for the open-loop DFIG
(rotor voltage maintained at a fixed value) [24, 46], for the DFIG with open outer-loop
control (no outer-loop feedback, see Subsection 1.2.2) [29, 52], and for the SCIG (zero
rotor voltage) [79]. In addition, it has also been suggested that rotor electrical transients
can be neglected due to the fast acting of the converter controls [25,51,61]. This is because
when rotor currents are instantaneously equal to their setpoints (infinitely fast current
control), rotor voltage equations are not needed for finding the operating point [30].

Saturation, skin effect, and iron losses (hysteresis and eddy currents) are neglected in
power system stability studies because they are mainly important during the first few cyles
after a fault, and because they mainly influence the current transients. In other words,
these phenomena are more important for loss-performance, sub-transient and transient
fault studies. For faults occurring close to the generator, including magnetic saturation
in the machine model gives a larger current transient during the first peak period (10 %
larger during the first 20 ms [80]) but does not change the dynamical characteristics of the
response. Hence, when the interest is in low frequency oscillations, these phenomena are
ignored [25,39,79].

For the sake of completeness, the different modelling approaches that are commonly
used to represent the sub-transient and transient phenomena are briefly mentioned. For ex-
ample, saturation of the main flux can be modelled by varying the magnetising inductance
(instead of assuming it constant) according to the level of flux with an algebraic or dif-
ferential relationship [79]. For the cage induction machine, observing particular transfer
functions showed that saturation influences mainly the amplitude of the response but not
its frequency [79]. Iron losses may be represented as equivalent resistance in parallel with

the magnetising inductance [79] or finite element methods (FEM) may be used to analyse
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their effect [47]. Skin effect can be considered by using a double-cage model [68, 79].
In such models, the current subtransient displacement effects in the rotor are represented
with two or more parallel RL-ladder circuits [64]. These models were originally proposed
for fault current studies of induction motors. It is noted that the accuracy of these detailed

models depend largely on the accuracy of the additional parameters that are required [79].

Converter

For the converter modelling in power system studies, the discussion is often about whether
they should be represented as voltage or current sources and whether the dc-link dynamics
should be considered (Fig. 1.10). Switchings are not discussed because modern convert-
ers with self commutated transistor based design have dynamics in the range of kHz that
can be easily filtered out [38, 68, 81]. From the power system stability perspective, the
concern is less in the dynamics and filtering of switching effects but more in the control

algorithm i.e. the way in which the values of the voltage or current sources are produced.
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Figure 1.10: Components of the back-to-back converter

The choice between voltage or current source model depends on the assumption made
regarding the current-controllers (inner-loop controllers of the converters). If they are
assumed to be infinitely fast (infinite bandwidth), the converters are modelled as current
sources. This means that controlled currents are instantaneously equal to their setpoint
(given by the outer-loop controllers). This approach is often adopted [30, 46, 48,51, 52,
61,76] because the typical time constant of the current controllers is in the order of 10
ms [48,52]. One modelling advantage of the current source model (though not a rigorous
argument) is that there are less control parameters that need to be specified since the

inner-loop control is simply ignored.
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If the limited bandwidth or design of the current controller is considered (e.g. to
evaluate the effect of over-current protection), the converters are modelled as voltage
sources. In this case, the controlled voltages can be assumed to be equal to their setpoint
(given by the inner-loop controllers) [29,37,68] or a delayed version of their setpoint [44].

In most of the reviewed references, the grid-side converter (GSC) is represented as a
current source. For the rotor-side converter (RSC), both voltage and current source models
have been employed. A comparative study showed that from the power system transient
stability viewpoint (defined as the rotor angle stability of synchronous generators on the
network) the voltage and current source models give similar response for faults that are
electrically far from the DFIG [37]. For faults close to the DFIG however, it is suggested
that assuming ideal current controllers may not be suitable [64, 82, 83].

For the dc-capacitor, its dynamics are represented when testing the ability of the GSC
to maintain instantaneous active power transfer between the DFIG rotor and terminal
(i.e. its ability to maintain constant dc-voltage) [27, 52, 82]. For power system stability
studies, if it is assumed that an appropriate control acting sufficiently fast is in place, the
dynamics of the dc-link can be neglected and the dc-voltage assumed constant [29,68,77].
It has been suggested that when studying the fault-ride through behaviour of the DFIG,
where controller saturation and converter protection are of interest, the dc-capacitor model
should be incorporated [82, 83] otherwise the triggering of protection devices may not be
observed accurately.

Another modelling ‘paradigm’ is to assume the whole converter control as ideal (in-
stantaneous) and consider the DFIG as a controlled electrical torque and reactive power
source [48,51]. The value of the electrical torque is determined from the measured rotor
speed according to an optimal torque-speed characteristic. The reactive power can be ob-
tained from the voltage error through a PI-control [51] or P-control [48] and a first order
lag whose time constant depends on the external network [48]. This model is generic in
the sense that no particular control scheme is considered for the torque control, and it is

attractive because only few control parameters (voltage loop) need to be specified.

Protection
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The modelling of the DFIG protection consists mainly in specifying the sequence of pro-
tective actions that is followed when converter current or voltage limits are reached or
when the grid frequency is out of the permitted range. Although large frequency devia-
tions are not necessarily fatal for the DFIG, they indicate problems on the external system
such as islanding in which case the generator should be disconnected [38]. Over-current
situation happens typically when the DFIG terminal voltage is depressed.

In general, the first step is to switch to an open-loop control mode and to prioritize
a particular control channel, e.g. by limiting more restrictively the active rotor current
thereby prioritizing the reactive power control [51]. If the disturbance is such that the
converters are still driven to their limits the next step involves disconnection of the rotor
converters and short circuiting the DFIG rotor with crowbars [68, 84]. At this stage if
emergency components are provided such as uninterruptible power supply, they may be
switched on [41]. For persistant or even larger disturbance the switchgear at the DFIG
terminal disconnect the unit [37,51]. Nowadays with the fault-ride through requirements
of revised grid codes, intensive research activities are going on in order to devise innov-
ative ride-through capabilities, e.g. with robust control techniques [85], non-linear meth-

ods [86], storage systems [41,87], or alternative control loops during the fault [88, 89].

Wind farm aggregate model

In power system stability studies, it is common to represent a wind farm with several
turbines by one equivalent machine with suitable scaling and adjustment of the trans-
former and line between the generator and PCC (to account for the wind farm internal
cabling) [37,76,90]. Alternatively, semi-aggregate models may be used where the electri-
cal part of the wind farm (generator) is aggregated but not the aerodynamical part (wind
speed and turbine) and/or mechanical part (drive train) [64]. For stability studies of the
electrical transmission system, the single equivalent model is acceptable [51,64,91]. In-
dividual representation along with detailed wind speed model taking into account the
geographic spread of the wind farm is more important when evaluating the wind farm
internal dynamics, such as anti-phase oscillations between turbines (not excited by the

electrical network [71]), partial disconnection in some area of the wind farm, etc [64].
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1.2.2 Control

As for any controlled system, the behaviour of the DFIG is largely determined by its
controllers [24, 39, 68,92]. These are located in three entities: the rotor side converter,
the grid side converter, and the pitch angle controller [48, 50, 53]. The RSC controls
the rotor speed and electrical torque (for maximum power capture in subrated regime
and for rated power production rated regime), and the power factor or terminal voltage.
The GSC controls the dc-link voltage and may participate to power factor control by
sharing reactive power production with the DFIG stator [58]. The pitch angle controller
is activated in rated regime, where speed control is achieved by both the pitch controller
(mechanical torque control) and the RSC (electrical torque control). Electrical control of
the converter is very fast in the order of 100 ms [60,93]. Mechanical control is typically
slower [62] due to heavy blades and limited bandwidth of the pitch actuator.

The distinctiveness of the DFIG control resides in the fact that decoupled and simul-
taneous regulation can be done for active variables (speed, active power or torque) and
reactive variables (voltage, reactive power or power factor) [28]. This is achieved by for-
mulating the control algorithm in a synchronously rotating two axis reference frame, with
each axis taking care of either the active or reactive control [28]. When the rotor power
flow is allowed to flow in both direction, the control can be done over a wide range of
rotor speed covering both sub- and super-synchronous speed [27,28,30].

In wind driven DFIG, the primary control objectives are to maximise power capture
in subrated condition, limit the rotor speed in rated regime and control power factor at all
times. Additional control objectives in modern large scale wind farms are to provide fre-
quency control and voltage-ride through (VRT) capabilities. Numerous control schemes
have been proposed to realize these objectives. They can be distinguished according to

their controller layout, controlled variables, and manipulated variables.

Controller layout
Fig. 1.11 shows two layouts that are often proposed for the controllers of the converter.
In the reported literature, the inner-loop current control is always done in a closed-loop

fashion with PI-controllers. For the outer-loop control, various solutions have been tested.
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Figure 1.11: Two common layouts for the rotor-side and grid converter control

When the outer-loop control is not closed, the rotor current setpoints are obtained from
output measurements processed through some algebraic functions (look-up tables). This
scheme has been used for both the reactive power (or voltage) control [45] and speed (or
electrical torque) control [29,46,61,68,69]. This simple approach is generic in the sense
that the functions used to obtain the setpoints are derived from the machine equations
directly and there is no control parameters to be tuned for the outer-loop. However, the
control performance relies on accurate machine parameter values (needed in the algebraic
function). In most cases, a steady-state error will be present.

When the outer-loop control is closed, the rotor current setpoint is obtained from an
error signal processed by some controller. The controller can be made of a simple propor-
tional gain [29, 48, 69], a Pl-controller [30, 50, 53, 58, 67, 76], or a PID-controller [37].
Steady-state errors are eliminated when integral controllers are employed. To ensure
tighter tracking, feedforward voltage decoupling terms may be added [27, 69, 76]. To
improve stability margins, lead-lag compensators may be inserted [31]. Clearly, the sta-
bility and control performance relies on the adequate tuning of the controllers and com-
pensators. Apart from these classical controllers (P, PI or PID), more innovative solutions
have been proposed such as fuzzy logic based controllers [30, 70] and non-linear con-

trollers [86]. Although these may offer better performance, their adoption in the industry
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is often hindered by the more complex theory and required training.

It is noted that when the converters are modelled as controlled current sources, the
inner-loop control is simply ignored as it is assumed that the current controllers have
infinite bandwidth (are infinitely fast). In such case, the machine rotor currents are equal
to their setpoints (i, = g refs tdr = tdrref)-

For the pitch controller, a common layout is shown in Fig. 1.12. In most cases, a
PI controller corrects the error in the output [53]. Alternatively, it has been suggested
that due to wind speed variation, the DFIG is never at steady-state and hence a simple
proportional controller is sufficient [48]. Other types of controller such as the PD or PID
have also been proposed for better performance [50, 63]. Filters and/or additional control
signals may be added to attenuate tower resonance and displacement [94]. However as
for any controlled system, there is a trade-off between control action (pitching activity)
and number of additional control capabilities [94]. Non-linear control methods have been

applied to the pitch controller to consider conflicting objectives in an optimal way [94].

output pitch angle
setpoint setpoint
—» cortraller ::Q »
|
output measurement | optional
{controlled variable) corpensation

Figure 1.12: Common layout for the pitch angle control

It is recalled that due to the slowness of the pitching mechanism, the pitch angle
is not equal to its setpoint, but to a delayed version (typically first order) of it. As a
remark, differential pitch control (independent pitch control of each blade) as opposed to
collective pitch control has also been suggested [94]. The benefit is a better reduction of
the structural loading (fatigue loads). However the effectiveness of such method relies on

the availability of measurement of asymmetrical loads over the turbine [94].

Controlled variables
For the inner-loop control of the RSC and GSC, the controlled variables are usually the

rotor currents. In a few instances, the rotor flux [31] and equivalent internal voltage [84]
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have been chosen instead. From an implementation viewpoint, rotor current control (and
measurement) is easier. From a theoretical viewpoint, the different options are all valid
and should give similar performance because the DFIG torque can be derived as being
proportional to each of the considered variables.

For the active outer-loop control of the RSC, the controlled variable can be:

the electromagnetic torque [30,95],

the stator active power [50,76],

the total active power output (stator and rotor active power) [32,58,62,64,67],

the airgap power (electromagnetic torque multiplied by rotor speed) [31, 84],

the rotor speed [27,45,57,70,77,96].

The latter choice (rotor speed control) is claimed to give better tracking performance
(maximum power tracking) [27], however it is difficult to realize in practice because the
computation of the setpoint requires either reliable online wind speed measurements (not
easily obtained) [18], or a mechanical torque observer (not easily designed) [27]. When
torque or airgap power is controlled, the setpoint is obtained conveniently as function of
the measured rotor speed according to the optimal torque-speed characteristic [27,48,68].
Controlling the stator or total active power will give slightly less than optimal operation
because the reference power setpoint is obtained from the mechanical input which is the
total power plus friction and copper losses. Controlling the electromagnetic torque or the
airgap power gives better result as only friction losses are neglected.

For the active outer-loop control of the GSC, the controlled variable is the dc-link volt-
age [27]. Keeping it constant ensures that the rotor power flow is transmitted completely
to or from the grid without being stored in the dc-link capacitor.

For the reactive outer-loop control of the RSC, the controlled variable can be:

e the stator reactive power [28,44,53],

e the power factor [47],

e the terminal voltage [37,48,51,61,67-69].

When the stator reactive power is controlled, the setpoint can be obtained in different
ways and depends on the sharing strategy with the GSC. In theory, any arbitrary reactive

power sharing scheme (between the DFIG stator and the GSC) can be chosen as long as
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the total reactive power matches the requirement of the network (Q; = Qs + Qgsc)- In

practice some choices make more sense depending on the objective being pursued. E.g.:

e One possibility is to impose the magnetisation current (calculated as function of the
terminal voltage) as the setpoint of the reactive rotor current [61,68,69]. This makes
the DFIG rotor provide the magnetization of the machine. It results in some level
of stator reactive power and the GSC has to provide the remaining compensation

required for terminal voltage or power factor control.

e Another possibility is to impose zero reactive rotor current [27] with as consequence
the reactive power required by the machine flowing completely via the stator. In this
case, the rotor current is solely used for speed control thereby minimizing the rotor-
side converter losses. However it is done at the expense of the GSC as the latter has

to take care of the terminal voltage or power factor control.

e A third possibility is to impose the stator reactive power at a value that minimizes
the machine losses [30]. In such scheme the GSC is also operated at non-unity

power factor as it has to complement the reactive power production.

e A fourth option is to impose the stator reactive power as the total reactive power
required by the network so that the GSC is operated at unity factor [37,48, 68, 81].
This alternative was shown to be very effective as reactive power injection through

the RSC is amplified with a factor 1/s where s is the slip [68,97].

Table 1.5 summarises the above sharing schemes.

When the terminal voltage control is done, the reactive rotor current setpoint can be
obtained in different ways as well. It can be the output of a PI-controller acting on the
terminal voltage error [48,51,67]. Alternatively, it can be determined as the sum of a
magnetising component (calculated from the measured terminal voltage) and a voltage
control component (obtained by amplifying the terminal voltage error) [37,61, 68, 69].

For the reactive outer-loop control of the GSC, coordination is required with that of
the RSC so that the reactive demand of the network is met. When the RSC does not

control explicitly the terminal voltage or power factor, the task has to be done by the
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Table 1.5: Common reactive power sharing schemes between the DFIG stator and GSC

Stator reactive power (s GSC reactive power Qasc
1 QS so that Qr = Qr,magn QGSC = Qtot,rcf—Qs 7é 0
2 QgsothatQ,=0 Qasc = Qiotref—Qs # 0
3 (s so that copper losses are min.  Qasc = Qot,ref—Qs # 0
4 Qs =Quotref Qcsc =0

Q- is the rotor reactive power, @, maqgn i the magnetizing reactive power,
Qtot,rey is the reactive power required by the network, or determined by
an outer voltage control loop

GSC. In such case, the controlled variable can be either terminal voltage or the terminal
power factor. When the DFIG controls directly the terminal voltage or power factor, the
GSC operates at unity power factor.

For the pitch controller, the controlled variable can be either the rotor speed [32, 50,
53,61,63-65,67], or the total active power output [28, 62,94]. When rotor speed is the
controlled variable, the active power may be used to provide a compensation signal [51].
Speed control does not differentiate between shaft acceleration due to increase in wind
speed or system faults. In either case, the response (increase in pitch angle setpoint) is
appropriate [74]. For power control, a fault in the network or an increase in wind speed

give output error of opposite signs, which is less desirable.

Manipulated variables
For the rotor-side converter as a voltage source, the manipulated variables are in most
cases the cartesian components (real and imaginary parts) of the rotor voltage (v, and
vgr). It has been shown that polar components (magnitude and angle) of the rotor voltage
(Vimag and V. 45,0) [98], rotor flux (W, ;4 and W, 4,,4) [31], or equivalent voltage behind
impedance (£}, and E, ) [84] can also be used. Such scheme has been referred to as
flux-magnitude and angle controller (FMAC) [31, 84] and was proposed to interpret the
control of the DFIG like that of conventional synchronous machines.

Using cartesian or polar components of the rotor voltage or flux results in different
control formulation and layout. However, the physics of the DFIG are the same i.e. two

control inputs must be specified to the rotor to determine an operating point. The choice

of one scheme over the other is more likely to be decided by the practicality and feasibility
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of the required measurements. It is not yet clear if one framework performs significantly
better or worse, though it was shown that the FMAC has difficulty around synchronous

speed [84].

Control for large wind farms

As mentioned in Subsection 1.1.8, frequency control is presently required for larger wind
farms. This dynamical capability can be achieved in two ways. For short term support
(duration for the SG governors action to take place), the kinetic energy of the DFIG rotor
and turbine may be used by extracting/storing power out of/into it. This can be done
by imposing additional control signal in the active control loop of the RSC [31, 67,95].
One issue with this method is that input torque (mechanical torque) changes with rotor
speed, hence the turbine may be driven inadvertently into stalling mode when extracting
kinetic energy. This would reduce the output power and as a consequence inhibit the
frequency control. Another issue is that sufficient kinetic energy must be available, hence
the performance of this frequency support method depends on the initial rotor speed (how
far away from minimum or maximum). More quantitative investigations are needed to
address these issues.

The second way of providing frequency control is to operate the turbine with partial
deloading [32,40, 67,99]. This is feasible on large scale and over a realistically longer
period. The drawback however is extraction of less than optimal wind power, which is
more of an economical issue rather than a technical one. Depending on the required
degree of control flexibility, partial deloading may require the pitch control to be active
at all time [32]. In such case, pitching activity would be increased and more important
wearing of the components would be expected.

To conclude, other innovative control schemes for large wind farms have been ex-
plored, such as coordination with external system components and hierarchical control
within the windfarm. By sending the DFIG status to on-load tap changers on the network
(which requires additional communication links) better voltage control can be achieved
in a particular area [97]. By formulating the wind farm control in a hierarchical structure,
individual command for active and reactive power of the turbines can be computed in or-

der to provide the requested output at the point of common coupling and simultaneously
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minimise losses within the wind farm [32,40].

1.2.3 Dynamical behaviour in power systems

In the reported literature, the impact of the DFIG on the power system stability has been
assessed primarily by comparing it to the SG and SCIG. The study approaches have con-
sisted in both time domain and eigenvalue analysis. Time domain studies have been
used to investigate the voltage recovery profile of the DFIG following severe network
faults [57,59, 67], and the critical clearing time (CCT) of synchronous machines on the
network [37,58,72,77]. Eigenvalue analysis has been used to see how the low-frequency
oscillating modes of the synchronous machines are affected [59,74, 84,100, 101].

One salient characteristic of the DFIG with respect to its synchronous and fixed speed
counterparts, is the decoupling between the grid frequency (electrical) and the rotor speed
(mechanical) due to the converter controls [25,48]. As the electrical torque is explicitly
controlled, variation in mechanical input torque (due to wind speed variation, shaft tor-
sion, tower shadow) translates into speed variation dictated by the torque unbalance rather
than electrical torque variation as in fixed speed generators. Because of the high inertia,
rotor speed change is small and hence the output power variation is limited. This is also
why variable speed generators are said to act as buffer of wind speed variations [25,48].

A second notable difference of the DFIG with respect to both the SG and SCIG is its
better controllability. For the SCIG any dynamical control has to be provided by addi-
tional components (e.g. dynamic voltage compensator). For the SG since all the control
is done by regulating the field voltage magnitude, additional control such as power system
stabilizer capability is realized at the expense of voltage control performance [84]. For
the DFIG, the control flexibility is greater since two independent variables (rotor voltage
direct and quadrature components) are used to control output variables.

From the time domain studies, it has been shown as expected that, compared to the
SCIG, the voltage recovery profile of the DFIG is much better [57, 67]. One obvious
reason is that unlike the SCIG where the uncontrolled reactive power demand is very
sensitive to voltage level and rotor speed, the DFIG can control its reactive power or

terminal voltage independently of rotor speed. The voltage behaviour of the SCIG is
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typically poor because at fault clearing the machine has accelerated, resulting in higher
currents (along with higher active and reactive power magnitude) and more important
longer lasting voltage drop in the network lines [57]. If the SCIG has exceeded its pull-
out torque the machine accelerates further and may be tripped by overspeed protection
logic [57]. Compared to the synchronous generator, the DFIG with power factor and
VRT control has a slower voltage recovery profile [58]. With voltage and VRT control,
the DFIG voltage recovers better than that of the SG [59, 67].

For the CCT criteria, the DFIG gives also better result compared to both the SCIG
[37] and SG [58] (i.e. when replacing the SCIG or SG by a DFIG), which can again be
explained by the better controllability of the DFIG.

From the eigenvalue studies, it has been shown that the DFIG does not introduce
problematic oscillatory modes [100]. Replacing an SG by a DFIG gives better damping
of the network lower oscillation frequency modes (inter-area modes) [59,74,84,100,101]
because in such scenario, the size of the total synchronous inertia that participate into
system oscillations is reduced [100]. Mode shape analysis has shown that indeed the
DFIG does not contribute (neither positively or negatively) to inter-area mode [74]. In fact
with suitable control design, the DFIG can even actively improve the network oscillation
damping [84]. This requires that the DFIG output power is injected into the grid so that
it produces an electrical torque component in the SGs that is in phase with their rotor
speed [84]. The design of such compensator for the DFIG may not be a trivial task

depending on the network and SG location.

1.3 Present thesis
1.3.1 Objectives

The objectives of the present thesis is to study the small-signal behaviour of the DFIG in
view of building a better understanding of its inherent dynamics and effect on the external

system. The research questions of interest can be summarised as follows:

o [nherent dynamics of the DFIG: Which variables are coupled or decoupled? What

are the typical oscillations frequencies and damping? What are they caused by?
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e [Influence of machine parameters and operating condition: How sensitive are the
DFIG dynamics to machine parameters and operating point? Is there any case for
which the system is unstable? When is it more stable and when is it closer to

instability?

e Role of the controllers: What is the difference between open-loop and closed-loop
operation? How do the control settings change or determine the behaviour of the

DFIG?

o Lffect on the external network: What distinguishes the DFIG from the SG and

SCIG? What are the consequences in terms of behaviour in the power system?

1.3.2 Motivation

As reviewed in Section 1.1, the DFIG is one of the preferred option for variable speed
wind energy conversion systems. The advantages are its wide range of feasible rotor
speed, reduced mechanical stress, reduced power electronics rating and optimized power
capture. These technical and economical characteristics have motivated the introduction
of the technology in modern wind farms. To facilitate its further integration into the
power system, it is therefore important to assess its dynamical behaviour, performance
and impact on the network. The present work aims at contributing the understanding of
the DFIG in that respect.

The review of Section 1.2 helped identify the above research questions. Some of these
have been addressed in the reported literature and Section 1.2 provided a summary of the
main results. It was shown that the dynamics of the DFIG has been mostly assessed
with time domain studies and modelling practice has followed essentially that adopted for
conventional synchronous machines (neglecting stator transients, one mass drive train,
etc). The present work takes an alternative approach (eigenvalue analysis) in order to
provide analytical justifications and additional observations.

The results and conclusions made in this thesis are obtained from theoretical studies,
as opposed to experimental ones. Since assumptions have a significant impact on this type

of study, a considerable part is dedicated to the derivation of the mathetical models.



1.3 Present thesis 50

In addition, as the dynamical behaviour of the DFIG is determined by its controllers,
the tuning of the control settings is also examined. The importance of the controllers
and the non-triviality of their tuning have been recognized [70, 81], hence the details of
how the control parameters are obtained in this work is provided. Understanding how
the DFIG dynamics are influenced and modified by the controllers helps in the tuning

process; hence this was identified as one of the research questions.

1.3.3 Approach

The research questions of Section 1.3.1 can be answered by experimental studies, sim-
ulation studies, or analytical analysis. The present work considers the latter approach.
In first instance, the DFIG is considered in normal operating conditions and under small
disturbances so that linear system theory such as eigenvalue analysis can be applied.

The eigenvalues of a system contain a whole spectrum of information. They indicate
for example the stability of the system and they can be used to determine the coupling be-
tween the system’s variables or to tune the system’s controllers. In power system studies,
it has been typically used to assess the oscillatory behaviour of synchronous machines. In
this work it used to analyze the doubly-fed induction generator itself.

Also, eigenvalue analysis is a convenient tool that can be automated to examine the
problem in a systematic way. It offers an alternative interpretation of the system behaviour
and can reinforce the results obtained with simulation studies. It also allows the justifica-
tion of certain modelling practice such as two-mass drive train and neglect of both stator

and rotor electrical transients after appropriate control design.

1.3.4 Contributions

The contributions of the present work can be summarised as follows:

e Improving the understanding of the DFIG modelling: Usual practice and purpose
of the different modelling alternatives are reviewed for the building blocks of the
DFIG wind turbine. The relevant models are derived and typical parameters that
are available in the literature are compared. Recommendation is made for selecting

the appropriate model for the purpose of this work.
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e [mproving the understanding of the DFIG dynamics: Steady-state, open-loop and
closed-loop behaviour are examined in detail. From the steady-state analysis, the
sign of the process gains are determined and the impact on DFIG control design is
explained. From the modal analysis of the open and closed-loop system, the typical
time frame and characteristics of the different dynamical parts are determined and

the effects of closing the control loops are identified.

o [nvestigating further the distinction of the DFIG with respect to the SG and SCIG:
It is well known that unlike the SG the DFIG is an asynchronous machine and that
unlike the SCIG the DFIG is fed with non-zero rotor voltage. Additionally, vari-
ability of the speed and controllability of the electrical torque result in decoupling
of electrical and mechanical dynamics. The impact of this feature on the modelling

adequacy is examined.

e Proposing a tuning procedure for generic Pl-controllers: The effect of the control
parameters on the location of the eigenvalues are identified. The result allows a pole
placement process which considers the poles of both DFIG and controllers. The
range of parameters value that can not be used for stability and resonance reasons
are determined. A step-by-step method is formulated and the robustness of the

resulting controller is verified.

e Explaining the observations made in previous research: Among other points, it
is shown that the poorly damped mode near line frequency observed in [46] as
being the stator mode, is indeed the stator mode but for the open-loop DFIG. For
the closed-loop DFIG, the situation is different because of the rotor-side converter
control actions. It is also shown why voltage control parameters should not be too
high as stated in [51]. The answer is obtained by examining the sensitivity of the

DFIG electrical dynamics to these particular control parameters.

e Implementing an automated routine for eigenvalue analysis of a grid connected
DFIG: The grid can consist of a simple infinite bus or it can consist of a network

with multiple synchronous machines and other DFIGs. The routine performs a full
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initialization of the DFIG for specified load flow configuration. Different model
assumptions such as omission of the DFIG electrical transients can be tested. Root-
loci are obtained conveniently so that the effect of control parameters, machine

parameters or operating point can be assessed in a systematic fashion.

1.3.5 Layout of the thesis

The present thesis can be divided in two main parts: Modelling and analysis.

The next chapter describes the modelling of a wind turbine with doubly-fed induction
generator. The models that are suitable in the context of this work, namely eigenvalue
analysis of the DFIG from the power system viewpoint, are reviewed in detail.

In the analysis part, the study begins with the steady-state behaviour in Chapter 3.
Comparison is made with the conventional SCIG and differences are highlighted. In
Chapter 4, the open-loop system is examined. The inherent dynamics are identified and
similarities with the SCIG are observed. Chapter 5 presents the behaviour of the closed-
loop system and proposes a tuning procedure for generic PI-controllers. Finally in Chap-
ter 6 a multi-machine network with both SG and DFIG is analysed.

Conclusions and discussions are summarized in Chapter 7. Future work is also dis-

cussed.
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Chapter 2
Modelling

Eigenvalue analysis requires a set of equations representing the system dynamics. The
first part of this work consists therefore in determining a suitable mathematical model
that can be used to answer the research questions listed in Subsection 1.3.1. As reviewed
in the previous chapter, many modelling alternatives have been proposed (Subsection
1.2). The models chosen for the purpose of this work are described in the following.
For each component, the different modelling approaches proposed in the literature are
briefly explained, the justification for selecting a particular model is given, and the model

equations are presented.

2.1 Turbine

For the turbine modelling, it is important to understand the airflow dynamics around the
structure because the resulting unsteady forces determine the turbine performance (energy
yield), structural loads and acoustic noise. Inaccurate predictions may lead to non-optimal
design, larger capital investments and larger operation/maintenance costs.

From a mechanical aspect, the turbine converts power by withstanding various kinds
of stresses due to the air movement surrounding the turbine. Hence the detailed airflow
dynamics are of interest to the turbine designer because they determine the soundness and
fatigue life of the structure.

From an electrical viewpoint, the turbine applies an input torque on the drive train.
Any unbalance with respect to the load torque applied by the generator translates into

acceleration or deceleration of the shaft and associated variation of electrical variables.
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Hence for the electrical engineer, the interest is mainly in the dynamics of the input
torque, while the complex airflow dynamics and associated mechanical vibrations and

deformations may be ignored.

2.1.1 Modelling approaches

Broadly speaking, there are two approaches to calculate the turbine input torque. In the
first approach, referred to as ‘theoretical approach’ in this work, airflows surrounding the
turbine are modelled so that forces on the blades and hence torque on the shaft can be
calculated. In the second approach, referred to as ‘empirical approach’ in this work, the
input torque is expressed as an algebraic function of selected input variables (wind speed,
pitch angle, turbine speed). Table 2.1 shows the main turbine modelling methods that are

used presently. The different methods are described in the following subsections.

Table 2.1: Turbine modelling approaches and methods

Theoretical approach Empirical approach

- Blade elememt theory methods - Constant input power
- Engineering models or torque

- Wake methods - Algebraic C), curves

- Computational fluid dynamics methods - Dynamical C), curves

Theoretical models are extremely computational intensive and mostly used for tur-
bine design. Empirical models are satisfactory for power system studies and give a right
balance between accuracy and complexity. Although theoretical methods are not used in
this work, they are briefly reviewed for a better understanding of wind turbine modelling

iSsues.

2.1.2 Theoretical modelling methods

The aerodynamics of a wind turbine are quiet complex because the flow field surrounding
the structure results from many types of interacting sources, as shown in Table 2.2, making
both measurements and calculations difficult [102]. Some sources are mostly periodic
such as the wind flow itself, the yawing system related oscillations (oscillation of the

nacelle about the tower axis), and the tower shadow effect (passage of the blades in front
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of the tower which modifies the free wind flow). Other sources are mostly aperiodic
such as turbulence (gusts), wake behaviour (disturbed fluid movement further behind the

turbine), and blade-wake interactions.

Table 2.2: Aerodynamic sources contributing to turbine airloads

Mostly periodic  Mostly aperiodic

- Wind inflow - Wind turbulence

- Yaw dynamics - Wake dynamics

- Tower shadow - Blade-wake interactions

The theoretical description of fluid flows are given by the so-called Navier-Stokes
equations (equations of motion for viscous fluids) [103]. Analytical solutions are only
known for few special cases and numerical solutions present stability difficulties and re-
quire prohibitive computational time. In non-academic environment, simpler modelling
strategies are used [18].

The theoretical modelling strategies used in practice can be roughly classified into
three types: blade element (BE) theory based methods, wake model based methods and
computational fluid dynamic (CFD) methods [18, 103]. In BE methods also known as
strip theory methods, the blades are divided in small sections and the forces on each
of them are calculated. These are then converted into accelerations and integrated into
velocities and positions. In wake methods also known as vortex methods, a more complex
model is considered for the actual flow field. The wake behaviour further upfront and
further behind the turbine is considered. It usually predicts fluctuating torques that are not
forecast by BE methods. In CFD methods, the solution of the Navier-Stokes equations
are approximated numerically. Table 2.3 summarises the main modelling alternatives and
their validation status; more details can be found in [54].

A fourth type of theoretical modelling approach consists in the so-called ‘engineering
models’, which were formulated to address slow unsteady flow phenomena [104]. In
terms of complexity, engineering models lay between the BE and wake methods. Slow
unsteady flow phenomena (5~10 s) relate to the ‘dynamical inflow’. They account for
the influence of the time-varying wake vorticity (rate of rotational spin in a fluid) on the

inflow velocity in the rotor plane. Dynamical inflow may have some effect during events
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Table 2.3: Theoretical turbine modelling alternatives and validation status

BE methods Wake methods CFD methods

- BE theory only (experimental | - Prescribed wake (geom- | - Euler (non-viscous form
data needed a priori) etry fixed or limited) of N-S equations)

- BE + momentum theory - Free wake - Navier-Stokes

- Acceptable predictions - Predictions with mixed - Consistent and realistic
under simplified conditions performance simulations of flow field

- Implemented in aeroelastic - Simplest versions imple- | - Not yet validated enough
design codes mented in design codes for design purpose

— — Increasing complexity — —

happening on the same time scale, such as windgusts (few seconds), blade pitching actions
(0.5~2 s) and yawing operations (1~2 s). In [104] it is argued that the pitching transients
and overshoots in shaft torque measured on the Tjaereborg 2 MW turbine (Oye, Technical
University of Denmark) are due to dynamical inflow; models are proposed to represent
the effects.

A comparative study of various aecrodynamic models can be found in [105]. The study
involved 30 experts from 18 organisations and models were generated from 19 different
turbine modelling tools. Predictions were made for precise conditions and measurements
were carried out in the same conditions (Nasa-Ames wind tunnel test). In order to avoid
reluctant participation, results were not identified by modeller and were compared anony-
mously. The results clearly showed that there were significant differences between the
various predictions and also significant deviations from measurements. For example, tur-
bine power predictions ranged from 25 to 175% of measured. This unfavourable conclu-

sion reflected the complexity of the subject and need for improvement.

2.1.3 Model for power system studies

The theoretical methods reviewed in the previous subsection are mostly used for wind
turbine design and wind farm economic evaluation. In these cases detailed modelling is
desired because the design and economic value are very specific to the site and turbine
considered. In power system studies it is more desirable to use generic models represent-

ing a whole class of wind turbine (e.g. megawatt variable speed wind turbines). Hence
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simple models that are less computational intensive and yet capture turbine power con-
version process are preferred.

The simplest turbine model is to assume a constant input power or torque, which is
the same as assuming constant wind speed, rotor speed and pitch angle. This model can
be used in small network disturbance studies with constant wind speed because in such
cases, the variation in rotor speed and hence pitch angle is small. Obviously, for studies
with changing wind speed or significant rotor speed variation, this model can not be used.

A more realistic assumption is to use the algebraic relationship P; = C, F,, where P,
is the turbine power, P, is the wind power and C),, is performance coefficient representing
the portion of wind power that is extracted by the turbine. The expression for P, is
obtained as follows [16]. The kinetic energy of a mass of air m moving at an average
speed v, is B}, = 0.5 m v2. The associated power is equal to the rate of change of Ej,
ie. P, = d(Ey)/dt = 0.5(dm/dt)v? where dm/dt is the mass of air transferred per unit
time. If the air is passing through an area A then (dm/dt) = p A v,, where p is the air
density. Hence the power of the air passing through that area is P,, = 0.5pAv3 and the
extracted turbine power is P, = C,P,, = 0.5 pAC,v3 .

In BE methods, C, is determined analytically by integrating the force and torque
of each blade section over the blade length for all the blades. For generic power system
studies, numerical approximations expressing C), as function of tip-speed ratio A and pitch

angle 4 may be used [50,61]. Hence if R is the blade length, the turbine model is:

P, = 0.5 prR*C, (), B)v3 (2.1)

w

Examples of expressions for C,(\, 5) are given in the next subsection. The model in
(2.1) is a non-linear expression relating turbine input power to wind speed, pitch angle
and turbine speed. It is an algebraic model where airflow dynamics are ignored, hence
turbine power changes instantaneously from one operating point to another when there is
a change in wind speed, tip-speed ratio, or blade pitch angle.

Dynamical C,, models have been proposed to represent aerodynamics related tran-
sients such as dynamic stall [106] and dynamical inflow [107]. Dynamic stall happens
during rapid aerodynamic changes. It can result in high transient forces when the wind

speed increases and it usually delays the static stall behaviour (stall by design) [18]. The
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associated time constant is in the order of the time for the relative wind to traverse the
blade chord. For large wind turbines, the associated time scale is about 0.2 sec at the
blade root to 0.01 sec at the blade tip. Dynamical inflow relates to the flow field dynam-
ics due to turbulence or changes in the turbine operation (rotational speed or blade pitch
angle). It can result in larger transients turbine loads [18]. The associated time constant
is in the order of 2R /v, 4,. E.g. for a large wind turbine with blade length R = 40 [m]
and average wind speed v,, 4, = 15 [m/s], the time constant is in the order of 5.33 [s]. It
has been suggested in [104] that dynamic inflow transients occur ‘in the good direction’,
e.g. when the pitch angle increases the turbine torque first decreases excessively before
stabilising to its new operating value and vice versa.

Dynamical C,, models are not considered in this work because dynamic stall and dy-
namical inflow are more relevant for turbine efficiency or fatigue studies. For power
system stability studies, dynamical stall is a relatively fast phenomenon. Neglecting it
means that overshoots may be underestimated, however the overall dynamical behaviour
of the turbine-generator would not change significantly. For the dynamical inflow phe-
nomenon, the result in [104] suggests it is more conservative not to consider it. More
detailed validation is needed for the relevance and suitability of the proposed dynamical
models for power system stability studies, however this is out of the scope of the present

work.

2.1.4 Parameters data

In general, C, curves are provided by manufacturers from field testing [18]. For academic
purpose, numerical approximations can be used [22]. An example of generic expression

for the performance coefficient is [22, 108]:

(&) C9Cq
At BP+1

—c cre
—c30—ca 5 —06) exp()\ n Zsﬁ + 5374‘9 1) + c10A
(2.2)

G0 =i

where (3 [deg] is the pitch angle and A the tip speed ratio (ratio between the speed at the

tip of the blade and average wind speed):

Ao Wit (2.3)
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In (2.3) w; [rad/s] is the turbine speed, R [m] is the blade length, and v,, [m/s] is the

average wind speed. Parameters from different references are given in Table 2.4.

Table 2.4: C,, curves parameters from different references.

€1 C2 €3 Cq Cs C6 cr 8 9 €10
Heier [22] 0.5 116 04 O 0 5 21 0.08 0.035 0
Matlab [108] | 0.5176 116 04 O 0 5 21 0.08 0.035 0.0068
S101 [61] 0.22 116 04 O 0 5 12.5 0.08 0.035 0
S103-CS [48] | 0.44 125 0 0 0 694 165 0 —-0.002 0

S103-VS [48] | 0.73 151 0.58 0.002 2.14

132 184 —-0.02 -0.003 O

CS = constant speed, VS = variable speed

The typical shape of C), curves can be observed in Fig. 2.1, which shows the curves for

the parameters of Table 2.4. Heier [22], Matlab [108] and Slootweg0O1 [61] give similar
C, curves, while SI03-CS and S103-VS [48] describe different types of turbine. The latter

curve approximates the performance of the GE 1.5 and 3.6 MW DFIG [48,51].

The maximum performance C,,,,, is reached when the blade pitch angle 3 is zero.

The tip-speed ratio at which this occurs is the optimal tip-speed ratio \,,:. Table 2.5

gives Cpap and A,y for the C), curves of Table 2.4. In subrated conditions (when power

produced is less than rated power), variable speed wind turbines are controlled so that their

operating point on the C), curve stays around C),,,4,. This is achieved by maintaining the

tip speed ratio at \,,; by adjusting the rotor speed appropriately as the wind speed changes.

Table 2.5: Maximum C;, and corresponding optimal \

Cpmaa} )\opt
Heier [22] 0411  7.954
Matlab [108] | 0.48 8.1
S101 [61] 0.4382 6.325
S103-CS [48] | 0.4906 8.7622
S103-VS [48] | 0.4412 7.2064

For a DFIG operating initially at C),,,, at a given rotor speed, if the wind speed

increases suddenly (wind gust), the tip speed ratio decreases and the operating point on

the C), curve falls in the positive slope region. Similarly for a DFIG operating initially at

Cpmagz at a given wind speed, if the rotor speed increases suddenly (e.g. due to a fault on
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Figure 2.1: C), curves as function of tip speed ratio with pitch angle () as parameter

the network), the tip speed ratio increases and the operating point on the C, curve falls
in the negative slope region. In both cases, the performance coefficient and hence the
captured and produced power by the DFIG is less than optimal right after a disturbance.

In rated regime, speed control can be done by stall regulation or by variable pitch
regulation. In stall control, the operating point goes on the ‘left’ of the C), curve, where
the blade is in stalling mode [63] the wind flow becomes partially detached from the blade
surface. In pitch regulation the operating point stays on the ‘right’ portion of C), curve
where the wind flow is laminar i.e. stays attached to the blade surface. Stall control
does not require pitching mechanism however requires better overtorque capability and
corresponding rating adjustment of the generator [27].

In practice, dimensions of the turbine are also given by the manufacturer. For generic
studies where numerical approximations of C), curves are used, the parameters of the
turbine can be computed from (2.1). This is done by considering the operating point
where the turbine goes from subrated to rated conditions. At this operating point the

turbine produces rated power P44, the wind speed is the rated wind speed vy, rqeq and
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the coefficient performance is at its maximum C, ,,,q.., hence:

R = \/Pratecal W)/ (0507 Caas 1) 2.4)

From (2.4), for a given P,4teq and vy, rqted, the higher C) .4, the lower R. This is as
expected since the higher the performance, the more efficient the turbine and hence the
smaller the required swiped area to capture a given level of wind power. Table 2.6 shows
indeed that for a given P,4teq and vy, yqteq the rotor radius R obtained with the ‘Matlab’
C, curve (C) maz = 0.48) is the smallest.

At rated wind speed, the tip speed ratio relationship in (2.3) gives the turbine rated

speed wy rqreq [rad/s] and the blade rated tip speed wy 1), [m/s] as:
We,rated = (Uw,rated)\opt)/R (25)
Weip,rated = wt,ratedR = /Uw,rated)\opt (26)

From (2.6), the blade rated tip speed depends only on A, for a given vy rqteqd. TO
avoid excessive rotational blade tip speed, the blade design should ensure that the optimal
tip speed ratio A, is not too high. This is shown in Table 2.6, where the blade rated tip
speed is the lowest for the ‘SI01” C,, curve (A, = 6.325).

Table 2.6: Turbine parameters obtained for different C), curves

Prated Vw,rated Cp,maz R )\opt Wtip,rated  Wtrated Tt,rated

C), curve [MW] [m/s] [m] [m/s] [rad/s] [rpm]
SI01 [61] 3 12 0.4382 | 45.38 || 6.325 75.90 1.67 15.97
5 12 0.4382 | 58.58 || 6.325 75.90 1.30 12.37

Heier [22] 3 12 0411 | 46.86 || 7.954 95.45 2.04 19.45
5 12 0.411 | 60.49 || 7.954 95.45 1.58 15.07

3 12 0.48 43.36 8.1 97.20 2.24 21.41

Matlab [108] | g 12 048 | 5597 || 81 | 9720 174 1658

To summarize the above observations, C), .., should be made as high as possible to
keep the rotor blade length within reasonable limit, and \,,; (A at which C), ,,,,, is reached)
should be made as low as possible so that the blade tip speed stays within acceptable limit.
Cpmaz and A,y are design parameters (they depend on the airfoil shape, material, etc).

In the above procedure, turbine dimensions are calculated from a theoretical C), curve.

In practice, the process is reversed. The rated wind speed v, rqzeq 1S decided from statistics
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collected at the wind farm site. Turbine dimensions P,..q and R are determined from
design criteria and technology. The C), curve is subsequently obtained by field testing.
Due to confidentiality reasons, these parameters are rarely fully disclosed. In this work,

where the focus is on generic modelling, the parameters are calculated as in (2.4).

2.2 Drive train

The drive train of the wind turbine can be represented as a series of rotating disks con-
nected by shafts [18]. If the disks are rigid and the shafts are massless the system dif-
ferential equations are obtained by writing Newton’s motion equation for each disk an-
gular speed. If the disks have some elasticity and the shafts have some distributed mass,
wave equations with their continuity boundary conditions have to be established for each
body [109].

From a mechanical viewpoint, drive train shafts are subject to twisting stresses.
Hence, for the drive train designer a detailed model is needed in order to evaluate these
stresses and determine the shaft strength required. From an electrical aspect, reduced
order models can be used as long as electrical variable variations caused by drive-train
dynamics are correctly represented.

In power system stability studies, it is reasonable to consider the turbine, gearbox and
generator as rigid disks and shafts as massless torsional springs [18]. These assumptions
are acceptable when comparing the components relatively. The turbine, generator and
gearbox have negligible twisting compared to the shafts. The shafts have negligible mass

compared to the turbine and generator.

2.2.1 Terminology

For easier discussion, some concepts that are used in the description of rotating mechani-
cal systems are briefly defined here, for more details see [109].

Area moment of inertia J,: Also known as the second moment of area, .J, is a property
of shape indicating its resistance to bending and deflection. It is defined as .J, = [ r?dA

[m*] where 7 is the perpendicular distance of the area dA from the rotation axis.
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Mass moment of inertia J: Also known as angular mass, J describes the mass distri-
bution of a rigid body rotating about an axis. It is defined as J = [ r*dm [kg m?] where
r is the perpendicular distance of the mass dm from the rotation axis.

Torsional Stiffness k: For torsional systems represented by equivalent spring-mass
models, the constant k called stiffness or spring constant relates torque to angular dis-
placement. It has units of [Nm/rad] and is defined as k = Ty, /0, = GJ,/l where Ty,
[Nm] is the shaft torque, 0y, [rad] the twist angle, G [N/m?] the shaft material modulus
of rigidity (material constant), [ [m] the shaft length, and .J, [m?] the area moment of
inertia. The stiffness of a shaft is its resistance to twisting when experiencing a torque,
i.e. the amount of torque 7T, required to twist the shaft by an angle 6,,,. It depends on the
material and is lower for shafts that are longer with smaller cross-section.

A parallel or series connection of n springs with stiffness k1, ks,..., k,, can be reduced
to an equivalent spring with stiffness key por = k1 + ko + ... + kj, Or k;;;ser =k by
ky' 4 ...+ k! respectively. In a parallel connection the equivalent stiffness is larger
than the initial largest stiffness. Conversely, in a series connection the equivalent stiffness
is smaller than the initial smallest stiffness.

Geared systems: For geared system, the low speed angular mass .J; ¢ and stiffness kg
can be referred to the high speed side by establishing kinetic and potential energy balance
respectively [109]. The result gives J;g = Jps/n%, and kjg = krg/n7, where Ji g and
k7 ¢ are the low speed parameters referred to the high speed side, n;, is the gearbox ratio.

From the above definitions, it is seen that stiffness depends on material and geometry
of the shaft. For geared system the impact of the parameter ny, (gear ratio) is the highest.
A large ng, gives a low (inversely proportional to ng, squared) equivalent stiffness when

viewed from the high speed side (referred value). This is the reason why WECS drive

train with gearbox is much more flexible than conventional drive trains.

2.2.2 Modelling alternatives

Fig. 2.2 shows a schematic representation of the DFIG drive train. A natural translation
of the physical system into mathematical equations would be a 5'" order model with

three masses (turbine, gearbox and generator) and two shafts (low-speed and high-speed).
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Depending on the point of interest and system characteristics, simplified models may be

used as shown in Table 2.7.

lowe speed high speed
shaft shaft

:

turbine gearbox generator

Figure 2.2: Schematic representation of the drive train

Table 2.7: Drive train model alternatives

3-mass 2-shaft | - LS and HS shaft are flexible (2 DE)
(5*" order) - dw/dt is different for each mass (3 DE)
2-mass 1-shaft - Equivalent shaft is flexible (1 DE)

(3" order) - dw/dt is different for each mass (2 DE)
I-mass no-shaft | - All shafts are rigid

(15t order) - dw/dt is same for each mass (1 DE)

DE = differential equation, w = rotational speed
LS = low-speed, HS = high-speed

In Fig. 2.2 the turbine inertia represents the lumped-mass of blades and hub. For
power system studies this is satisfactory (i.e. there is no need to represent the blades and
hub with additional rotating masses and shafts) because the modes associated with the
blades and hub are either well damped or out of the frequency range of interest [71].

In Table 2.7 the 3¢ order model can be obtained from the 5 order model in two
ways. In the first way, the gearbox inertia is ignored with respect to turbine and generator
inertia, and the two shafts in series are replaced by an equivalent shaft [20]. In the second
way, the HS shaft is considered as rigid compared to the LS shaft, hence the gearbox and
generator inertia are lumped together and the equivalent shaft is the LS shaft [106].

The first approach can be justified by the definition of the moment of inertia. If the

gearbox dimension and mass are much smaller than those of the turbine and generator,
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it can be considered as having negligible area and mass moment of inertia. The second
approach can be justified by comparing LS and HS shaft stiffness k;¢ and kpg. For
consistent comparison they have to be referred to the same speed side. For example kg
referred to the high speed side is k} ¢ = krs/ nzb. As the gearbox ratio ng is at least 50,
the HS shaft can be considered as relatively rigid compared to the LS shaft.

Whichever approach, the two-mass model accounts for the fact that turbine and gen-
erator may oscillate with respect to each other. In both approaches the equivalent stiff-
ness is mainly determined by the low speed shaft since the first approximation gives
keg = 1/(K7 4 + ki) ~ ki ¢ and the second ke, = k/ .

In power system stability studies, the two most common models for the drive train are
the lumped-mass and two-mass models. The two-mass model is recommended because it
correctly represents the elasticity (or flexibility, or softness) of the shafts [50, 72]. How-
ever as reviewed in the previous chapter, the lumped mass-mass model is still frequently
used.

The discrepancy between the two models has been observed experimentally and with
simulation studies. From the experimental study (islanding of a wind farm in West Den-
mark), it was concluded that the lumped-mass model may be too optimistic for short-
term voltage stability studies [20]. Measurements showed that the lumped-mass model
underpredicted the reactive power requirement; and overpredicted the speed of voltage
restoration. Similar results were obtained with simulation studies, which showed that for
the SCIG, the lumped mass model can be over-optimistic as it can stand a much longer
fault (critical clearing time) [72,73].

The reason of the better behaviour of the lumped-mass model for the SCIG is its
slower acceleration. The slower acceleration is due to two facts: higher mass and no shaft
potential energy. For the two-mass model, during fault as the electrical torque drops the
stored potential energy of the shaft is released further accelerating the generator [72,73].
Hence the SCIG goes beyond its pull-out torque more quickly. For the DFIG, although
there is no problem of pull-out torque for a well defined torque-speed control charac-
teristic (see Subsection 2.4.1), the two-mass model is still important for control tuning

and coordination. For the DFIG, the electrical torque setpoint is determined from the ro-
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tor speed, hence the way in which it accelerates should be correctly represented for an
accurate evaluation of the control performance.

Below, a simple illustration is given to show that for wind generators with gearbox,
the rotating bodies do not behave as a single equivalent mass as opposed to the situation
of conventional synchronous machines. The observation is made by comparing the two-

mass two-spring system and its equivalent one-mass one-spring system in Fig. 2.3.

ee Lﬂr E"(u.l L'~Jt e ["‘JF = U‘]t
H ‘ e Heq

ke g K H

Figure 2.3: Two-mass two-spring system (left) and equivalent one-mass one-spring system. 6,
ke = electrical twist angle and stiffness (external network); 0y, ksn, = mechanical twist angle and
stiffness (drive train); w;, H, = generator speed and inertia; w;, H; = turbine speed and inertia.

The fixed end in the figure represents the infinite bus, k. the equivalent stiffness of
the electrical network and kg, the equivalent stiffness of the generator drive train. The

dynamics of the two-mass system with no damping are given by:

d,/dt = w, 2.7)

dw, /dt = (0.5/H,) (kshOrw — keb.) (2.8)
by /dt = w; — w, (2.9)

dw,/dt = (0.5)Hy)(— kg0 (2.10)

The dynamics of the lumped-mass model with no damping are described by:

do, /dt = w, @.11)
dw, /dt = (0.5/Hey)(—k.0.) (2.12)

where H., is the equivalent inertia.  Substituting (2.11) in (2.12) gives 96 +
(ke/(2Hq))fe = 0 which has as solution § = C'sin((27 f)t + ®) where C is the os-
cillation amplitude, f = (1/(27))+\/k./(2H,,) the oscillation frequency, and ® the phase
angle [109]. Table 2.8 shows the oscillation frequencies for different values of stiffness

and inertia.
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Table 2.8: Oscillation frequencies of the mass-spring systems in Fig. 2.3

2-mass model: H, =0.5, H; =5 [s]

ke ksn | fi[Hz] f2 [Hz]
20 200 | 0.206 2.46
20 20 | 0.157 1.02
20 0.2 | 0.022 0.715

1-mass model with H., = H, + H;
ke = 20 | f=0.215

When k. < kg, the lower frequency mode (f;) can be approximated by the one-mass
model with H., = H; + H,. When k. =~ kg, or k. > kg, the oscillatory dynamics of the
two models are completely different.

For conventional power plants with synchronous generators the equivalent electrical
stiffness k. (between the generator and infinite bus) is much lower than the mechanical
stiffness kg, (between the generator and turbine) [71]. Hence the drive-train can be ap-
proximated by the equivalent lumped-mass model. For wind power plants with a gearbox
in the drive-train, the shaft is much slender, resulting in a mechanical stiffness kg, of
same order or lower than the equivalent electrical stiffness k. [71,73]. Hence the two-

mass model should be used to preserve correctly the oscillatory behaviour.

2.2.3 Model for power system studies

In the previous subsection the reasons for preferring the two-mass model for the drive train
instead of the lumped-mass model were given. In this subsection the mathematical model
is presented and an interpretation is given by means of an electro-mechanical analogy.
The dynamical equations of the two-mass model are obtained from Newton’s equa-
tion of motion for each mass (rotational speed) and shaft (torsion or twist angle) [109].
In actual units, variables and parameters have to be referred to a same speed side. For
power system studies, a convenient choice is the high speed side (generator) since one is

interested in the electrical variables. With turbine side variables referred to the generator
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side, the drive-train dynamical equations are:

d
Jizw =T, = T (2.13)
d
Jgawr =Ty — 1. (2.14)
d
Tsh = keqetw,eq + Ceqaetw,eq (215)
d
Eé’tw,eq = wé — Wy (216)

where the apostrophe indicates referred variables; J;, J, are the turbine and generator in-
ertia; wy, w, the turbine and generator speed; k., c., the stifftness and damping coefficient
of the equivalent shaft; 0, ., the shaft torsional angle; T/, T, the turbine and generator
torque.

The understanding of the above model may be facilitated with an electromechanical
analogy. Electromechanical analogies were used before the development of digital com-
puters to simulate mechanical systems [109] (p. 413). Presently, they can also be useful
for implementing the drive train model in software packages like EMTP [72].

In such framework, complex mechanical systems such as gear trains or automobile
suspensions are reduced to a spring-mass-damper equivalent circuit, and their dynami-
cal behaviour are analysed by implementing the equivalent electrical circuit. There are
two types of analogy. If the mechanical force is set analogous to electrical voltage (hence
velocity analogous to electrical current), the analogy is referred to as ‘force-voltage’ anal-
ogy. If the mechanical force is set analogous to electrical current (hence velocity anal-
ogous to electrical voltage) the analogy is referred to as ‘force-current’ analogy. The
force-current analogy is often preferred because the equivalent electrical structure ‘looks’
like the original mechanical system [109].

Figure 2.4 and Table 2.9 show the force-current equivalence between a two-speed
rotational system and two-voltage electrical circuit. It is seen that speed change is deter-
mined by torque unbalance in a similar way as voltage change is determined by current
unbalance. Dampers and resistances dissipate energy, while inertia, springs and capaci-
tances, inductances store it.

In power system studies, it is often more convenient to express all variables and pa-

rameters in per unit (per unit values are normalised values with respect to some chosen
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Figure 2.4: Force-current analogy between rotational and electrical systems.

il

H

Chy

Table 2.9: Force-current analogy between rotational and electrical systems

Rotational variables

Electrical variables

w rotational speed [rad/s] |4 voltage [V]
T torque [Nm] I current [A]
¢! damping_1 [Nm.s/el.rad]™! | R resistance [(]
k1 stiffness ! [Nm/el.rad]~! L inductance [H]
J angular mass [kg m?] C capacitance [F]
Ot twist angle [el.rad] P flux [wb-turns]
LS referred to HS LV referred to HV

Wy = NgpWwt Vi =nViy
T7/n = m/ngb Iz{n = Iin/n
‘s =mplig Ry =n’Rry
k:/_l 2 k/_l L/ _ 2L

LS =Nplrs LV =n Lrv
Ji = Ji/n, Crv = Cry/n?
Orors = Ngpbrwrs Vv =nyry
Cd =g tCns Req = R} + Ry
g, = kg + kg Leg =L+ Ly
J{%w{ =Ty, — Teq C/LV%VL/V = I;, — Ieq
Jg%(ﬂr = Teq — T C’H\/%VvHV = qu — Tow
Teq — keqetw,eq + Ceq%Qtw,eq qu = ﬁweq + %Wﬁweq
%etw,eq = wé — Wr %weq = ‘/1/ A2

LS = low speed, HS = high speed

LV =low voltage, HV = high voltage

base). The conversion of the drive train equations into per unit can be done in two steps:

1) each variable in actual unit is replaced by z,.; = z,,x 5 (actual value = per unit value
P y p P

times base value); (2) common variables are simplified on the left and right hand sides of
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the equations. The turbine base speed and base torque are:

Wip = WrB/Ngp (2.17)

Tip = Tepngs (2.18)

where n, is the gearbox ratio, w,p = we;/nyy and T.p = Pr4teq/w,p are the generator
mechanical base speed and generator electrical base torque (w.; = 2750 is the electrical
speed, n,, is the generator pole pairs number). Using the definitions in Table 2.9, the

differential equation (2.13) for w; can be rewritten as:

(bglomal = (5 =T .19
g
J, d Ty oud
Qtdt{wtputh}ngb = M_{Tsh,puTeB} (220)
Ngp
Ji d
n_gterEWt,pu = TeB(E,pu_Tsh,pu) (221)
gb

If the turbine inertia constant is defined as:

1 Jt WrB

H =-— (2.22)
2 ngb Te B
the differential equation of the turbine speed in per unit becomes:
d
2th Wt pu T;S7pu - Tsh,pu (223)

If the generator rated power is chosen as the generator base power i.e. Sg = P,4cq, the

electrical base torque is 7.5 = Sp/w,p and other equivalent definitions of H, are:

Jt wT’B , W / B Jt WQB thB
2H, = — =J—=J YrB == 2.24
t n TeB t T@B t SB ngb SB t o SB ( )

Similarly the differential equation (2.14) for the rotor speed w, and the equivalent defini-

tions of the generator inertia H, are:

d
2H 94 — Wrpu = Tsh,pu - Te,pu (2.25)

2

2H, = J
gTeB g SB

(2.26)

From the units of J [kg m?], w, [rad/s] and S [VA], it is seen that H is in [s].
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Equation (2.15) for the shaft torque 7, can be written as:

d
{Tsh,puTeB} - {keq,pukqu} gtw,eq + {Ceq,pucqu}EQtw,eq (227)

If the base stiffness is defined as k.,5 = T.5/(1 el.rad) i.e. base torque per electrical
radian, and the base damping coefficient as ¢,z = T.5/(1 el.rad / 1 sec) i.e. base torque
per electrical radian per second, (2.27) becomes:

d

Tepu = kegpubrveq + Cogpu g 0req (2.28)
where k:q’pu = Kegpu/(1 elrad) is the the per unit stiffness per electrical radian and
Cogpu = Ceqpu/(1 elrad / 1 sec) is the per unit damping per electrical radian per sec-

ond. It is noted that in (2.28) the equivalent twist angle 6,,, ., is not converted in per unit
as the interpretation of angles is easier in actual units (radians).
In the remainder of this text, equations are expressed in per unit unless otherwise

ok

specified. Hence the subscript ‘pu’ and ‘eq’ and superscript “*” are dropped, and the drive

train equations can be summarized as:

2 o= QLHt(Tt —Ty) (2.29)
2 = 2—;19(T5h -T,) (2.30)
Ten = kbpyp + C%Qtw (2.31)
%etw = Wap(wr — wr) (2.32)

with £ in [pu/el.rad], c in [pu.s/el.rad]; Hy, Hy, t are in [s]; wep in [el.rad/s], 0y, in [rad].

2.2.4 Parameters data

Table 2.10 gives typical values of stiffness and inertia for modern wind plants [20]. Fig.
2.5 [71] shows a comparison of typical drive train parameters for different generation
schemes.

Although the data in Fig. 2.5 may be outdated for wind plants (1982), parameters for
conventional plants can still be consulted as the technology has changed to a lesser extent.
Considering the updated values of Table 2.10, it is seen that wind farms have indeed more

flexible drive trains.
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Table 2.10: Typical range for drive train parameters

Parameter Typical range
Generator inertia H [s] 0.4~0.8
Wind turbine inertia H; [s] 2~6
High speed shaft stiffness kg [pu/el.rad] 2~4
Low speed shaft stiffness kg [pu/el.rad]  0.35~0.7
Equivalent shaft stiffness k., [pu/el.rad] 0.3~0.6
STEAM
I ku:?’rﬂ Ifﬁ‘\l k33=5|:| I\ k34=3|] I
WS ey
H=0.89 H;=0.83 H;=0.86 Hy=0.25
Gen. LP1 Turhb. LP2 Turh. HF Turh.
HYDRO DIESEL WIND
k12=11 k12=1|:| k12=|:|.1
Hi=3.6 Hz=0.4 H=0.4 Hz=0.4 H=0.5 H=12.5
Gen. Turh. Gen. Eng. Gen. Turh.

Figure 2.5: Typical drive train parameters for different power generation schemes (/{ in
[s], k in [pu/el.rad])

An additional parameter that needs to be specified is the gearbox ratio. Although it
does not appear in the model (2.29)-(2.32), it is required for per unit conversion as shown
in (2.17)-(2.18). The gearbox ratio ng, is obtained as the rotor rated speed divided by the

turbine rated speed:

Wr rated

(2.33)

ngb =
Wt rated

The turbine rated speed w ,qteq 15 given in (2.5). The generator rated mechanical speed
Wy rated €an be chosen arbitrarily [27]. The higher w. ;4tcq, the higher the gearbox ratio, as
shown in Table 2.11.

Choosing a higher rated rotor speed w; ,4teq may be desirable as power optimization
is done over a wider range of rotor speed. The effect of different w, ,4t.q On the DFIG
steady-state characteristics is discussed later in Chapter 3.

From Table 2.11, the gearbox ratio depends also on the number of generator pole
pairs n,,. The higher the number of generator poles, the lower the gearbox ratio since the

generator mechanical speed is lower.
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Table 2.11: Gearbox ratio for different rated generator speed

Prated Vw,rated R Wt,rated Wr rated Ngb
Cp curve | [MW] [m/s] [m] [rad/s] [rad/s]
3 12 4538  1.67 | 1.0 (walny) 9391
SI01 [61] 3 12 45.38 1.67 1.2 (werlnpp)  112.67
5 12 58.58 1.30 1.0 (wer/nypp)  121.23
5 12 5858 130 | 12(walny,) 14548

we; = electrical base speed = 2750 [rad/s], n,, = gen. pole pair nb =2

2.3 Induction generator

As explained in the literature review of the previous chapter, the modelling of the induc-
tion generator consists in expressing the machine equations in a two axis synchronously
rotating frame, referred to as the dq-frame. The dg-model is obtained from the three-
phase voltage equations. The derivation is presented in detail below so that parameters,
conventions and variables used in this work are unambiguously defined.

Magnetic saturation, iron losses (hysteresis and eddy currents), slot effects, and un-
balanced conditions are not considered (see Subsection 1.2.1). These assumptions keep
the model simple (only positive sequence components are simulated) and are appropriate

for power system dynamic studies with three-phase disturbances.

2.3.1 Model in abc-frame

The three-phase differential equations for the electrical dynamics of the induction gener-
ator are obtained by applying Kirchoff voltage law to the stator and rotor circuits of the
machine. The direction for positive current and induced voltage polarity used in this text,
is shown in Fig. 2.6. The generator convention is used as positive current flows out of
the coil. The voltage balance equation for the circuit in Fig. 2.6 is v = —py — Ri where
p = %. The minus sign of the derivative term is due to Lenz’s law, which states that the
polarity of the voltage induced by a changing flux is so that it results in a current that
opposes the change [110]. It is noted that for induction motors, the direction for positive
current in Fig. 2.6 is reversed and the voltage equation is v = py + .

For the induction generator, whose stator and rotor circuits are shown in Fig. 2.7, the
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Figure 2.6: Convention for direction of positive current.
voltage equations are:
/U(ZS was ias U(l'f’ ¢ar iar
Vps | = —P wbs —R,| ps ) Vpr | = —P 77/}b7" — R\ (2.34)
UCS ¢CS ?:CS UC’I’ wCT‘ iCT’

where v, Ups, Vs are the stator phase voltages; 4., s, ics the stator phase currents; 5,

Ups, Wes the flux linkages; R, the stator resistance. Similar definitions are used for the

DFIG rotor

DFIG stator

Figure 2.7: Induction machine stator and rotor circuits.

rotor. Flux linkages result from currents flowing through winding inductances:

¢as Laas Labs Lacs ias ‘Casar ‘Casbr ‘Cascr Z-ar
Yos | =| Lbas Livs Loes ivs | + | Losar Lostr Loser Uy
1/}05 L cas L cbs L ccs ics Ecs ar Ecsbr Ecscr icr
(2.35)
77Z)0Lr Laar Labr Lacr Z'ar Earas Larbs £arcs ias
Yor | = Lbar Lobr  Lper ir | | Loras Lorbs  Lores ibs
wcr L car L cbr L cer icr ‘Ccras ‘Ccrbs ‘Ccrcs Les
(2.36)

where Lgqs, Lpps, Lees are stator winding self inductances; Laps, Lacss Lbas, Lpes, €tC are
mutual inductances between stator windings; Lusar> Lasors Lasers Lbsar, €tC are mutual

inductances between stator and rotor windings. Similar definitions are used for the rotor.
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Assuming identical stator windings for the three phases and identical rotor windings for

the three phases:

Laas = Lbbs = Lccs = Lself,s s Laar = Lbbr = Lccr = Lself,r (237)
Labs = Lbas = Lacs = Lcas = Lbcs = chs = Lmut,s (238)

Lapr = Lyar = Lacr = Lear = Lyer = Loy = Lmut,r (239)

In the ideal case, the self inductance of a stator or rotor winding is [111]:

T , rlmw
70 Lt = pol; 71 (2.40)

L, = N2

Y

where i is the free space permeability, N5 and N, the stator and rotor effective number
of turns, r the radius of the machine cross-section, [ the length of the machine, and g
the airgap radial length. In practice there is also some leakage flux around a coil. Hence

the total self inductance of a winding can be written as the sum of an ideal magnetizing

inductance and a leakage inductance:
Lself,s == Ll;é?;fs + Lls 5 Lself,r = Licé??fr + Llr (241)

The mutual inductance between two stator or between two rotor windings depends on the
angle between the windings as [111]:

[ [
Lut,s = UONE%Z cos b, , Lty = MONE%% cos 0, (2.42)

where 0, is the angle between two stator windings and 6,.. the angle between two rotor

windings. Since 0, = 0,,, = 120°:

Loput,s = —0.5 L1 Lunuty = —0.5L¢, (2.43)

self,s »

The mutual inductance between stator and rotor windings depends also on the angle be-
tween the two windings. As the rotor rotates, the angle is time dependent and the stator-
rotor mutual inductance is not constant. E.g. for the stator and rotor phase a windings:

{
'Casar = {MONSNTT_

%} cos b, = L, cos0,, (2.44)
g

where Ly, is the peak value of the stator-rotor mutual inductance and 6, = 0,.(t) is the

time dependent angle between the stator and rotor phase a windings as shown in Fig.
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2.7. Similar expressions are obtained for L, Laser> Lpsar» €. Considering the above
definitions and assuming that the system is balanced (.5 + s + s = 0), the stator flux

linkage of phase a is:

was = Lself,sias + Lmut,sibs + Lmut,sics + ‘Casariar + Easbribr + ‘Cascricr
= (Lself,s _Lmut,s)ias + Lmut,s (ias—l_ibs_’_ics) + *Casariar + Easbribr + Eascricr

- (Lself,s - Lmut,sﬂas + £asariar + 'Casbrib'r + Eascricr (245)

Similar expressions are obtained for the other stator and rotor phases.

In matrix form, (2.34)-(2.36) are rewritten as:

Vabe,s = —PWabe,s — Rsiabe,s (2.46)
Vaber = —PWabe,r — Rriabe,r (2.47)
Wabe,s = Lssiabe,s + Lsrlabe,r (2.48)
Waber = Lirlaber + Lrslabe,s (2.49)

where L., and L, referred to as ‘stator inductance’ and ‘rotor inductance’ are:

Lss = Lself,s - Lmut,s = LZCS?’ZS + Lls - Lmut,s =15 Li(i??,ls + Lls (250)
L, = Lself,r - Lmut,r = L?S?fr + Ly — Lmut,r =15 Lii??,lr + Ly (251)

and the matrices Lq, and L5 = L, are:

cos O, cos(0sr + ZF)  cos(fs — 3F)
Lo = Ly | cos(0s, — %”) cos O, cos(fs + %’T) (2.52)
cos(fg + %’r) cos(ls. — %’r) cos O,

2.3.2 Model in dg-frame

In (2.48)-(2.49), the variables L, and L, are constant while the matrices L, and L, are
time dependent. Hence, in the three phase axis frame (abc-frame) the coupling between
stator and rotor circuits is time-varying. The coupling can be made time invariant by
transforming stator and rotor three-phase variables into a common rotating two-axis frame

[111] with the transformation:

Xqdo = TGXabc (253)
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Wpa(t) |

Figure 2.8: Rotating dg-axis with respect to stationary stator three-axis frame.

5 [ sinf sin(6 - ) sin(0 + %)
Ty = \/j cosf cos(0 —Z) cos( + ) (2.54)
1/vV2  1/V2 1/V2

where Xqdao0 = [T Ta o], Xabe = [Ta T x|, and 0 is an arbitrary rotation angle. The
factor \/2/_3 makes the transformation orthogonal i.e. Te_l = T}, which results in a
power invariant transformation (see below). The third component x, is a dummy vari-
able added for complete degree of freedom (transformation of three variables into three
variables) [49].

The stator abc-variables are transformed into dg-variables with 6 = 60,4(t) where 64
is the angle between the d-axis and stator a-axis as shown in Fig. 2.8. For rotor variables,
a relative rotational angle must be used because of the rotor rotation i.e. 0§ = 6,4(t) =
0sa(t) — O, (t) where 0y, is the angle between the stator and rotor a-axis as shown in Fig.

2.7. For a synchronously rotating dq-frame:
dfsq/dt = wy , db,q/dt = ws — w, = Sws (2.55)

where s is the rotor slip. Fig. 2.8 shows the dg-axis with respect to the stator three-axis
frame. In this work the convention of [110] is followed i.e. the d-axis is leading the g-
axis. Applying transformations (2.54) with (2.55) to the stator voltage equations (2.46)

gives:

Tesdvabc,s = _Tesdp‘IJabc,s - RsTesdiabc,s
Vqdos = _(p{TGSdlIlabc,s} - {pTGSd}‘I’abc,S) - Rsiqu,s

Vqdos = _(plI’qu,s - {pTGSd}\IIabc,s) - Rsiqu,s (256)
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where the term in brackets follows the product derivative rule and:

\/5 —sinfyy  —sin(fsg — %ﬂ) — sin(0sq + 2?”) Vas
—Wg
3

{PTo, 4} Wabes = —coslyq —cos(fsa — Z) —cos(bsq + ) Vbs
0 0 0 Yes
_¢ds 0 —Ws 0 77Z}qs
= Ws +qu = Ws 0 0 QZ)ds = Mws ‘Ilqu,s (257)
0 0 0 O Wos

Since M, has only off-diagonal non-zero elements, (2.57) represents the cross-coupling
between the stator dq-variables. The same procedure is applied to the rotor voltage equa-
tions in (2.47). For the stator flux linkages in (2.48) the abc-dq transformation gives:
Ty Wabes = LssTo iabes + To.yLsrlaber
Wados = Lssiqaos + {ToyLsr} laber
Wodos = Lssiqaos +{(3/2)LsTo,,} laber (2.58)

The same procedure is applied to the rotor flux linkage voltage in (2.49). To sum up, the

two-axis model of the induction generator is in matrix form:

Vqdos = _plI’qu,s + MwslI’qu,s - Rsiqu,S (259)
Vqdo,r = _plI’qu,r + Msws \I’qu,r - Rriqu,r (260)
‘I’qu,S = Lssiqu,s + (3/2)Lsriqd07r (261)
\Ilqu,r - eriqu,r + (3/2)Lsriqd0,s (262)

Taking the d- and g-components of (2.59)-(2.62) gives:

Vgs = —Rylgs — Pgs + wsthas (2.63)
Vgs = —Rylgs — phas — Wsthys (2.64)
Vgr = —Ryigr — pgr + swstay (2.65)
Var = —Ryigr — par — swsthy, (2.66)
VYgs = Lsstqs + Linlgr (2.67)
Yas = Lsstas + Liniar (2.68)
Vgr = Lirigr + Linigs (2.69)

1/)111“ = Lyviar + Linigs (2.70)
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where L,,, L,, are defined in (2.50), (2.51); and L,,, referred to as ‘mutual inductance’ is
defined as L., = (3/2) L.
From the above equations, the active power and electromagnetic torque of the induc-

tion generator can be obtained in terms of dg-components. The total power output is:
/ * / *
PtOt = Vabc,slabc,s + Vabc,rlabc,l‘
= VipesTo To i + ViperTy To i
- abc,s - 0gq - Osa‘abc,s abc,r - 0pq — 0ra tabe,r
/ . + / .
= Vqdo,slados T Vqdo,rlqdor

quiqs + Udsids + ’Uqriqr + ’Udridr (271)

Substituting (2.63)-(2.66) in (2.71) gives:

PtOt = _RS (225 + Zc2is) - RT (227’ + 7’37‘)
o d o d . d . d
—lgs %q/qu — Uds %1/%13 - qu%%bqr — Udr %wdr
_‘_wswdsiqs - ws¢qsids + Swswdriqr - Swswqridr (272)

The first two terms correspond to the machine losses, the second four terms to the power
associated with flux variation, and the last four terms to the airgap power, i.e. the power

converted from mechanical to electrical form:

Pag = ws1/}dsiqs - wsqyz)qsids + Swswdriqr - Swsl/}qridr (273)

The electromagnetic torque 7 is the airgap power divided by the mechanical speed:

Wr.mech = rel - (1 — S)WS (274)

Tpp Tpp

where n,, is the number of pole pairs. Hence substituting (2.67)-(2.70) in 7, =

Pog/Wr mech gives:
T, = Ny L (igsiar — iasir) (2.75)

Other equivalent expressions for the electrical torque may be obtained, e.g. by adding and

subtracting the term L,,ig,iq, in (2.75) and using (2.69)-(2.70) gives:

T. = nPP(wQTidT - wdriq'r) (2.76)
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Adding and subtracting Liqs%4s in (2.75) and using (2.67)-(2.68) gives:

Te = npp(quids - 7v/}dsz-qs) (277)

Adding and subtracting ( L,/ Lss)LmiqTidr in (2.75) and using (2.67)-(2.68) gives:

Te = nPP(Lm/Lss>(¢qsidr - ¢dsiqr) (278)

Adding and subtracting (L, /L, ) Ly,i4siqs in (2.75) and using (2.69)-(2.70) gives:

Te = npp(Lm/er)(iqswdr - idﬂbqr) (279)

Multiplying (2.75) by (Lss L, — L?))/(Lss Ly, — L?,) and using (2.67)-(2.70) gives:

Te - npme/(Lserr - Lgn)(¢qs¢dr - wdswqr) (280)

The factor n,, is due to the fact that (2.75)-(2.80) are expressed in actual units [Nm]. In

per unit this factor does not appear in the equation.

2.3.3 Per unit conversion

As mentioned in the previous section, a common practice for power system studies is to
express all variables and parameters in per unit (normalised value with respect to a base
value). The per unit system conveniently simplifies the computations and understanding
of the system as it allows comparison between systems with different ratings and removes
arbitrary constants [49, 112]. Examples of arbitrary constants are transformation turn
ratio, gearbox ratio, generator number of pole pairs, etc. The main task when converting
equations in per unit is to define appropriate base quantities. The procedure consists in
choosing three base quantities (usually power, voltage and some variable involving time),
then deducing the other base quantities [49, 112]. Base quantities are normally chosen so
that variables of interest are equal to one per unit under rated condition.

In wind applications, it is convenient to take the generator rated power, nominal volt-
age, and electrical synchronous speed as the chosen base values. The different base volt-
ages (on the low and high voltage sides of transformers) are related to each other with the
appropriate turn ratio. The different base speeds (on the low and high speed sides of gear-

boxes) are related to each other with the gearbox ratio. The base speeds for mechanical
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and electrical rotation are related to each other with the generator pole pair number. Table
2.12 gives the chosen and deduced base quantities for the DFIG. The quantities refer to

three-phase variables and parameters.

Table 2.12: Chosen and deduced base quantities for three-phase variables and parameters.

Chosen electrical base quantities

SB = S3ph,rated 3-phase generator rated power [VA rms]
Vi = VLL rated stator rated line-to-line rms voltage [V rms]
WelB = we; = 27H0 electrical base speed [el.rad/s]

Deduced electrical base quantities

Ip = Sp/(V/3V3) base current [A rms]

Zp =Vg/(V3Ip) = VB?/SB base impedance [Q]

Rp, Xp =Z2p base resistance and reactance [©2]

Lp = Xp/weip = Zp/wep  base inductance [H]

YR =Lplp =Vp/(V3wap) base flux [wb-turns]

Pg,Qp =8B base active and reactive power [W], [VAr]

Deduced mechanical base quantities

WrB = WeB/Mpp base generator mechanical speed [mech.rad/s]

WtB =w,p/ Ngh base turbine speed [mech.rad/s]
Deduced electro-mechanical base quantities

TeB =Sp/wrp = 3nyp¥plp  base electromagnetic torque [Nm]

Tip =Sp/wip = ngplep base turbine torque [Nm]

For dg-variables and parameters the choice of the base voltage is not straightforward
as the abc-dq transformation does not correspond to a physical transformer transforma-
tion. In [112], the base voltage of the 3-phase variables is also used as the base voltage for
the dg-variables. In this work, the dg-base voltage is chosen so that the dg-base current
is the rated line current. This choice follows the situation for the three-phase quantities
where the deduced base current is the actual rated line current, as shown in Table 2.13,
for both cases where the line-to-line and line-to-neutral voltage is chosen as the base volt-
age. Table 2.14 shows the chosen dg-base voltage for both cases where a power invariant
and ‘power variant’ (no factor \/m in (2.54)) abc-dq transformation is used. Table 2.15
shows the chosen and deduced base quantities for the DFIG dg-variables and parameters.

Their relationship with the three-phase base quantities is also given.
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Table 2.13: Choice of base voltage for three phase variables and parameters

VB =LL voltage VB = LN voltage
Chosen base power SB = S3ph rated SB = S3ph rated
Chosen base voltage VB =VLL rated VB = VLN rated
Since total power is Siot = V3VirILr Stot =3VnILN

— Deduced base currentis  Ig = Sg/(V3VB) = Liine Ip=5S5/(3VB) = Line

LL = line-to-line, LN = line to neutral

Table 2.14: Choice of base voltage for dg-variables and parameters

Ty = power invariant Ty = not power invariant
Chosen base power SB = S3ph rated SB = S3ph rated
Chosen base voltage VBdq = V3ViL rated Vidg = (2/3)V3VLL rated
Since total power is Stot = Viaglag Saq = (3/2)Vaglag

— Deduced base currentis  Ipqq = SB/(VBdg) = liine IBdq =SB/((3/2)VBdg) = liine

Table 2.15: Chosen and deduced base quantities for the dg-variables and parameters

Chosen dg-base quantities

SBdq =5p base power [VA]

VBdg =V3VLL rated = V3Vp  base voltage [V]
Deduced dqg-base quantities

Ipaq =Sp/ VBag = 1B base current [A]

ZBdq =VBdq/IBdg =378 base impedance Q]

RBag» XBdg = ZBaq=3%B base resistance and reactance

Lpaq = Zpdq/wei = 3Lp base inductance [H]

VBdg = LBaqIBdq = 3VB base flux [wb-turns]

Ppag. QBig  =95Bdg =SB base active and reactive power [W], [VAr]

Deduced mechanical dg-base quantities

WrBdg =w;B base generator mechanical speed [mech.rad/s]
WiBdg =wiB base turbine speed [mech.rad/s]

Deduced dg-electro-mechanical quantities

TeBdq =T.B =NppY¥BdgIBdq base electromagnetic torque [Nm]
TiBdq =Tip base turbine torque [Nm]
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With the defined base quantities, the conversion of the IG equations in per unit is done
by using the relationship x,.; = 7,,2p (actual value = per unit value times base value).

E.g. the torque 7, in (2.75) is rewritten as:

{Te,puTequ} - npp{Lm,puLqu} ({iqs,pu]qu}{idr,puIqu} e
s {ids,pu[qu}{iqT,puIqu})
Tovw oL Bacl 20 = Moy LinpuL ol 50 Gasmu tdrmpe — tdspu @
e,pu "'pp“Bdq- Bdq pp ~m,pu“Bdq{ Bdq \ “qs,pu ‘dr,pu ds,pu ‘qr,pu

Te,pu = meu(iqsypu idr,pu - ids,pu Z.thu) (2.81)

It is seen that in per unit the pole pair number does not appear in the torque equation.

Similarly, the voltage equation in (2.63) can be written as:

{gspuVBdg} = —A{RspullBag} {igspulBag} — P{VUgsputBag} + - --
o Aws puwerB Has pu¥Bdq }
vqsvpu\/ng = —Rpu lgspu V3V — PVgspu (\/ng/welB) +...
oo W puWel BV ds pu (\/§VB/WelB)
Vgspu = —Ropuigspu — PWqspu (1/wean) + Ws pullds pu (2.82)

It is seen that in per unit, there is a factor (1/w,p) in the derivative term. This is because

the time ¢ is in [s]. Time is not converted in per unit as the interpretation is easier in [s].
In the remainder of this text, the induction generator variables and parameters are

expressed in per unit, unless otherwise specified. Hence the subscript ‘pu’ is dropped,

and the DFIG voltage equations in per unit are summarised as:

, 1 d

Vgs = _Rslqs - w_laqu + Wswds (283)
. 1 d

Vgs = —Rgigs — w—la?ﬂds — WsWys (2.84)
. 1 d

Vgr = _R’I’Z(]’I‘ - w_lﬁwqr + Swswdr (285)
. 1 d

Vgr = _erdr wdr - Swswqr (286)

 wadt
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Ygs = Lssigs + Linigr (2.87)

Yas = Lsstas + Lmiar (2.88)

Ygr = Lyrigr + Linigs (2.89)

Yar = Lyriay + Lintas (2.90)

T, = Lunligsiar = fasiar) (2.91)

Te = (Ygriar — Yariqr) (2.92)

Te = (Vgstds — Vasiys) (2.93)

T, = (L /Lss)(Vystar — Yasiqr) (2.94)

T, = (Lin/ L) (igs®ar — tastbqr) (2.95)

Te = Lin/(LssLyr = L) (VgstPar — astar) (2.96)

2.3.4 Model for power system studies

For power system studies it is common to represent generators with a simple equivalent

model whereby the machine is represented as a voltage source behind transient impedance

as shown in Fig. 2.9. For the synchronous generator (SG) and squirrel cage induction

generator (SCIG), the current injected to the grid is the stator current /,. For the DFIG,

the current injected to the grid is the sum of the stator current I, and grid-side converter

ac-current I ¢ (to be more accurate, the current [ gc in Fig. 2.9 is in fact the grid side

converter output current passed through some filter and/or transformer).

r

I — - 0 — ay o
i + R +
Is drdt(....) Is dr(...)
E, @ Ve E @ Tosc @ Ve
5 S

Figure 2.9: Generators as voltage source behind transient impedance: SG and SCIG (left);

DFIG (right)

The DFIG model equations (2.63)-(2.70) can be written in terms of the variables
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shown in Fig. 2.9 with the following definitions:

Cps = KrrwsWar (2.97)
€ = — Ky wsthgr (2.98)
L, = Ly — (L3, /L) (2.99)
T, = L,/R, (2.100)

where K., = L,,/L,, (the parameters o, = 1/K ., 05 = Ly,/Lss and 0 = L/ L
are also known as leakage factors [93]). The variables e and e, are proportional to the

rotor flux 14 and v, respectively. Substituting (2.97)-(2.98) in (2.83)-(2.90) gives:

L; d . . . w’/‘el S e/ S
o ale = —Ryigs +wsLligs + wsq — ?‘ITT — Vgs + KprrVgr (2.101)
L/ d 6/ w. e/
S_As:_sL/‘s_R.s & s s Kmrr o 2.102
oun 7t wsLigig 1tds + o T m Vds + Vg ( )
1 d e, w

J— — R . . — qs 1 _ _"" / _ Km,mn . 2.103
WsWelB dt Cas 2t wsTr * ( (.Us) s v ( )

1 d, w e
—¢ = —Ryigs — (1 — L) — =% L K, v, 2.104
WsWelB dt €ds 22(1 ( W )eqs wsTr + Uq ( )
iq?“ = _<€215/Xm) - Kmrriqs (2105)
lar = (e;S/XTrJ — Korrigs (2106)
thes = —(1/ws)eqs + Liigs (2.107)
Yas = (1/ws)eqs + Liias (2.108)

where Ry = R, + Ry and Ry = K2 R,.. To show that (2.101)-(2.108) can be rep-
resented by the equivalent model shown in Fig. 2.9, the dq-variables are interpreted
as real and imaginary parts of complex variables, e.g. E’S = ey, + jey,. Grouping
{(2.101)—(2.104) }+j{(2.102)+(2.103)} and {(2.101)+(2.104)}+j{(2.102)—(2.103)} and

writing complex variables with an overline, gives:

- - 14d,, E
Ve=E.—Z1,— ——(L'T, +j=2) (2.109)
WelB dt Ws
_ - 14d, E
V,=E.— R, (j—=—) (2.110)
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where E. = (s/K)E, and Z, = R, + jX!. For both stator and rotor circuits, the
voltage is equal to a voltage source minus a voltage drop across an impedance, mi-

nus a term that is non-zero only during transients. Grouping {(2.105)+j(2.106)} and
{(2.107)+j(2.108)} gives:

_ E _
I, =j— — K1, 2.111
JXm ( )
_ i _
U, =j—= 4 LT, (2.112)

S

The DFIG stator and rotor equivalent circuit in terms of complex variables (2.109)-

(2.112) are shown in Fig. 2.10. The rotor voltage V, is a controlled voltage source,

R, Zi e .
— 7 — 1 I L=t
r——— I_ — . \-\_,__’ +
dldt(...), I, Is d/dt(...)s
v.(2) e () () E- (1) Ve
E; KmrelS
o

Figure 2.10: DFIG stator and rotor equivalent circuits

which is determined by the rotor-side converter controls (see next section). The converter
current I ;gc is a controlled current source, which is determined by the grid-side converter
controls (see next section). The coupling between stator and rotor circuit is defined by the
relationship E; = E;(me /s). The latter expression shows the amplification factor 1/s
(K = Ly, /Ly = 1) when going from rotor to stator circuit. This explains why reactive
power control is more economical to do from the rotor-side converter rather than from the

grid-side converter, as reviewed in the previous chapter (Subsection 1.2.2).

2.3.5 Parameters data

DFIG parameters are not readily available and differ between references. Table 2.16
shows a comparison in terms of ratios (it is noted that parameters of ‘Akh03’ [113] are
given for a SCIG). Parametric studies with small-signal analysis can be done to assess the
effect of parameters variation on DFIG dynamics and stability. Such investigations are

performed in the following chapters.
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Table 2.16: DFIG parameters from references

Prateda ‘/:SLL Rs [pu] RT/RS Lm [PU] L@/Lm LT/L‘S Hg [S] Ht [S]

Pen96 [27] 7.5kW, 415V | .0462 0.755 Xs/Rs =61.2 1.134 Hyp =5.48
Pap97 [42] 90kW, 380V | .0326 0.616 1.57 1.05 1 1.11 -
Les99 [114] | 660kW, NA | .0078 1.053 4.1 1.019 1.077 | 0.1 4.05
Slo01 [61] 2MW, NA .01 1 3 1.033 0.994 Hpy = 3.64
AKO3 [113]* | 2MW, 690V | .048 0.375 3.8 1.02 1.012 | 0.5 2.5
Hol03 [69] 2MW, 690V | .0049 1.125 3.95 1.023 1.002 Hipt = 3.5
vMeO03 [115] | 2MW, 690V | .0069 1.307 33 1.025 1.006 Hip = 3.52

* parameters given for SCIG; Hyo, = H; + H,,.

2.4 Converter

The ac-dc-ac converter in the rotor circuit (Fig. 2.11) is required to produce rotor voltage
at slip frequency. Modern design use two pulse-width modulated (PWM) inverters con-
nected back-to-back via a dc-link. This configuration allows bidirectional power flows in

the rotor circuit and hence operation at both sub- and super-synchronous speed.

DFIG

F., G Pt Chot

PGSC 1 l:]lIiSEZI

i

G3C (includes ac-filter
and/ar transformer)

—HH

Figure 2.11: Ac-dc-ac converter in the rotor circuit with back-to-back PWM converters.
RSC = rotor side converter; GSC = grid side converter.

As reviewed in the previous chapter, there are several ways to control the ac-dc-ac
converter. Usually the control algorithm of the converters are formulated in a synchro-
nously rotating two-axis frame so that decoupled control can be achieved for real and
reactive power in each converter. The control objectives of the RSC and GSC have to be

coordinated so that the system is stable.
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For the active power flow control, the RSC is controlled so that maximum wind power
is extracted in subrated regime and constant torque is tracked in rated regime (the coor-
dinated action of the pitch control in rated regime achieves the overall speed control, see
Section 2.5), and the GSC is controlled so that the dc-link voltage is constant.

For the reactive power flow control, different operating strategies may be pursued
depending on the sharing of reactive power production between the DFIG stator and GSC.
For a desired level of total reactive power output (imposed by the grid), the RSC can be
controlled so that the DFIG stator produces an arbitrary portion (subject to machine limits)
while the GSC produces the rest of it. For minimum converter rating, the GSC is operated
at unity power factor and the DFIG stator delivers the total reactive power.

As described in Subsection 1.2.1, the converters can be represented as controlled volt-
age or current sources. In Fig. 2.10 showing the generator equivalent model used in this
work, the rotor-side converter is modelled as a controlled voltage source and injects an
ac-voltage at slip frequency to the DFIG rotor; the grid-side converter is modelled as a
controlled current source and injects an ac current at grid frequency to the network. This
representation of the ac-dc-ac converter follows the choice to consider in more detail the
controls of the RSC, while the dynamics of the dc-link GSC controls are assumed as ideal.

The GSC controls are not considered because they are not specific to wind driven
DFIG applications and because they influence mainly the dc-link dynamics. The latter
may be more important for fault-ride through studies, which are not in the scope of the
present work. The ways in which the GSC maintains the dc-link voltage constant and
controls the power factor of its ac-output have been treated in other applications of back-
to-back converters, see e.g. [116-119].

The RSC controls, on the other hand, are considered because they are specific to wind
driven DFIG applications (optimization of wind power capture) and because they have a
direct effect on the dynamics of the generator (since generator speed/torque and power
factor/voltage are directly controlled) and hence on the system stability.

It is also assumed that the ac-dc-ac converter is made of lossless components and the

switching dynamics are not considered (not in the frequency range of interest).



2.4 Converter 89

2.4.1 Rotor-side converter

There are various ways to implement the RSC controls, as reviewed in Subsection 1.2.2.
In this work, generic PI-controllers are considered. The converter controls consist in two
decoupled loops, with each loop made of Pl-controllers in cascade. The slower outer
loop achieves electrical torque or reactive power control and produces the setpoint for
the faster inner current control loop. Fig. 2.12 shows the generic control loops of the
RSC. Feedforward decoupling terms can also be included, however as shown in Chapter

5, adequate tuning of the PI-controllers removes the need of such terms.

A A
Qs ref K idr ref K; Vidr ref
. KQS+ Qs . Kid+ id il
_ STQS _ STid
_ 7 __7
Qs idr
T L
e ref K v t.ref
— O Kpp + =2 | arrely
STTe

Figure 2.12: Generic control loops of the rotor side converter. T, = electrical torque, ()5 =
stator reactive power, %, and ¢4, = quadrature and direct component of the rotor, subscript
‘ref = setpoints, K, = proportional gains, 7}, = integral times.

If terminal voltage instead of reactive power control is desired, the variables (), s and
()s in Fig. 2.12 are replaced by V ,.s and V; respectively. Similarly if active power instead
of electromagnetic torque control is desired, the variables 7Tt ,.; and 7T are replaced by
Piotref = T reswr and Py, In Fig. 2.12, the ac-voltage of the RSC is determined by

imposing a constraint on the electrical torque control and another on reactive power, i.e.:
Vr = Vr,ref so that DT, = Te,ref, 2) QS = Qs,ref (2.113)

Since this work studies grid-connected DFIG applications, preference is given to the
control of reactive power directly (or voltage or power factor) in the d-axis. The magneti-
zation current is not explicitly controlled (see Subsection 1.2.2) as such approach makes
more sense for drive applications where voltage is provided by the network. In the g-axis,

preference is given to torque (or power) control rather than speed control. This is because
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the latter scheme requires either a mechanical torque observer or accurate measurements
of undisturbed wind speed, which are difficult to realize (see Subsection 1.2.2).

In Fig. 2.12, the reference reactive power (), ,..s is determined by the wind farm con-
trol centre, or it can be given by an outer voltage control loop. The reference electromag-
netic torque 7 . depends on the operating regime. In subrated conditions, the electrical
torque is determined so that the resulting tip speed ratio is optimal (i.e. maximum power
is extracted from the wind). In rated condition, the torque control operates in conjunction
with the pitch control to maintain the generator speed and power at their designated level
(often the rated level). Fig. 2.13 shows examples of typical electrical torque reference as

function of rotor speed for different chosen values of rated rotor speed.

Feference torque Teref = Te, refint)

1 |:1:| mrlmedfl ............................ 4
DE = 1 E I-REI{EI-R---K ........
Z06 (2]
T L =
z 0.4 r
— | : !
0.2 .
: i
0 0.5 1 1.5 2

it [pd] = rotor speed

Figure 2.13: Typical reference electromagnetic torque as function of the rotor speed.

It is noted that the torque-speed curve in Fig. 2.13 is not the same as the power curves
shown in Subsection 1.1.7. The optimal torque-speed curve gives the electrical torque as
function of rotor speed. The power curve gives output power as function of wind speed.

To achieve maximum power tracking (MPT) in subrated regime and rated torque

tracking in rated regime, as shown in Fig. 2.13, the following reference torque is used:

Terer = Kopt w? in subrated regime (w, < Wy rated) (2.114)

Teres = Terated in rated regime (w, > Wy rated) (2.115)

where K, is a constant determined from (2.1) and (2.3) with C}, = C), 1,42 and A = A
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In actual unit and in per unit, K, is obtained as:

Kopt,act = 0-5p7TR5Cpmax / )\gpt (2116)
Koptvpu - O'5p7TR50pmaa:wt33 / (/\gptSB) (2117)

where w;p and Sp are the turbine base speed and power (see Table 2.12).

In rated conditions, the RSC keeps the electrical torque constant at its rated level
Tt ratea While the pitch control regulates the rotor speed. Hence constant power tracking
in rated regime is achieved by the action of both RSC and pitch controllers. In Fig. 2.13,
the torque reference in rated regime is shown in dotted line because it is not a steady-state
condition. For any point on the dotted part, the pitch control will act until the speed comes
back to rated level.

One may be tempted to replace the reference torque in rated regime given in (2.115) by
Teref = Pagratea/wr s0 that power is constant. However, this would make the load torque
T, decrease for increasing rotor speed, which would further decrease the load torque and
hence increase the rotor speed, etc. As pitch control is much slower (due to the blade
inertias), it may not be able to bring the speed back to its rated value leading to unstable
operation. In other words, if the RSC does constant power tracking instead of constant
torque tracking in rated regime, the DFIG has a pull-out torque problem as in the SCIG
and stability performance would be deteriorated. To avoid this, it is better for the RSC
to do constant torque tracking while pitch control does rated speed tracking, so that the
combined effect is rated power tracking.

The DAE of the controllers shown in Fig. 2.12 can be written as:
ddr,

= = Teer (2.118)

O Ky Lo+ 220~ iy (2.119)

Vgr = KigKrTe err + Kiq%q)Te — Kiglgr + [;—:_quq)iq (2.120)
ddos

— = Quer 2.121)

Tt~ KguQuer + %%s _ (2.122)

vir = KiaEguQuere + Kirm0g, — Kugiar + 00, (2.123)

Tgs Tia
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Equations (2.118)-(2.120) represent the g-axis control loop; 7% c;r = T ref — Te 18 the
torque error; ®r. is the state variable of the outer controller; ®;, is the state variable of the
inner controller. Similarly, (2.121)-(2.123) represent the d-axis control loop; ®¢s and ®;4
are the state variables of the outer and inner controllers; Qs crr = (s rer— @, is the reactive
power error. The parameters K;,, K;q, Kre, Kgs are the controller proportional gains
(P-gains). They may be positive or negative depending on the steady state relationship
between input and output [92] (which also depends on the definition of positive current
direction). From Fig. 2.12, K;, and K4 have units of impedance, K. has units of speed
over voltage, and K¢, has units of voltage inversed. In the following, their values are
given in per unit on machine base. The parameters 7;,, Ti4, T7., T(ys are the controller
reset times or integral times (I-times) [92]. As they are time parameters, they are positive

and have units of second.

2.4.2 Grid-side converter and dc-link

As explained above, the GSC and dc-link dynamics are not considered in the present
work. The dc-voltage is assumed constant and the GSC is represented as a current source.
It is also assumed that the GSC is operated at unity power factor. Since the GSC controls
are done instantaneously, the grid-side converter ac-current is such that the active power

injected to the mains matches that of the rotor-side converter at unity power factor, i.e.:
Iasc = Igscrey sothat 1) Pase = P, 2) Qasc =0 (2.124)

The dc-link voltage error is used to measure the imbalance. Hence by assuming in-
stantaneous rotor active power transfer, the dc-link voltage is constant and no dynamical
model is required for the dc-link capacitor. The role of the dc-link capacitor is to act as
a voltage source to the converters. For drive applications using a diode rectifier on the
rotor-side, the dynamics of the dc-link components may not be ignored because of the dc-
energy storage mechanism, bulkier dc-components, and lesser control capability [118].
For back-to-back converters however, an adequate control eliminates the need of storage

in the dc-link and ensures a practically constant dc-voltage [116—-119].
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When the dc-link dynamics are neglected, the model of the GSC is simply:

Pose = P, (2.125)

Qasc = alior (2.126)

where o defines the reactive power sharing between stator and GSC. For minimum con-
verter rating, as assumed in this text, no sharing is done and o = 0, Qgsc = 0,

Qs = (1 — @)Qiot = Qior- The injected current grid-side converter current is therefore

Iasc = (Pasc +7Qasc)/Vs = P.JVs.

2.4.3 Alignment of the dq-frame

Decoupled control of the generator speed (or active power) and terminal voltage (or reac-
tive power) is achieved by formulating the control algorithm of the converter in a synchro-
nously rotating two-axis frame. The rotating frame can be aligned with any synchronously
rotating variable such as the terminal voltage or stator flux (see Subsection 1.2.1). In the
latter case, the control algorithm is similar to that of the vector control used in variable
speed drive applications (induction motors). The preference of an alignment over another
is not discussed as it is not the objective of this work. The choice of a particular align-
ment may have some effect on implementation issues but will not modify the dynamical
properties of the system. In this work, the g-axis is aligned with stator voltage and the

d-axis is leading the g-axis; hence V= Vgs + JU4s and vgs = |VS|, vgs = 0.

2.5 Blade pitching

In variable pitch wind turbines, the mechanical input power can be limited by increasing
the blade pitch angle. As mentioned in Subsection 1.1.7, the pitch control is activated in
rated condition (i.e. when the wind speed is sufficiently high so that the maximum power
extractable from the wind is larger than the rated power of the generator).

Coordination between the RSC and pitch controller is done whereby the rotor side
converter regulates the load torque (electrical torque) by maintaining it constant at its rated

value (defined as rated power over rated speed), while the pitch controller regulates the
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input torque (mechanical torque) by adjusting the blade pitch angle so that the mechanical

torque matches the electrical torque at desired rotor speed (the rated speed).

2.5.1 Mechanism and control

The pitching mechanism consists in the pitch controller, the actuators and the blades (in-
ertia). As reviewed in Subsection 1.2.2, the pitch controller produces the pitch angle
setpoint from the rotor speed error or power output error. When the pitch mechanism is
actuated there is a lag between the reference (setpoint) and actual value of the blade pitch
angle due to the dynamics of the actuators and blade inertias. The former are very fast (<
5 ms [65]) while the latter are relatively slow (~ 0.5 s [63]).

Fig. 2.14 shows a generic pitch controller and actuator model [63]. The PI-controller,

Bmax
— nax
Wy ref Kar Fret dead rate 1 B
_ Har + STar _ Fona | | Nmit 1 s »
—/1 NI T ——
o | Prin
r____L___-|
boogain | |
\seheduling == TT T

Figure 2.14: Pitch controller and actuator.

with proportional gain K, and integral time 7, , computes the reference pitch angle that
is required so that the rotor rotates at desired speed. The actuator is modelled as a first
order system with time constant 73 which represents the lag due to the blade inertias. In
this simple model, the lag associated with the actuators are not represented as they are
relatively small. To limit the actuator motions and noise in command signal, a pitch rate
limiter (|d3/dt|;q.) and dead zone (|d3/dt|,i,) are included.

If a more detailed model is deemed necessary (e.g. for turbine design or for detailed
control algorithm development) the model proposed in [65] can be used, where the actu-
ators dynamics are modelled with a delay (represented by a Pade approximation) and the
blades dynamics with a second order system. In this work the generic model in Fig. 2.14
is used as the focus is on the overall effect of the wind generator on the power system

rather than the study of a particular control algorithm.



2.5 Blade pitching 95

In some cases, gain scheduling (non-linear control) is provided to express non-
linearities amplification of the system (at large pitch angle, a unit change in pitch an-
gle gives larger decrease in input power) [55]. When linear control gives instability in
high wind speed, the gain scheduling block adjusts the total gain of the system so that it

remains stable. Details of the gain scheduling design and implementation are in [55].

2.5.2 Model equations

The differential algebraic equations for the model in Fig. 2.14 are obtained as:

dd,, 1 1
7 _T_qu)wr + K_wrﬁref (2.127)
g 1
. T 7 \Mref — 2.128
& (Brey = B) (2.128)
K,
Ores = (Wrrep = wr) Ko, 4 ®u, 75 (2.129)

where ©,,, K, ., 1, are respectively the state variable, proportional gain, and integral
time constant of the PI-controller (hence K, /T, is the integral gain); T is the time

constant of the actuators; 3,.s and w, .5 are the pitch angle and rotor speed setpoints.

2.5.3 Parameters data

Table 2.17 shows the typical parameter values of the pitching mechanism. Control pa-
rameters are given in Chapter 5 where the tuning of the controllers and pitch activation

conditions are discussed.

Table 2.17: Pitching mechanism model parameters

NREL99 Riso03 ECNO3 Cigre06
[63] [55] [65] [120]
Ty [s] 0.5 na na 0.3~1
|dB/dt|maz [°/3] 10 8 4 (10 in emergency) 10
|dB/dt|min [°/s] 0.1 0.5 0.5 na
Bumin~Bmaz [°1 | 3~60 na ~2.5~90 0~30

na = not available, |d3/dt|mq, = rate limit, |d3/dt| i, = deadzone
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2.6 External network
2.6.1 Admittance matrix

In power system stability studies, the electromagnetic transients (very fast dynamics) of
the network are neglected [49] and an algebraic admittance matrix Y, is used to repre-

sent the power system network:

Y11 Y12 Y13
Ve | . (2.130)
' Ynn
In (2.130), n is the number of busses, ¥;; is the sum of the admittances connected to bus
i, Y;; 1s —1 multiplied by the admittance between bus ¢ and j [49].

In this work, transmission lines are represented by an equivalent pi-model, where the
series resistance and reactance represent the active and reactive losses over the line and
the shunt conductance and susceptance represent the line charging. Transformers are
represented by a series reactance.

For time domain studies, the operating point of the power system is found by solving

the equation:
Vbus = ?b_ulsjbus (2 13 1)

where 14, are the net injected current at each bus and depend on generators and loads.
For frequency domain studies (eigenvalues computation), the network is represented

by the algebraic power flow equations:

0= Z ViViYir, cos(0; — Ok — i) — Prot,i (2.132)
k=1

0= Z ViVilYi sin(0; — 0 — i) — Qrot,s (2.133)
k=1

where P, ; and ()4, are the active and reactive power injected at bus ¢, the parameters
Yik, aui are the magnitude and angle of the element (¢,k) of the bus admittance matrix

[121]. The variables V, 6, are the magnitude and angle of the voltage at bus .
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2.6.2 Interfacing between the DFIG and network

When studying the dynamics of a grid connected DFIG, all equations must be expressed
on the same per unit base and in a same rotational frame (i.e. all rotation angles must be
referred to a same reference angle). The base power of the DFIG and external system are
often different hence suitable conversion factors must be included where appropriate.
Similarly, the common reference frame (e.g. that of the slack bus synchronous ma-
chine) here referred to as DQ-frame, is different from the DFIG dg-frame. Both DQ-axis
and dg-axis frames rotate synchronously, thus the angle J between the g- and Q-axis is

constant and the relationship between dq- and DQ-variables is
X4y = X pg exp(—9) (2.134)

where X4, = 7, + jrq and X pg = 19 + jTp.

If the synchronous dg-frame is aligned with the stator voltage, as assumed in this
work, the dq-components of the terminal voltage are v,s = |Vs| [pu] and v4s = 0, and
the angle between the rotating frames is 0 = -y, where 7y, is the DFIG terminal voltage

angle given by solving (2.131).

2.7 Dynamic model equations

The differential algebraic equations of the DFIG are summarized as follows:

wffB %z’qs — Ryigs + woLligs + “’Wi - % g + KoV (2.135)
wi %z’ds = —w,Ligs — Ruigs + qu + wwi g+ Korva, (2.136)
wsuljeZB %egs = Rotas = wi;%« = :%p s = Konrear 13D
@%e&s — Ryige — (1— Z_:)egs - wedT iy (2.138)
= %%(ketw Feth ~T.) (2.139)

%Qtw = werp(wr — wr) (2.140)

%wt = %Ht(Tt — kb — c%@tw) (2.141)
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0="> ViVi¥i cos(0; — O — aix) — Proy (2.142)
k=1

0="> ViVi¥isin(0; — O — o) — Quor (2.143)
k=1

where (2.135)-(2.136) represent the stator electrical dynamics, (2.137)-(2.138) the rotor
electrical dynamics, (2.139)-(2.141) the drive-train mechanical dynamics, (2.142)-(2.143)
the interface with the external network.

In (2.135) and (2.138), the g-axis component of the rotor voltage v,, is obtained from

the DAE of the g-axis controller of the rotor side converter:

=T 2.144
i : ( )
dd,, Kre .
= KrTeerr + —Pre —igr 2.145
7 Ted eerr + Tr Te — g ( )
Ko, , K;
Vgr = KquTeTe,err + Kiq%q)Te - Kiq qr + T_qcbzq (2146)

In (2.136) and (2.137), the d-axis component of the rotor voltage v, is obtained from the

DAE of the d-axis controller of the rotor side converter:

P,
Pas _ 0, 2.147
Yo _q, @.147)
d®;q Kos .

= KgsQs.err Qs — tar 2.148
7 QsWs.err + Tos Qs — ld ( )

K s . Kz
Var = KidKQSQs,err + Kid TQQ (I)Qs - Kidldr + T (I)id (2149)

In (2.141) the turbine torque T; = P;/w; is obtained from the turbine algebraic model:

P, = 0.5 prR*C,(\, B)v3 (2.150)

w

where the pitch angle [3 is zero in subrated regime and is obtained from the pitch controller

in rated regime:

i, 1 1
—dt = ECDWT + K_w,.ﬁmf (2.151)
a3 1
— = —(Brer — 2.152
i, (Bres — B) ( )
K,

Bres = (Wrpep — wr) Ko, + @y, = (2.153)



2.8 Summary 99

In (2.142)-(2.143), the output power of the DFIG are obtained by the algebraic equations:

Py =P, +P. = quiqs + Vastas + Uqriqr + Variar (2154)

Qrot = Qs + Qasc = Qs = —Vyslas + Vaslys (2.155)

where the grid-side converter reactive power is zero since it is operated at unity power

factor. The rotor currents are:

bgr = —(€ls/ Xm) — Kmrrigs (2.156)

gy = (€;S/Xm> — Konrrlds (2157)

Numerical values of the component parameters have been given at the end of each sec-
tion. The control parameters are given in Chapter 5 where the tuning procedure of the

controllers and specification of pitch activation are discussed.

2.8 Summary

In this chapter, the wind driven DFIG model was presented. Model equations were derived
and parameters data of each component were provided.

For the turbine, dynamical models (aerodynamics of the airflow around the turbine)
are used for turbine design or specific site-turbine evaluation. For power system stability
studies, a non-linear algebraic model is used, where the mechanical input power is ob-
tained from the wind speed, pitch angle and rotor speed. A procedure has been given for
consistent dimension calculation when using numerical approximations of the C;, curve.

For the drive-train, the presence of a gearbox results in a mechanical stiffness of the
same order as the electrical stiffness (equivalent stiffness of the external power network).
In such case, the drive train does not behave as a single equivalent rotating mass. In
addition to evaluate the control performance accurately, it is important to consider the
change in rotor speed as realistically as possible. Hence the two mass-model is used.

For the induction generator, the derivation of the model equations has been presented
to define unambiguously all parameters, variables and conventions used in the present
work. For power system studies, the DFIG can be represented as a voltage source (pro-

portional to rotor flux) behind transient impedance, with a shunt controlled current source
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at the terminal representing the current from the grid-side converter. Detailed explanation
for the per unit conversion and choice of the base values have been given.

For the ac-dc-ac converter, the grid side converter controls are assumed as ideal i.e.
the dc-voltage is constant (hence dc-link dynamics are ignored) and the GSC transfers the
rotor active power instantaneously to or from the grid. It is also assumed that the GSC is
operated at unity power factor. The RSC on the other hand is modelled as a controlled
voltage source. The rotor voltage setpoints are determined by two loops of PI-controllers
in cascade regulating the electrical torque and reactive power. Switching transients are
ignored and rotor voltages are instantaneously equal to their setpoints.

For the blade pitching mechanism, the slow response speed of the pitch angle to a
change in its setpoint is represented by a first order system. The setpoint of the blade
pitch angle is determined by a PI-controller regulating the rotor speed.

The ac-dc-ac converter and pitch control have to be coordinated. In subrated regime,
the pitch control is inactive and the rotor side converter ensures maximum power tracking
and constant reactive power (or power factor or terminal voltage). In rated conditions,
the RSC maintains a constant electrical torque and reactive power, while the pitch control
ensures that the rotor speed stays at its rated value. The combined effect keeps the power
output at rated level. At each instant, the grid side converter maintains a constant dc-link

voltage at unity power factor (for minimum converter rating).
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Chapter 3

Analysis: Steady-state behaviour

In the present chapter, the analysis of the DFIG behaviour is started by looking at the
steady-state operating characteristics of the machine. Comparison is made with the squir-
rel cage induction generator (SCIG) to show that the non-zero rotor voltage of the DFIG
results in completely different steady-state characteristics with controllable output power
(both active and reactive). The initialisation procedure, which is the first step in both

linear small-signal and non-linear large disturbance studies, is also discussed.

3.1 Steady-state equations

The steady state operating points of the induction generator can be obtained from the

machine voltage equations (2.83)-(2.90) with all time derivatives equal to zero:

Vgs = —Rylgs + ws(Lysias + Liniar) (3.1
Vgs = —Ryigs — ws(Lssiqs + Limiqr) (3.2)
Vgr = —Ryigr + 5Ws(Lyriar + Limias) (3.3)
var = —Ryiar — $ws(Lyyige + Linigs) (3.4)

For given stator voltage (vgs, v4s), TOtor voltage (vq., vg-) and slip (s), (3.1)-(3.4) is a
system of four equations four unknowns and can be solved for the stator and rotor current

(Zgs» Tds»> iqr» tar). Hence, if stator and rotor voltage are known, the outputs such as torque
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and power can be obtained as function of the slip s or rotor speed w, = (1 — s)w; as:

T, = L (igstar — tdsiqr) (3.5)
P, = Vggigs + Vasias (3.6)
P, = vgigr + Vaplar (3.7

Qs = —Vgslds + Vdslgs (3.8)
Qr = —Vgrldr + Varligr (3.9)

Fig. 3.1 shows the doubly-fed and squirrel cage induction generators along with their
power flows. The outputs of interest for the present analysis are the total active power
output P;,; and the stator reactive power output (). P, indicates the total useful power
production that can be expected in the steady-state. (), indicates the compensation re-
quired from the DFIG grid-side converter or from the SCIG compensation device to meet
the requirements on ();; (e.g. the grid operator may impose (Q;,; to be zero or within a

certain range for acceptable power factor operation).
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Figure 3.1: Power flows of grid connected doubly-fed induction generator (top) and squir-
rel cage induction generator (bottom).

In the following, the familiar steady-state characteristics of the SCIG are briefly re-

called so that comparison can be made with the DFIG afterwards.
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3.2 Squirrel cage induction generator

For the SCIG, the rotor voltage is zero (vg, = v4- = 0). Hence assuming that the terminal

voltage is at nominal level (v, = 1, vgs = 0), the system (3.1)-(3.4) can be solved for the

machine currents over a chosen range of rotor speed (e.g. w, = 0to 2 pu, i.e. s = +1

to —1). The steady-state outputs can then be obtained with (3.5)-(3.9). The results' are
shown in Fig. 3.2 and Fig. 3.3.

SCIG torque and output power
gl ---Te '

Te, Ps, Qs [pu]

ltef, 111 [pu]

SCIG stator and rotor current magnitude

0.5 1.5 2

y
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Figure 3.2: SCIG steady-state operating points as function of rotor speed under nominal
terminal voltage: torque and powers (left), current magnitudes (right).
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Figure 3.3: Zoomed view of Fig. 3.2.

'The figures were obtained with the parameters of the DFIG given in the Appendix. It is noted that these
parameters may not be used in practice for a real SCIG as it results in very large pull-out torque and stall

current.
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The SCIG is essentially a fixed speed device as it produces active power from 0O to 1
per unit within a very narrow slip range (s = 0-1% i.e. w, = 1-1.01 pu) as can be seen
in Fig. 3.3. The machine produces active power only in the super-synchronous speed
region. In sub-synchronous speed, it operates as a motor. In both generator and motor
mode, the stator reactive power is negative. Hence the machine absorbs reactive power
and compensation must be provided to avoid voltage deterioration in weak systems.

An important trait of the SCIG behaviour is that torque, active power and reactive
power demand are very sensitive to rotor speed. A small change in rotor speed gives a
large change in power magnitude. Hence, if the input mechanical torque changes abruptly
by a large amount (e.g. due to sudden large wind speed change) the rotor speed has just to
change by a small amount for the electrical torque to match the mechanical torque i.e. for
the generator to reach its new steady-state operating point. This explains the larger power
fluctuations that are observed for SCIG based wind generators. As the rotor speed remain
virtually constant, disturbances in wind speed appear on the electrical outputs. For the
DFIG, as will be seen below, variability of the speed results in smoother behaviour.

The terminal voltage and mechanical power input of the SCIG can be controlled with
suitable design and components. Terminal voltage can be maintained in a satisfactory
range by using mechanically switched capacitor banks or more advanced reactive power
compensators such as static var compensators (SVC) which can provide continuously
variable susceptance [122]. Mechanical power input can be controlled by aedrodynamic
design of the blades and/or blade pitching. In high wind speed, the level of captured wind
power can be limited by stalling or pitching the blades as discussed in Chapter 1. In lower
wind speeds, since the SCIG is not controllable, the captured power can not be optimised.

The latter point is illustrated in Fig. 3.4 which shows the operating points’ of the
SCIG for different wind speeds and gearbox ratios. When the wind speed increases from
v, = 8 to 12 [m/s], the operating point goes from A to C'. It can be seen that for a fixed

gearbox ratio®, the power capture can be optimised only for one particular wind speed.

2Steady-state operating points are in fact given by the intersection of the input mechanical torque 7},, and
output electrical torque T, characteristics. However, if machine resistances are small, losses are negligible
under nominal voltage, and operating points can be approximated by the intersection of input and output
power curves, P, and Ps, as shown in Fig. 3.4.

3Changing the gearbox ratio translates the tip-speed ratio with respect to the rotor speed and hence
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In the examples of Fig. 3.4, with the gearbox ratio ng, = 121.2, the power capture is
maximised for the wind speed v,, = 12 [m/s] (point C). With a ny, = 145.5, the power
capture is maximised for v,, = 10 [m/s] (point B). As will be shown below, the situation
for the DFIG is different and maximum power tracking can be achieved over wide range

of wind speed and rotor speed.
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Figure 3.4: SCIG steady-state operating points at different wind speeds v,, [m/s] and
gearbox ratios 7.

3.3 Doubly-fed induction generator

For the DFIG, the rotor voltage is non-zero (v, # 0, v4 # 0). Hence, the steady-state
equations (3.1)-(3.4) is a system of four equations and six unknowns for given terminal
voltage and rotor speed. As a result, two constraints have to be specified so that an operat-
ing point can be determined. In wind applications, it is sensible to impose a constraint on
the electrical torque (or rotor speed) for maximum power capture, and the other constraint
on the reactive power (or power factor) for terminal voltage control. The two constraints

can be written as:

Te,ref = Lm<iqsidr - idsiqr) (310)

Qs,ref - _quids + Udsl.qs (3.11)

translates the input power curves P, along the rotor speed axis.
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As explained in Section 2.4, the constraints (3.10) and (3.11) are the control objectives of
the rotor-side converter. The torque reference 7 ,. s is such that maximum power tracking
is achieved in subrated condition and rated torque tracking is achieved in rated condition.
The reference reactive power () ;.. is determined by the desired power factor or terminal

voltage and by the sharing policy with the GSC.

3.3.1 Steady-state characteristics

Fig. 3.5 shows the steady-state characteristics obtained by solving (3.1)-(3.4) and (3.10)-
(3.11) with T¢, ,..r givenin (2.114)-(2.115), under the assumptions that the terminal voltage
is at nominal level (vys = 1, v4s = 0) and the DFIG at unity power factor (()5 ..y = 0). The
steady-state characteristics are shown for three examples of rated rotor speed (w;. yqteq = 1,
1.1 or 1.2 pu). The figure shows also the input power F,, and operating point for different
wind speeds. Unlike the SCIG which is in generator mode only at super-synchronous
speed, the DFIG is able to produce active power (FP,,; > 0) at unity power factor (s = 0)
regardless of the rotor speed. In addition, the DFIG is able to operate optimally in subrated
regime by capturing maximum input power over a wide range of wind speed and rotor
speed. It is seen that choosing a higher rated rotor speed gives lower electrical torque in
rated regime since the rated torque is defined as the rated airgap power (rated output plus
losses) divided by the rated rotor speed (7. rated = Pag rated/Wr rated)-

The fact that the DFIG can produce active power at both sub- and super-synchronous
speed is due to the ability of the rotor active power to flow in both directions (into or
out of the machine). Fig. 3.6 shows the DFIG active and reactive power flows in the
stator and rotor. In sub-synchronous speed, the rotor power P, is negative and hence the
rotor absorbs active power. In super-synchronous speed, the opposite is true. For the
rotor reactive power ()., it is seen that at unity power factor (Q); = 0), the rotor absorbs
and produces a moderate quantity of reactive power in sub- and super-synchronous speed
respectively. Within the operating speed range (w, = 0.7 to 1.3) the rotor reactive power
magnitude is less than 0.1 pu. The effect of non unity power factor operation (), # 0) on
the DFIG steady-state characteristics is examined later.

The change in the direction of the rotor active power does not actually occur at exactly
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the synchronous speed due to resistive losses. This is shown in Fig. 3.7 where it is seen
that at synchronous speed P, has a small negative value which corresponds to the active
power required to cover the rotor copper losses. On the other hand, the rotor reactive
power (), is indeed zero at synchronous speed, since in such case the rotor current is a
dc-current.

The active power flows are obtained by substituting (3.1)-(3.4) into (3.6)-(3.7):

Py = —R,(i2, + i3,) + wsLun (igsiar + iasiqr) (3.12)
P, = —R.(i2, 4 i%,) — sws L (igsiar + tasiqr) (3.13)
Ptot:Ps+Pr:Pag_Plosses (314)

If winding losses are neglected, P, ~ —sPs and P,, ~ (1 — s)P;. If mechanical losses
are neglected, the airgap power is equal to the input power i.e. F,, =~ P,,. Fig. 3.8 shows
schematically the active power flows in the three rotor speed regions (sub-synchronous,
synchronous, super-synchronous). At sub-synchronous speed (w, < 1, s > 0), the rotor
consumes active power (P, < 0) that has to be produced by the stator (P > F,).

At synchronous speed (w, = 1, s = 0), the rotor active power is nearly zero (rotor
winding losses) and the airgap power is transferred to the grid via the stator (P, ~ 0 and
P, = F,;). At supersynchronous speed (w, > 1, s < 0), the airgap power is transferred
to the grid via both stator and rotor; the fraction 1/(1 — s) passes through the stator and
the fraction —s/(1 — s) through the rotor.

Fig. 3.9 shows the rotor currents that are required to achieve the control objectives
in Fig. 3.5 (tracking of an optimal torque-speed curve at a desired power factor). The
relationship between electrical torque and quadrature rotor current can be observed (7, o
—igr). It is seen that choosing a higher rated rotor speed w; ,qeq gives lower current
magnitudes in rated regime.

Fig. 3.10 shows the rotor voltages that are required to achieve the control objectives
in Fig. 3.5. The approximation |V,.| = s|V;| can be observed (|V,| = s|Vj]| if losses and
leakage inductances are neglected i.e. if Ry, = R, = 0and L;s = L, = L,,). It is noted
that unlike the SCIG, the rotor voltage is always greater than zero. This can be seen on

the zoomed view in Fig. 3.11.
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Figure 3.8: DFIG active power flows.

As mentioned in Subsection 2.2.4, the rated rotor speed can be chosen arbitrarily by
adjusting the gearbox ratio. From Fig. 3.5 to 3.11, choosing different rated rotor speed
has mainly influence on the electrical torque and machine currents. Power curves are
translated along the rotor speed axis (for higher rated rotor speed a certain power output
level is reached at a higher speed) but maximum magnitudes are not changed. For the
rotor voltages, due to their small amplitudes the effect of different rated rotor speed is not
significantly noticeable.

From the converter rating viewpoint, higher values of rated rotor speed are better since
currents magnitudes in rated regime are lower. The rated rotor speed is usually chosen
in the super-synchronous region at a value less than the maximum speed. The margin
required between Wy rqzeq and wy. mq, depends on the speed of the pitching mechanism and
generator inertia. Lighter generators with slower pitching require a larger margin since
they accelerate more quickly and the pitch control takes longer to limit the input torque.

In the remainder of this work the rated rotor speed will be assumed as w;. ,qteq = 1.2

pu, unless otherwise specified.
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In the next two subsections, the effects of imposing different levels of reactive power
Qs rer and electrical torque 7 ,.; are examined. The results are obtained for nominal

terminal voltage (vys = 1, vgs = 0).

3.3.2 Effect of d-axis control setpoint

Fig. 3.12 shows the effect of operating the DFIG at different levels of stator reactive
power (Qs,.r = +0.5, 0, —0.5) on the rotor active and reactive power. The rotor active
power P, is not affected by a change in reactive power setpoint. For the rotor reactive
power ()., the flow direction (sign of (),.) at a given rotor speed changes depending on the

requested setpoint Qs ..

DFIG rotor active power

DFIG rotor reactive power
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Figure 3.12: Effect of ), ,.; on DFIG rotor active and reactive power.

When the stator is requested to deliver 0.5 pu of reactive power, the maximum ampli-
tude of (), is about 0.25 pu at the extreme values of the operating speed range (w, = 0.7 to
1.3). Hence, in case the grid requires a reactive power output of ();,; = 0.5 pu, the DFIG

can produce that in the following ways:

e via the stator, in which case the rotor-side converter maximum reactive power

amounts to about 0.25 pu and the grid-side converter operates at unity power factor,

ie. Qs,ref = Qtot = 0.5, QRSC,maI ~ (.25, QGS’C = 0; or

e via the grid-side converter, in which case the DFIG stator operates at unity power

factor and the rotor-side converter maximum reactive power amounts to about 0.1
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pu, ie. Qs,ref =0, QRSC’,maac ~ Olpu’ QGSC’ - Qtot =0.5.

This shows that delivering reactive power via the stator rather than via the grid-side
converter is more economical for the converter sizing.

Fig. 3.13 shows the effect of different (); .. levels on the direct and quadrature com-
ponents of the rotor current and voltage. The figure shows the sign of the process gains
idr-10-Qs res and vg,-to-igq,, which are important information for the tuning of the PI-
controllers (discussed in more detail in Chapter 5). At a given rotor speed (e.g. w, = 0.7),
when the stator reactive power setpoint decreases (when Q) ;.. goes from +0.5 to —0.5),
the rotor d-axis current decreases (¢4, goes from 0.76 to —0.25). Hence the process gain
i4r-10-Qs rey 18 positive and the process is referred to as direct acting. At a given rotor
speed, when the rotor d-axis current decreases (when 74 goes from 0.76 to —0.25), the
rotor d-axis voltage increases (vg. goes from 0.0036 to 0.0107). The process gain vg,.-to-
iq- is therefore negative and the process is referred to as reverse acting”.

The direct or reverse action of a process determines the sign of the controller gains.
More explanations will be provided in Chapter 5.

Fig. 3.14 shows the effect of the reactive power setpoint (), ¢ on rotor voltage and
current magnitudes. The curves of the rotor current magnitude for )5,y = 0 or —0.5
are superposed because |i,-| and |i4| are approximately equal for these two values of
Qs res as shown in Fig. 3.13. For (), ,.s falling anywhere in between 0 and —0.5, the
rotor current magnitude is lesser than for (), .y = 0 or —0.5, because the direct axis rotor
current magnitude is smaller in this range of reactive power setpoint as shown in Fig. 3.13
(Jiar] < 0.25 when —0.5 < Qs < 0). This means that when the DFIG operates at unity
power factor or when it absorbs reactive power from the grid up to 0.5 pu (with the grid-
side converter at unity power factor), the maximum rotor current magnitude has the same
value (|7, ;e = 0.9 when —0.5 < Q) .y < 0). Hence if the generator and converters are
rated for unity power factor operation, they will be able to absorb up to 0.5 pu of reactive
power without exceeding their rating limits.

On the other hand, when the DFIG delivers reactive power (()s ..y > 0), the rotor

“It is noted that the directionality of the plant input-output process depends on the convention adopted
for positive current. As shown in Fig. 2.6 and 2.7, the rotor current is defined in this work as positive when
flowing out of the DFIG.
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Figure 3.14: Effect of (), .y on DFIG rotor voltage and current magnitudes.

current magnitude is higher as expected. In Fig. 3.14, it is seen that for a reactive power

production of 0.5 pu, the maximum rotor current magnitude is about 1.15 pu. This repre-
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sents an increase in |/,.|,,q, of nearly 30% with respect to zero reactive power production.
The rating of the rotor-side converter decides the maximum rotor current magnitude that

is permissible and hence the reactive power production capability of the DFIG.

3.3.3 Effect of gq-axis control setpoint

To observe the effect of the electrical torque setpoint 7 ,.; at a given rotor speed, the
following control characteristics are considered:

0 Terefi = Terer — 0.2

o Tererr="Terer

0T er3="Terer +0.2
where T¢ ,..r 1s given in (2.114)-(2.115). This is a purely academic exercise as in practice
only T, ,cp2 = T¢ ,cr is used (the other two curves are non-optimal torque-speed curves).
The analysis is however useful to verify the process gains of the g-axis variables.

Fig. 3.15 shows the effect of the electrical torque setpoint on the DFIG rotor active

and reactive power (all figures in this subsection are obtained with (5 ;e = 0).

DFIG rator active power DFIG rotor reactive powear
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Figure 3.15: Effect of 1% ,.; on DFIG rotor active and reactive power.

As expected, when the electrical torque setpoint is higher (7t ,.r3) the rotor active
and reactive power magnitudes are higher. Hence, if at a given rotor speed, the DFIG is
required to extract more wind power, the rotor-side converter rating has to be larger.

Fig. 3.16 shows the effect of the torque setpoint 7 ,.; on the direct and quadrature

components of the rotor current and voltage. The process gains of ig,.-to-7, and vg,-
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to-i4, can be observed by considering the operating points at a given rotor speed, e.g.
w, = 0.7. When the reference torque decreases from Tt ,.f3 to T, ,.f1, the g-axis rotor
current increases from —0.49 to —0.084. Hence the process gain 7,,-to-1 is negative and
the process is reverse acting. Similarly, when the rotor current increases, the rotor voltage

decreases. The process gain v,-t0-%4, is therefore negative and the process reverse acting.
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Figure 3.16: Effect of 7t ,..; on DFIG rotor d- and g-axis currents and voltages.

Fig. 3.17 shows the effect of the torque setpoint on the magnitude of the rotor current
and voltage. The change in rotor voltage magnitude is very small. As expected, the rotor

current magnitude is higher when the required torque is higher.



3.4 Initialisation 120

Fotor votange magnitude Fotar current rraghitude
0.6 I 1.2 T
=== Teref1
0.5 —Teref2 | A S |  TTITTTT
===Terefd
0.4f —
= = 1
03 i R e
= =
0.2 :
- Teref! ||
0.1r 1 B [ —Teref2
............ ane® . -'TTerefE
H.E nr 1 1.3 1.4 D'a.ﬁ nr 1 1.3 1.8
rotor speed [pu] rotor speed [pu]

Figure 3.17: Effect of Tt ,.; on DFIG rotor voltage and current magnitudes.

3.4 Initialisation

Initialisation relates to determining the initial steady-state operating point of the dynam-
ical system under consideration. It is the starting point for both non-linear time domain
simulations and linear small-signal stability analysis. In power system studies, the pro-
cedure involves essentially two steps. In the first step, the network is initialised by a
loadflow computation. The solution gives the DFIG terminal voltage (magnitude and an-
gle) and power output (active and reactive). In the second step, the value of the DFIG state
and algebraic variables are obtained by solving the steady-state equations (DAE with time
derivatives equal to zero) so that the loadflow solution is satisfied.

For the conventional synchronous generator, the initialisation procedure is well known
and is described in [121, 123]. For the DFIG, the fact that the rotor speed is not known
in subrated regime and that there are two additional constraints for the rotor voltage has
caused some confusion, resulting in different proposed methods [52, 106, 124, 125].

In [124], the equations to be solved and constraints to be considered during the ini-
tialisation are identified. However, the proposed method neglects the machine losses (i.e.
it is assumed that P,, = F,,) and considers only subrated regime when pitch angle is
constant (3 = 0°). In [52, 106], the generator is initialised on one side from output to
input and the turbine is initialised on the other side from input to output. Hence repeti-

tive specification of initialisation starting point for both network and turbine are required
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so that the variables at the interface between the turbine and generator match. In [125],
the proposed method is also an iterative method as turbine and generator are initialised
from input to output on one hand, while the network is initialised from output to input on
the other hand. The interface where variables must match is between the generator and
network. Fig. 3.18 illustrates schematically the above three methods (top figure [124],
middle figure [52, 106], bottom figure [125]).

The motivation of using the methods in [52, 106, 125] is that the input wind speed
can be specified. However to avoid repetitive loadflow computations (so that variables are
matching between turbine and generator or between generator and network), the variables
of the turbine should not be specified at the beginning but should be calculated by the
initialisation procedure. Fig. 3.19 shows the procedure adopted in this work, where losses
are considered. Although neglecting losses, as done in [124], does not cause large errors,
including them is not be a problem since the equations are solved numerically.

The details of the three steps are as follows:

e Step 1: Compute the network loadflow solution which gives Vi,.q9, Vang, Pior and

Q0 at the DFIG bus.

e Step 2: If in subrated condition, solve (3.1)-(3.8) with the loadflow solution (vy, =
Vinags Vas = 0, Pyt = Ps + Py, Qir = @5) and with the electrical torque equal to
its optimal value for maximum power tracking (T, = T¢ .5 = Koptwf), which is
a system of 7 equations and 7 unknowns (%4s, %ds, %qr»> tdr> Ugr> Var, wy). If in rated
condition, solve (3.1)-(3.4) and (3.6)-(3.8) with the loadflow solution and with the
rotor speed equal to its rated value (w, = wy. rqteq), Which is a system of 6 equations

and 6 unknowns (igs, t4s, tqr» tdr> Ugrs Vdr)-

e Step 3: If in subrated condition, solve the equation P,, = 0.5p7R2C,(\, B)vd
for v, with P,, = T,,w; and § = 0°. If in rated condition, solve the equation
P, = 0.5pmR2Cy (N, B)vd for 3 with P,, = T,,w; and v,, equal to a chosen wind

speed above rated and below cut-out wind speed.

Table (3.1) and (3.2) give numerical examples of the DFIG initialisation in subrated and

rated condition respectively. The parameters of the DFIG are in Appendix 1. It is seen
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Figure 3.18: DFIG initialisation procedure alternatives
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Figure 3.19: DFIG initialisation procedure used in this work.

that for same rotor speed (i.e. same active power output) the DFIG is able to operate at
different power factors (i.e. different reactive power output) by adjusting the rotor voltage.
The direct and reverse relationship between the d-axis variables can also be observed. In
both Table (3.1) and (3.2) when (), increases, 74, increases and vy, decreases. It is noted
however that the relationship for the g-axis variables can not observed in Table (3.1) and
(3.2) because both torque and speed change from one table to the other. As shown in
Fig. 3.16 the reverse relationship between i4,-v4- and Te-i,4, is observed by varying the

electrical torque for a same rotor speed.

Table 3.1: DFIG initialisation in subrated condition

Step 1: Network

Vmag Ptot Qtot

1 0.5 —-0.25

1 0.5 0

1 0.5 0.25

Step 2: DFIG
7:qs Tds iqr Ly Vqr Vdr Wr
0.526 0.250 —0.531 —0.002 0.0481 0.0025 0.955
0.526 0 —0.531 0.251 0.0492 0.0010 0.955
0.527 —-0.250 —0.532 0.503 0.0495 —0.0005 0.955

Step 3: Turbine

vy [(m/s] G [°]
9.55 0
9.55 0

9.55 0
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Table 3.2: DFIG initialisation in rated condition

Step 1: Network

V;nag PLoL QLOL
1 1 —0.25
1 1 0
1 1 0.25

Step 2: DFIG
iqs 7;ds iqr idr Ugr Uy Wy
1.006 0.250 —-1.016 —0.001 0.006 —0.000 1.2
1.006 0 —1.016 0.251 0.006 —-0.001 1.2

1.007 —-0.250 —-1.017 0.504 0.006 —-0.002 1.2

Step 3: Turbine

Uy [m/s] B 1]
13/14  1.04/7.92
13/14 1.04/7.92
13/14  1.03/7.92

3.5 Summary

In this chapter, the operating characteristics of the SCIG and DFIG have been compared
by analyzing the induction generator equations in the steady-state. For the SCIG, the rotor
voltage is zero, the rotor speed is limited within a very narrow range and power capture
can only be optimized for a particular wind speed. The machine absorbs reactive power
at all times and electrical outputs are very sensitive to the rotor speed.

In case of the DFIG, the controllability of the rotor voltages results in controllable
active and reactive output regardless of the rotor speed. This means that wind power
capture can be optimised over a wide range of rotor speed and wind speed at desired
power factor. The observation of the rotor active and reactive power for various terminal
power factors showed that power factor control is more economical (for converter sizing)
with the RSC rather than the GSC.

The steady-state analysis also showed the process gains between the inputs and out-
puts of the RSC control loops. The results are:

® i4-t0-Q), res is direct acting,

® v4,.-10-14, 1S reverse acting,
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® i,-t0-1, ;. 1S reverse acting,

® U,-10-i4, 1S reverse acting.
These observations are useful for the PI-tuning of the RSC controllers, as will be discussed
in Chapter 5.

Various initialisation procedures proposed in the literature have been discussed briefly.

A method has been proposed whereby no iteration in input specification is required.
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Chapter 4

Analysis: Open-loop behaviour

In the previous chapter, the behaviour of the DFIG in the steady-state i.e. when all dy-
namics are settled, has been analysed. In this chapter, the dynamical behaviour of the
open-loop DFIG in presence of small-disturbances is studied. The results will be com-
pared in the next chapter to the closed-loop control case. The comparison will thus show
the effect of the DFIG control from a dynamical behaviour viewpoint.

The system is referred to as open-loop as the rotor voltage produced by the rotor side
converter is assumed constant at its initial value (pre-disturbance value), instead of being
adjusted with output variations. Modal analysis (analysis of eigenvalue locations and
participation factors) of the open-loop DFIG is done to gain a better understanding of the
inherent strengths and weaknesses of the induction generator.

The open-loop analysis can be considered as a benchmark in the sense that the closed-
loop system (discussed in the next chapter) is expected to present better dynamical charac-
teristics. A weaker closed-loop dynamic performance would suggest an improper control
design. Furthermore, it is shown that the small-signal dynamics of the conventional SCIG
are similar to those of the open-loop DFIG at zero slip (synchronous speed). Hence, sensi-
tivity results (effect of changing operating condition on the eigenvalues location) obtained
for the open-loop DFIG at zero slip also hold for the SCIG.

This chapter begins with a brief review of the theoretical background for small-signal
analysis and stability. A base case is then described and taken as a reference case. The ef-
fects of changing the operating point, machine parameters and grid strength on the small-

signal dynamics are then discussed.



4.1 Modal analysis 127

4.1 Modal analysis

The dynamical behaviour of a system, such as a grid connected DFIG, can be described
by a set of differential algebraic equations (DAE) [49, 121, 126]:

d
v = fle.zu) 4.1)

0 = g(z,2,u) (4.2)

where x, z, and u are respectively the column-vectors of state variables, algebraic vari-
ables, and control inputs; f and g are respectively the column-vectors of differential and
algebraic equations. In transient studies (time domain), (4.1)-(4.2) are solved simultane-
ously. The solution gives x, z and u as function of time, and allows calculation of the

system outputs:
y = h(z,z,u) (4.3)

where y is the column-vector of outputs and A the column-vector of output algebraic
equations. In small-signal studies (frequency domain), (4.1)-(4.3) are linearized around
an operation point and the eigenvalues of the state matrix A (defined below) allows as-
sessment of the system small-signal stability.

Linearization of (4.1)-(4.3) is done by a Taylor series expansion around an operat-
ing point (z¢,20,up) computed by the system initialization procedure as described in the

previous chapter. Neglecting terms of order two and above, the linear model is:

Ai o= Y] Aps a—fl Az + {gl Au (4.4)
10z |, 10z ], u |,
~ [0g] [Dg g
0 = _8:1:_0Ax+_8ZLAZ+[8uLAu 4.5)
[Oh] [Oh Oh
Ay = -%_ . Al’ + -%:| ; AZ + |:%:| 0 AU (46)

where Ax = = — z9, Az = z — 29, Ay = y — Yo, and [.]o indicates that the term in
brackets is evaluated at the initial point (xg,20,u¢). Eliminating the algebraic variable z in
(4.4)-(4.6) gives:
Air = AAx+ BAu 4.7)
Ay = CAx+ DAu (4.8)
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where the matrices A, B, C and D are defined as:

B_ :% _ % (3_2) B %: 0 (4.10)
o :%_% (a_i)_l %:0 4.11)
Do _% i % (a_Z) B %: 0 (4.12)

The matrix A is the system state matrix. Its eigenvalues A (real and/or complex) are the
natural modes of the system and contain information on the small-signal stability and
behaviour. If A is real, complex eigenvalues always appear in conjugate pairs.

For stable operation, all eigenvalues A = o 4+ jw must be in the left half plane (LHP)
i.e. 0 < 0. The time constant 7 [s], damping ratio ¢ and oscillation frequency f [Hz] of

an eigenvalue are defined as:

T = 1/|o] (4.13)
¢ = —a/m (4.14)
f = w/(2n) (4.15)

To determine the contributing dynamics (dominant states) of a particular mode (eigen-
value), participation factors are observed. The participation factors of the n state variables

into mode ¢ are obtained as:
P
pi= | (4.16)
Pri
where py; is the normalized participation factor of the k* state into the i*" mode:
i = Wikl [@ral / O Wil | Pi]) (4.17)
k=1
In (4.17), ¥, is the k™ element of the i*” mode left eigenvector, ®;; is the k' element

of the i*" mode right eigenvector [49, 121]. Participation factors are also known as the
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sensitivity of an eigenvalue to the diagonal elements of the state matrix A. Hence a larger
participation factor py; indicates that the location of eigenvalue ); is more sensitive to the
state variable x;. Conversely, if py; is zero, the eigenvalue )\; is not affected by the value
of state variable x},.

The state matrix of the grid-connected DFIG is obtained by deriving (4.9) from the
set of differential algebraic equations (2.135)-(2.155). In the present chapter, two cases
of open-loop DFIG are considered:

e Case A: open-loop DFIG directly connected to the infinite bus,

e Case B: open-loop DFIG connected to the infinite bus via an external line.
Assuming the DFIG directly connected to the infinite bus means that the external grid
is infinitely strong and hence the terminal voltage (magnitude and angle) is constant. If
the DFIG is connected to the infinite bus via a line, the effect of grid strength can be
investigated, with a larger line impedance representing a weaker network. The variables

and functions for cases A and B are given in Table 4.1.

Table 4.1: Two cases of open-loop DFIG

Case A Case B
flx, z,u) (2.135)-(2.141) (2.135)-(2.141)
g(z, z,u) - (2.154)-(2.155)
x ligs ids €qs €y Wr Orw wil’ [igs ds €qs €l Wr Otw wil’
z - [qu ,.YVS],
U = up [Uqr Vdr U 6],:[7)(17‘0 Varo Vwo Bol’ [Uqr Vdr Uw ﬂ]’:[vqro Varo Vwo Bol’
other constants vgs = Vis0, Tws =0 -

4.2 Base case eigenvalues

For easier discussion, a particular operating point is defined as the base case. In the
base case, the terminal voltage magnitude is |V;| = 1 pu, the rotor speed is equal to the
synchronous speed w,, = 1 pu, the corresponding total active power is P,,; = 0.575 pu,
and the total reactive power is (1, = 0 pu (unity power factor). The DFIG is directly
connected to the infinite bus (Case A in Table 4.1), hence the terminal voltage is constant.

The effect of finite grid strength is investigated subsequently in Subsection 4.5.



4.2 Base case eigenvalues 130

Table 4.2 shows the base case eigenvalues and corresponding participation factors (pa-
rameters are given in Appendix 1). The dynamics consist of four stable modes (negative
real part), three of which are oscillating (complex eigenvalue). The participation factors
indicate the dominant states for each mode. E.g. the high frequency eigenvalue Ay p is
mainly contributed by the dynamics of the stator currents ¢4, and ¢4, (48% and 46%) and

negligibly by those of the internal voltages e, and e}, (2% and 3%).

Table 4.2: Base case eigenvalues and participation factors of open-loop DFIG
Operating point: Vs = 1, w, = 1, Pt = 0.575, Qtot = 0

Eigenvalue, frequency, damping ratio, time constant

A=o+tjw Josc [Hz] ¢ 7 [s]
App | —16.15 £+ 5313.30 49.86 0.052 0.062
Avr | —10.01 £ 563.67 10.13 0.155 0.100

Arp | —0.47+£53.33 0.53 0.138 2.15
Ao | —17.40 0 1 0.058

Participation factors

- - 7 7
bgs s  Cgs  Cgs | Wr Orw  wi

Agrp | A48 46 02 .03 .00 .00 .00 |E
Avr | 02 .01 .01 47 | .46 .01 .00 | EM
Arrp |00 .00 .00 01 .00 49 .50 | M
Avo |00 .00 98 .00 .00 .00 .00 |E

HF, MF, LF = high, medium, low freq., NO = non-oscillating

E, M, EM = electrical, mechanical, electro-mechanical mode

In the base case, the high frequency mode Ay is an electrical mode associated with stator
dynamics (i, 74s). The medium frequency mode A/r is an electro-mechanical mode
associated with rotor electrical and rotor mechanical dynamics (q-axis flux e/, o< 1), and
generator speed w,.). The low frequency mode A, r is a mechanical mode associated with
shaft and turbine dynamics (torsion angle 6,,, and turbine speed w;). The non-oscillating
mode Ay is areal eigenvalue associated with rotor electrical dynamics (d-axis flux egs x
¥qr). The modes are approximately decoupled since a particular state variable participates
significantly in only one of the modes.

Fig. 4.1 shows the response of the DFIG active power to a 50% voltage drop from 1
to 0.5 pu at £ = 5 s for a duration of 100 ms. It is seen that the time domain behaviour

consists of a superposition of the characteristics given by the eigenvalues in Table 4.2.
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Figure 4.1: Active power response of open-loop DFIG to 100ms-50% voltage drop at base
case operating point. Thin light line = stator transient included; thick dark line = stator
transients neglected.

The low frequency mode A r is the dominant mode (closest to the imaginary axis)
and hence has largest time constant. It has a frequency of about 0.5 Hz with a reasonable
damping ratio (>10 %). The medium frequency mode A, oscillates around 10 Hz with
a similar damping ratio. The high frequency mode Ay oscillates around 50 Hz and has
the lowest damping ratio (~5 %).

In Fig. 4.1, the responses are shown for both situations where stator transients are
represented and neglected. It can be seen that the difference consists of only the 50 Hz
mode and associated overshoot. Ignoring stator transients means that stator dynamics are
assumed to change infinitely fasti.e. stator variables are assumed to be algebraic variables
instead of state variables (derivatives terms in (2.135)-(2.136) are set to zero).

Oscillations due to stator transients can be omitted when they are: (a) stable (posi-
tive damping), (b) relatively faster (large real part magnitude), and (c) decoupled from
the dynamics of interest. The latter condition requires that the stator mode is only con-
tributed significantly by stator states and that stator states participate significantly only in
the stator mode. Conditions (a)-(c) are satisfied for the base case as shown in Table 4.2.
Hence if the interest is in the frequency range 0.1-10 Hz, stator dynamics can be ignored.
It should however be kept in mind that oscillation amplitudes are underestimated during

the few hundreds ms after a disturbance. This is shown in Fig. 4.2 where the underesti-
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mated torque overshoot translates into underestimated speed deviation. Depending on the

purpose of study, these approximations may or may not be acceptable.
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Figure 4.2: Electrical torque and rotor speed response of open-loop DFIG response to
100 ms-50% voltage drop at base case operating point. Thin light line = stator transient
included; thick dark line = stator transients neglected.

4.3 Sensitivity to operating point

Since the DFIG may operate at large slip with different levels of active and reactive power

output, it is important to study how its dynamic behaviour changes with these conditions.

4.3.1 Rotor speed and active power

To observe the sensitivity of the eigenvalue locations to the level of active power and rotor

speed, the operating points in Fig. 4.3 are investigated. The rotor speed is varied from 0.7
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to 1.3 pu (slip range of 30 %). Two sets of active power output are considered. Set (1)
represents the typical steady-state output power of the DFIG as function of rotor speed.
Set (2) represents a hypothetical case where the output is constant at 0.5 pu at all speeds.
Circle markers are used for operating points in the sub-synchronous speed region; triangle

markers are used for the super-synchronous region.

[rvestinated operating points

L I S

oy os 09 1 11 12 13
Wi [

Figure 4.3: Investigated initial operating points for rotor speed and active power.

Fig. 4.4 shows the root-loci of the open-loop DFIG eigenvalues for the operating
points in Fig. 4.3. It is observed that the eigenvalue locations for the two sets of operating
points are not significantly different. In other words, small-signal dynamics are more
sensitive to rotor speed and relatively less sensitive to active power level.

Considering the scaling of the axes, the effect of initial rotor speed on the high
frequency mode (stator electrical dynamics) is not significant. For the medium fre-
quency modes (rotor electrical and/or mechanical dynamics) small-slip speed gives oscil-
lations with lower frequency (smaller imaginary part magnitude) and longer time constant
(smaller real part magnitude). The low frequency mode (mechanical dynamics) is closer
to the imaginary axis at zero and large negative slip i.e. at synchronous and large super-
synchronous speed (points at the middle and end extremity of the root-loci), however the
mode remains well damped (( > 10 %). The non-oscillating mode (rotor electrical or
mechanical dynamics) is closer to the imaginary axis at large slip (positive and negative).
Since all eigenvalues remain in the left half plane, the open-loop DFIG remains stable

within the operating slip range.
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Figure 4.4: Eigenvalues loci for operating points in Fig. 4.3 (DR = damping ratio).

Table 4.3 shows the open-loop DFIG eigenvalues and participation factors for three
particular operating points. As observed above, the rotor speed has significant effect
on all the eigenvalues, except for the high frequency mode. Participation factors are
also affected. At non-synchronous speed (sub- and super-), the electrical and mechanical
dynamics tend to be decoupled. It will be seen in the next chapter that for the closed-loop
system, the control actions decouple the electrical and mechanical dynamics at all speeds.

Fig. 4.5 shows the time domain response of the open-loop DFIG active power to a
100 ms-50% voltage drop with sub- and supersynchronous initial rotor speed. As ex-
pected from Fig. 4.4 and Table 4.3, in subsynchronous speed, the damping ratio of the
medium frequency mode is lower. In supersynchronous speed, the damping ratio of the

low frequency mode is lower.
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Table 4.3: Effect of rotor speed on open-loop DFIG eigenvalues and participation factors

At sub-synchronous speed: w, = 0.70 pu, Py, = 0.2 pu

A=o0=Ejw fose ¢ iqs Ids efls eii,s wr O wy
Agrp  —16.29+ 7312.92 4980 .052 | 47 45 .03 .04 | .00 .00 .00 | E
Avr —13.58 £ 511350 18.06 .119 | .04 05 34 .44 | .13 .00 .00 | E
A —4.914+7.99 1.27 524 1.00 .04 .10 00 |.31 49 05| M
Ao —1.06 0 1 .00 01 03 00|.10 .07 79 M
At synchronous speed: w, = 1 pu, P,y = 0.575 pu (base case)

A=o0=+jw fose q Z'qs Ids 6518 6:13 wr O wi
Agrp  —16.15+5313.30 49.86 .052 | 48 46 .02 .03 | .00 .00 .00 | E
Avre —10.01 £563.67  10.13 155 .02 .01 .00 .48 | 47 .01 .00 | EM
A —0.47 4 53.33 053 138 .00 .00 .00 .01 |.00 49 .50 M
Ao —17.40 0 1 .00 00 99 .00|.00 .00 .00 |E
At super-synchronous speed: w,, = 1.29 pu, P,y = 1.075 pu

A=o =+ Jw fosc C iqs Ids e;s eijs Wy Ot wi
Agrp  —16.08 £5313.50 4990 .051 | 49 46 .02 .03 | .00 .00 .00 |E
Ayr —16.794+4110.27 17.55 151 .02 .05 .27 50| .15 .00 .00 | E
AL —2.32479.27 148 243 1.00 .04 .17 00| .27 46 .06 | M
Avo  —0.26 0 1 .00 01 05 00|.09 .00 85 M
HF, HF, HF = high, medium, low freq., NO = non-oscillating
E, M, EM = electrical, mechanical, electro-mechanical mode

t ot

DFIG tatal active power autput
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DFIG total active powe
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Figure 4.5: Open-loop DFIG response to 50% voltage drop during 100 ms with sub- and
supersynchronous initial rotor speed. Thin light line = stator transients represented; thick

dark line = stator transients neglected.
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4.3.2 Terminal voltage and reactive power

Fig. 4.6 shows the root loci of the open-loop DFIG when the terminal voltage is varied
from Vs = 0.5 ~ 1.5 pu at different rotor speeds (w, = 0.71, 1, 1.3 pu).

Considering the scaling of the axis, the high frequency mode is not significantly sensi-
tive to V. The medium frequency mode remains in the left half plane and well damped for
the tested range of terminal voltage. At non-synchronous speed, the low frequency and
non-oscillating modes are closer to the imaginary axis when the voltage level is lower.
At supersynchronous speed, the non-oscillating mode is in the right half plane for lower
voltage, hence the system is unstable.

Fig. 4.6 also shows the effect of reactive power. At each rotor speed, the root loci
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Figure 4.6: Eigenvalues loci for different terminal voltage, power factor and rotor speed.
Triangles, stars, circles are used for Q);,; = +0.5, 0, —0.5 respectively.
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are obtained for Q);,; = +0.5, 0 and —0.5. It is seen that the influence on the eigenvalue
location is not significant. This means that small-signal dynamics are more sensitive to

terminal voltage and relatively less sensitive to reactive power level.

4.3.3 Comparison with SCIG

From the above analysis, the DFIG eigenvalue are mainly determined by the rotor speed
and terminal voltage level. The change in eigenvalue location due to variations of active
and reactive power is relatively less significant. As a consequence, the eigenvalues of the
SCIG can be expected to be close to those of the open-loop DFIG at zero slip, assuming
same terminal voltage conditions. The reason is that, although both machines have dif-
ferent active and reactive power outputs, their rotor speeds are nearly the same (the DFIG
speed is synchronous, while for the SCIG the speed is near synchronous).

Tables 4.4 gives the eigenvalues and participation factors of the SCIG. It can be seen
that they are indeed similar to those of the open-loop DFIG at synchronous speed given

in Table 4.2.

Table 4.4: Eigenvalues and participation factors of SCIG
Operating point: Vi = 1, w, = 1.0056, Ps = 1, Qs = —0.353

Eigenvalues, frequency, damping ratio, time constant

A=o+tjw fose [Hz] ¢ 7 [s]
Apr | —16.13 & 5313.31 49.86 0.051 0.062
Avr | —10.13 £ 562.69 9.98 0.160 0.099

Arrp | —0.44 £ 453.33 0.53 0.130 2.287
Avo | —17.17 0 1 0.058

Participation factors

: - 7 7
lgs  Tds  €gs  €gqs | Wr Oy Wy

Agrp | A48 46 .02 .03 .00 .00 .00 |E
Avr |02 .01 .00 47 | 46 .01 .00 | EM
Arp |00 .00 .00 .02].00 .48 .50 | M
Avo |00 .00 99 .00 |.00 .00 .00 |E

HF, MF, LF = high, medium, low freq., NO = non-oscillating

E, M, EM = electrical, mechanical, electro-mechanical mode

It is important to note that the similarity between the conventional SCIG and open-

loop DFIG at zero-slip is only from a modal behaviour viewpoint (eigenvalues location
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i.e. oscillation and stability characteristics). The steady-state operating points (pre- and
post-disturbance amplitudes) are indeed different for both cases as it was shown in the

previous section.

4.4 Sensitivity to machine parameters

In this subsection the effect of machine inductances (L,,, L, and L,,), resistances (R,
and R?,) and mechanical parameters (/{,, H; and k) on the eigenvalues of the open-loop
DFIG are observed. These parameters vary with the size of the machine, the design,
the materials used, and the working conditions (e.g. higher temperature). From the data
given in Chapter 2, the range of parameter values may be large. It is therefore worthwhile
to examine how the dynamics are affected and whether some particular values lead to
instability. In this subsection, all eigenvalues are obtained for the base case operating
point, i.e. nominal terminal voltage and synchronous rotor speed (V5 = 1 pu, w,, = 1 pu).
As explained above, conclusions drawn are also valid for the SCIG and do not depend on

the level of active or reactive power output for both DFIG and SCIG.

4.4.1 Inductances

The machine inductances have significant effect on the stability of the open-loop DFIG.
For some values, the open-loop DFIG at zero slip (and hence the SCIG) is unstable.
For the discussion, it is useful to define the ratio of stator self to mutual inductance
ass = Lgs/ Ly, the ratio of rotor self to mutual inductance a,. = L,/ L,,, and the ‘tran-
sient stator inductance’ L, = Ly, — L? /L,, = Ly,(ass — 1/a,,). Table 4.5 shows the
eigenvalues of the open-loop DFIG at zero slip for different ratios a,s and a,., with mutual
inductance L,, = 4 pu.

The machine is stable (all eigenvalues with negative real part) for L, > 0.01. Al-
ternatively, a more restrictive stability condition is that both a,s > 1 and a,, > 1 i.e.
both L;s > L,, and L,. > L,,, which means that leakage inductances are positive as
explained below. When the magnitude of L/ is small i.e. when assa, =~ 1 (Lgs = Ly,
and L, ~ L,,) the eigenvalue sensitivity is larger and there is more coupling between the

modes (shown by participation factors).
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Table 4.5: Effect of stator and rotor inductances on the modes of the open-loop DFIG at
zero slip

Uss = Lss/Lmv Qpp = LTT'/LWM Ly, = 4 pu, Lg = Lm(ass — 1/CL7~7~)

Qgs Qe L; )\HF )\MF and/or /\NO )\LF
1.01 1.130 +0.5 —3.16+5314.1 —3.33£530.2, —3.10 —0.41453.17
1.01 1.003 +40.05 —32.845310.7  —17.5£4588.8, —35.3  —0.50+£53.35
1.01 0.991 +0.005 | —563.3£5171.3 +3.114+5186.3, —244.2 —0.514353.38
1.01 0.989 —0.005 | +695.5£5110.6 +54.945196.3, —142.4 —0.514+353.38
1.01 0978 —0.05 +30.24+5310.6  +36.4, +107.8, —73.7 —0.53£53.40
1.01 0.881 —0.5 +3.13+5314.1  4+3.99, +26.8, —25.9  —0.65%353.63

0.99 1.156 +40.5 —3.16£5314.1  —3.284530.2, —2.97  —0.40%53.17
099 1.023 +40.05 —32.9£5310.8  —16.8+588.9, —=34.0  —0.49+353.36
099 1.011 +0.005 | —519.1£5182.1 +2.65£5184.6, —253.3 —0.50+753.38
099 1.009 —0.005 | +651.745110.9 +58.04+5194.7, —143.6 —0.50%73.38
099 0998 —0.05 +30.2+5310.7  434.9, +106.9, —74.2 —0.52£53.40
0.99 0897 —-0.5 +3.13+5314.1  +3.84, +26.7, —26.0  —0.64£53.63

The parameters L,, = (3/2)Ls,, Lss and L, were defined in (2.44), (2.50), (2.51) as:

l
Lom = 1.5 N, N, - °
g4
l
Ly = 15poN2 5 4 I,
g4

Ly = 1-5M0N3%l% + L,

Hence, the parameters as, = Lgs/L,, and a,. = L,./L,, depend on the design of the
stator and rotor coils. In the simplest case where stator and rotor coils have same effective
number of turns (N, = N,.), one can conclude that the open-loop DFIG is stable if leakage
inductances are positive (L5, L;- > 0). If the design is such that L/, < 0.01, stabilizing
control must be added for stable operation.

The larger sensitivity of the eigenvalues with respect to L’ when its magnitude is
smaller can be explained from the differential equations of i, and 74 in (2.101) and

(2.102):

L. d wre, el
s . . /g qs ds
__qu = _Rlzqs + wsleds + - - qu + Km’r‘rvqr
Werp dt Ws ws T
L d e, wre!
s . !z . qs rvds
—lds = _wsleqs - Rlzds + + — —vUgs + Kmrrvdr
WelB dt wsTr Ws
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The parameter L must be different from zero in order for i, and i4 to be state vari-
ables (if L, = 0, the variable i, and i4, are algebraic variables i.e. there is no sta-
tor transients). When L. # 0, the first two diagonal entries of the state matrix are
Agys(1,1) = Agys(2,2) = —Rywe/L.. The diagonal elements of the state matrix are
the centers of the Gershgorin disks which contain the eigenvalues of the matrix (see Ap-
pendix 2 for explanations on Gershgorin theorem). Hence for positive L, the centers of
the first two Gershgorin disks, are in the left half plane. For negative L/, the disk cen-
ters are in the right half plane. As L’ is in the denominator, the displacement in the disk
centers and hence the sensitivity of the eigenvalue location with respect to L', is larger for
small amplitude of L.

In the above discussion, the effect of varying the ratios ass and a,, for a given value
of mutual inductance L,, was examined. Table 4.6 shows the effect of varying L,, with

constant ratio as;s = 1.01 and a,, = 1.015. The eigenvalues in which electrical state

Table 4.6: Effect of mutual inductance on the modes of the open-loop DFIG at zero slip

Ly, in [pu], ass = 1.01, a,, = 1.015, L, = Ly, (ass — 1/ary)

L, L, AHF AMF ANO ALFTE

10 0.2483 —6.38+5314.02 —5.144541.37 —6.96 —0.468+753.27
0.1986 —7.99+5313.95 —5.974+545.91 —8.70  —0.476+53.29
0.1490 | —10.69475313.78 —7.33£752.58 —11.61 —0.483+353.31
0.0993 | —16.164+75313.30 —9.99+7563.80 —17.44 —0.491+£53.33
0.0497 | —33.06+5310.70 —17.36+589.07 —35.12 —0.499+53.36
0.0248 | —70.114+5300.16 —28.2045125.03 —71.86 —0.5044-753.37

— N B~ N ®

variables participate (Aypr, Ayr, Avo) are mostly affected. For all modes, when L,
decreases, the real part magnitude increases while the imaginary part magnitude changes
also but to a lesser extent. Since L,, is inversely related to the airgap length, this means
that for larger airgap machine (smaller L,,), time constants decrease and damping ratios
increase.

These observations can be seen in Fig. 4.7 which shows the active power response
of the open-loop DFIG to a 100 ms-50% voltage drop with L,, = 10 and 1 pu. The
duration of oscillations is shorter for L,, = 1 pu, though the overshoots have much larger

magnitude.
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Figure 4.7: Open-loop DFIG response to 50% voltage drop during 100 ms with L,, = 1
and 10 pu. Thin light line / thick dark line = stator transients included / neglected.

4.4.2 Resistances

Varying the stator and rotor resistance while keeping all other parameters constant causes
noticeable displacement in eigenvalues and change in participation factors. For the dis-
cussion, the ratio of the rotor to stator resistance is defined as a, = R,./R,. Table 4.7
shows the eigenvalues of the open-loop DFIG at zero slip for different values of stator

resistance R, with ¢, > 1 and < 1.

Table 4.7: Effect of stator and rotor resistance on the modes of the open-loop DFIG at
zero slip

R in [pu], a, = R,/ Rs (Ly, = 4 pu, ass = 1.01, a,, = 1.015)

Ry ar Eigenvalues
0.0001 1.1 —0.3245314.2  —2.14+563.79 —0.25+53.37 —0.35
0.005 1.1 | —16.164+5313.3  —9.994563.80 —0.494+53.33 —17.44
0.05 1.1 | —202.1+5156.3 —112.6+£j156.2 —2.46+52.50 —32.84
0.1 1.1 | —614.4+5150.7 —39.88+5162.8 —9.60+53.90 —2.00
0.0001 0.9 | —-0.32+5314.2 —2.114563.79 —0.25+353.37 —0.28
0.005 0.9 | —16.164+45313.5  —8.46+563.93 —0.454+53.34 —14.26
0.05 09| —182.4435222.2 —94.02+3590.93 —2.01+52.79 —47.29
0.1 0.9 | —546.8+5170.0 —42.45+5143.5 —3.48, —4.29, —17.51

For the tested range of parameters, the system is stable. For larger resistance values,
the real part magnitude of complex conjugate modes tends to be larger (i.e. oscillating

modes are further away from the imaginary axis when resistances are larger). Hence more
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resistive machines have oscillatory dynamics with smaller time constants. For very resis-
tive machines (Rs > 0.1), the real mode is the dominant mode (closest to the imaginary
axis) and the system is referred to as over-damped.

Participation factors are also affected by resistance values. For more resistive ma-
chines, the electrical and mechanical dynamics are decoupled, as shown in Table 4.8,
where for Ry = 0.1, Ay and Ay o are electrical modes (significant participation from
electrical states only), A and Ao are mechanical modes.

Fig. 4.8 shows the response of the open-loop DFIG to a 50% voltage drop during 100
ms with Ry = 0.1 and 0.0001 pu. The eigenvalues properties are shown in Table 4.8. As

explained above, oscillations are damped out very rapidly when R; is large.

Table 4.8: Participation factors of open-loop DFIG at zero slip for different resistances

Ry=01pu (a, =11, Ly =4pu ar, =1.01,az, =1.015)

A=o0+ jw fose ¢ iqs ids 6:13 elds wr Oy wi
AumrE | —614.36 £ 5150.67 2398 971 | 40 39 .11 .10 .00 .00 .00 | E
AvE, | —39.88 £4162.77 2591 238 .10 .10 .38 40 .02 .00 .00 | E
ALF —9.60 £ 73.90 0.62 927 |.00 .00 .00 .03 47 47 .03 | M
Avo | —2.00 0 1 .00 .00 .00 .00 .12 .22 .66 | M
R, =0.0001pu (a,=1.1,L, =4pu,ar,, =1.01,ar, =1.015)

A =0+ jw fosc ¢ Z.qs ids 6;5 6/515 wr Opy  wi
Agrp | —0.32 £ 5314.16 50.00 .001 | .50 .48 .00 .02 .00 .00 .00 |E
AvrE | —2.14 + 563.79 10.15 .034 | .02 .00 .00 .48 47 .01 .00 | EM
ALF —0.25 + 73.378 054 .075|,.00 .00 .00 .01 .00 49 .50 | M
Avo | —0.35 0 1 .00 .00 .99 .00 .00 .00 .00 |E
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Figure 4.8: Open-loop DFIG response to 50% voltage drop during 100 ms with R, = 0.1
and 0.0001 pu. Thin light / thich dark line = stator transients included / neglected.

4.4.3 Mechanical parameters

Table 4.9 shows the effect of varying inertias and stiffness on the open-loop DFIG eigen-

values. As expected, heavier machines (large H, and H,) present oscillations with lower

frequencies, and drive trains that are stiffer (smaller gearbox ratio i.e. larger k) have

oscillations with higher frequencies.

Table 4.9: Effect of drive train parameters on the modes of the open-loop DFIG at zero

slip
Hiin[s], Hy = 0.1H;, k = 0.3 pu/el.rad
Ht )\HF )\MF (fosc [HZ]’ C) /\LF (fosc [HZ], () )\NO
12 | —15.92 £ 5313.3 —8.90 + j36.14 (5.75,.239) —0.33 £ 71.92 (0.31,.168) —17.44
8 —15.98 + 5313.3  —9.17 4+ 544.70 (7.11,.201) —0.37 £ 52.36 (0.37,.155) —17.44
4 —16.16 + 5313.3  —9.99 + 563.80 (10.2,.155) —0.49 4+ 53.33 (0.53,.146) —17.44
2 —16.53 + 5313.3 —11.59 £+ j90.61 (14.4,.123) —0.74+ j4.71 (0.75,.155) —17.44
1 —17.39 + 5313.2 —14.68 £ ;128.3 (20.4,.114) —1.23 £ j6.62 (1.05,.182) —17.44
kin [pu/elrad], H; = 4s, H; = 0.1H;
k AHF AMF  (fose [Hz], ) ALF  (fose [Hz], €) ANO
30 | —16.20 £ 5313.3 —3.72 4+ 5129.0 (20.5,.029) —6.72+ j15.5 (2.47,.398) —17.42
3 —16.16 + 5313.3 —8.27 + 571.66 (11.4,.115) —2.21 £ j9.28 (1.48,.231) —17.43
3 —16.16 & 5313.3  —9.99 £ j63.80 (10.2,.155) —0.49 4+ 53.33 (0.53,.146) —17.44
.03 | —16.16 + 5313.3 —10.20 £+ j63.00 (10.0,.160) —0.28 +;1.04 (0.17,.260) —17.44
.003 | —16.16 +5313.3 —10.22 £ j62.91 (10.0.160) —0.26 £ j0.22 (0.04,.758) —17.44
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For the tested range of parameters, the machine dynamics remain stable. The elec-
trical modes (high frequency and non-oscillating modes) are not significantly sensitive to
mechanical parameters.

Participation factors are not significantly changed, except for very low inertia and high
stiffness. For lower inertia, the medium frequency mode is more of an electrical nature.

For higher stiffness, the low frequency mode becomes an electromechanical mode.

4.5 Sensitivity to grid strength

In the above discussion the stator voltage is assumed constant, i.e. the external grid is
infinitely strong. If however the DFIG is connected to the infinite bus through a finite
reactance, the terminal voltage is not constant and becomes an algebraic variable.

Fig. 4.9 shows the effect of the external series reactance X; + X, (transformer and
line series reactance) and series resistance R, on the eigenvalues of the open-loop DFIG
at zero slip. Considering the scaling of the axes, the stator mode (i4s-i4s mode) is the
most sensitive to X, and R, (largest change in eigenvalue location). For the other modes,
the sensitivity with respect to R, is larger at small values of X.. The observations of the

root-loci can be summarized as follows.

e High frequency mode (= stator electrical mode): The effect of X, and R, are in
opposite direction. Larger values of resistance R, push the mode into the left half
plane. Hence for more resistive external network, the high frequency electrical dy-
namics decay faster. Larger values of X, push the mode into the right half plane.
Hence for more inductive external network, closed-loop control or series compen-
sation are required to reduce the effective value of X.. The destabilizing effect
X, is also encountered in synchronous machines where the synchronizing torque

decreases when X, increases [127].

e Medium frequency mode (= rotor electro-mechanical mode, at zero slip): For non-
zero line resistance (2. > 0), when X, is small the damping ratio is decreased
for increasing X.; when X, is large the damping ratio is increased for increasing

X.. For a given value of X, larger R. makes the damping ratio smaller. This is
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Figure 4.9: Root loci of open-loop DFIG at zero slip for different values of X, and R,
(Xt = 0.005 pu = transfo reactance, DR = damping ratio).

also encountered in synchronous machines where external line resistance introduce

negative, though negligible, damping in certain condition [127]. Generally, the

external resistance through which a synchronous machine is connected to the grid

offers positive damping. However, a synchronous machine with no damper winding

in a hydro power station may introduce negative damping when delivering light load

over a long distance line having relatively higher resistance to reactance ratio [128].

Negative damping situation is also found when a machine is supplying a large local

load partly and the other part is coming from the system [129]. The phenomenon of

inadequate damping torque was initially referred to as hunting, and was observed

for underloaded synchronous generators connected to the grid through long lines

[127].
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e Low frequency mode (= turbine mechanical mode): Considering the scaling of
the axes, this mode is relatively less sensitive to external line parameters. This
can be expected since it is an eigenvalue related mainly to turbine and drive train

mechanical dynamics while X, and R, are electrical network parameters.

e Non-oscillating mode (= rotor electrical mode, at zero slip): This real eigenvalue is
closer to the imaginary axis when X, is larger. Hence for more inductive external
network, the rotor electrical dynamics of the open-loop DFIG are slower. For the

tested range of system parameters this mode remains in the left half plane.

Fig. 4.10 shows the effect of the external line shunt susceptance (line charging) B..
The effect is not significant. This shows that DFIG dynamics are more sensitive to the
line series impedance than shunt admittance.

Finally, grid strength does not affect significantly the participation factors. This is
shown in Table 4.10 where the participation factors are given for a weak grid and can
be compared with those of the base case (infinitely strong grid) in Table 4.2. As a result
although frequency and damping ratio change, the stator mode remains decoupled from

the other modes in both cases of strong and weak grids.

Table 4.10: Eigenvalues of open-loop DFIG at zero slip connected to a weak grid

X+ X, =0.5, Re = 0.2, B, = 0.2 [pu on machine base]

Eigenvalues igs  lds eﬁls e | wr Oy wy

Agr +158.39 +£5853.92 | .50 49 .00 .01 | .00 .00 .00
Avr —12.02 £ 562.33 .00 .01 .00 .48 | .49 .01 .00
A —0.52+ 53.34 .00 .00 .00 .02|.00 .48 .49
ANO  —2.26 .00 .00 97 .01 |.00 .00 .01

4.6 Summary

Results of the open-loop analysis give a description of the system oscillatory dynamics in
terms of range of oscillation frequencies, damping ratios, and time constants.
When the rotor voltage is constant (zero for the SCIG and non-zero for the DFIG),

the typical small-signal behaviour of the machine is stable and consists of a superposition
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Figure 4.10: Root loci of open-loop DFIG at zero slip for different values of X, and B,
(X; =0.005 pu = transfo reactance).

of three types of oscillations: fast, medium and slow. The fast oscillations (~50 Hz)
are associated with stator electrical dynamics. The medium oscillations (5~25 Hz) are
due to rotor electrical and/or mechanical dynamics. The slow oscillations (0.1~5 Hz) are
contributed by the shaft and turbine dynamics. Oscillations are damped faster when the
rotor speed is subsynchronous, resistances are higher and inductances smaller.

In extreme situations where the machine is very resistive or where the leakage in-
ductances are not positive, the oscillation frequencies may not be categorised as above
and the induction generator may be unstable. At large negative slip (supersynchronous
speed) with depressed voltage condition or when the external network is very inductive,
the machine is unstable and closed-loop controls are required. For the open-loop DFIG

and SCIG to be stable, the parameter L, must be larger than 0.01.
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The sensitivity analysis to operating point shows that from a modal behaviour point of
view (eigenvalues location and participation factors), the SCIG is similar to the open-loop
DFIG at zero slip. The reason being that small-signal dynamics are mainly determined by

rotor speed and terminal voltage rather than levels of active and reactive power.
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Chapter 5

Analysis: Closed-loop behaviour

In this chapter, the closed-loop system is studied. One objective is to propose a tuning
method for generic PI-controllers in the rotor-side converter and blade-pitch controller.

The proposed control design consists essentially of two parts. In the first part, the RSC
controllers are tuned for subrated conditions (when output power is less than rated level).
In the second part, the pitch controller is tuned (with the RSC gains obtained in part one)
for rated conditions (when the output power is more than or equal to the rated level). In
this work, the d-axis control loop of the rotor side converter controls the reactive power.

Modal analysis is used to derive analytical expressions which impose limits on the
proportional gains of the RSC for stable operation. The robustness with respect to oper-
ating point, machine parameters and grid strength is verified.

A detailed explanation of the pitching activation and deactivation procedure is also
given.

The effect of the controllers on the system dynamical behaviour are identified by com-

paring the small-signal properties of the closed-loop DFIG to those of the open-loop case.

5.1 Closed-loop DFIG eigenvalues

To facilitate the discussion, the typical eigenvalues of a closed-loop DFIG with properly
tuned controls are first presented and compared with those of the open-loop case. The
tuning method of the rotor-side converter PI controllers is discussed in detail subsequently.

Table 5.1 shows the variables and functions of the DAE for the closed-loop DFIG.

Unlike in Table 4.1, the rotor voltages v, and vy, are now algebraic variables that are



5.1 Closed-loop DFIG eigenvalues 150

determined by the controllers of the RSC. As described in Chapter 2, the dynamics of the

controllers are represented by the state variables ®;,, ®;q, Pre, Pgs.

Table 5.1: DAE variables and functions for the closed-loop DFIG

F(z,2,u) | (2.135)-(2.141), (2.144), (2.145), (2.147), (2.148)
gz, 2, ) (2.154)-(2.155), (2.146), (2.149)
[Z.qs ids 6;8 6;13 Wy Htw wt (I)iq (I)id q)Te q)Qs]’
z [qu YVs Ugr V]’
u = ug [vw BT =[vwo Bol’

Table 5.2 shows the typical eigenvalues of a well tuned closed-loop DFIG. Details
on the determination of the control parameters are given in the next subsections. The
following eigenvalues can be distinguished:

e Stator modes (\;_,, A;,,)

e Rotor flux mode (A ¢, )

Generator mechanical mode (\,,.4,,,)

Turbine mechanical mode (\,,)

Controller modes (A\g,,» Ad,y> Adr.> Aoy,)

Table 5.2: Eigenvalues of the DFIG with closed controls

g-axis gains:  Kp, = —1.5, T, = 0.025, K;q = —1.0, T34 = 0.0025
d-axis gains:  Kgs = +1.0, T = 0.050, K;q = —0.5, T;q = 0.0050

A=octjw f [Hz] ¢ 7 [8] Dominant states
—7452.2 0 1 0.00013 | ig4s
—2942.3 0 1 0.00034 | i4s

—8.6445309.6 | 49.27 0.028  0.116 | e, el

—2.79£+511.16 | 1.78 0.243  0.358 | w, Oy

—0.189 0 1 529 | w
—4223 | 0 1 0.0024 | &,
—223.1 0 1 00045 | &y
—23.38 0 1 0043 | Oy,
—9.94 0 1 0101 | @,

operating point:  vgs = 1 pu, w, = 0.955 pu

The stator modes are real and have large magnitude. The location of the stator eigen-
values depend on machine parameters, operating point and indeed control parameters. As

explained later, they are either far in the LHP or far in the RHP. The control parameters
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can be chosen so that the stator modes are placed at some desired location. Limit values
for the controller proportional gains can be determined to ensure that the stator modes are
in the LHP (see next subsection). It is noted that large magnitudes for the stator eigenval-
ues are not a problem (the problem is a positive sign as it means instability). In fact, large
negative real part is desirable since in such case the eigenvalue can be considered to be at
—oo (relatively to the other eigenvalues) so that stator transients can be neglected i.e. so
that stator variables can be approximated as algebraic variables instead of state variables
(differential variables).

The rotor-flux mode is a high-frequency oscillating mode (40~55 Hz). It is sensitive
to the model order (neglecting stator transients changes the location of this mode) and
controller parameters. If the controllers are not tuned properly, this mode is in the RHP.
Limit values for the proportional gains can also be determined to ensure that the rotor
flux is stable (see next subsection). It is seen that the high frequency mode (~50 Hz)
is due to the rotor electrical dynamics. This is in contrast with the familiar result for
the synchronous generator, squirrel-cage induction generator and open-loop DFIG where
the 50 Hz mode is associated with stator dynamics. For the closed-loop DFIG, neglecting
stator transients does not remove the 50 Hz mode, though it increases slightly its damping.

The generator mechanical mode is an oscillating mode with frequency around 1~2
Hz. As shown below, this mode is not significantly sensitive to the DFIG model order,
which means that a simplified model without the electrical transients (stator and rotor)
exhibits correctly this mode. This mode is a well damped mode for a wide range of
control parameters and operating points.

The turbine mechanical mode is a real eigenvalue in subrated condition (when pitch
control is inactive). The location of this mode is mainly determined by the rotor speed
and the torque control parameters. In rated condition (when pitch control is activated),
the turbine speed dynamics interact with those of the blade pitch angle and give rise to a
very low frequency mode whose damping depends on the pitch control parameters (see
subsection 5.5).

The controller modes may be real or highly damped complex-conjugates depending

on the control parameters. They may also be coupled with the generator or drive train
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dynamics depending on the control parameters.

From the above observations, the closed-loop system differs from the open-loop con-
figuration in several aspects. Apart from introducing controller modes and changing the
coupling of the machine dynamics (no electro-mechanical mode for the closed-loop sys-
tem), an important consequence of the converter controllers is that stator dynamics are
associated with large real eigenvalues while the 50 Hz mode is associated with rotor elec-
trical dynamics. As rotor electrical dynamics are not significantly coupled with the other
dynamics, both stator and rotor electrical dynamics should be neglected if the point of
interest is in low frequency oscillations as for power system stability studies (neglecting

stator transients only does not remove the 50 Hz oscillations).

5.2 Tuning issues of rotor-side converter

For each PI controller in Fig. 2.12 (page 89), the parameters & and 7' (proportional gains
and integral times) have to be selected for stability and desired performance. Root-loci
plots show that stability of the closed-loop DFIG is mainly decided by the proportional
gains (P-gains), while the integral times (I-times) influence mainly the speed of integral
action. In this section, the particular issues relating to stability are examined, hence the
discussion focusses on the P-gains. The effect of the I-times is reviewed in the next
section.

Below, three DFIG models are considered:

e Full-order model (FOM)

e 5% order model (5'"OM): stator transients neglected

e 3" order model (3"YOM): stator and rotor electrical transients neglected
In the full-order model, all electrical dynamics (stator and rotor) change with a finite
speed, and the DFIG has seven state variables (i, i4s. e;s, €les Wry Oty wy). In the 5th
order model, the stator variables are considered as algebraic, in other words they are
assumed to change instantaneously; the DFIG has five state variables (efls, €lrgs Wry Oy,
wy). In the 3" order model, all electrical variables are considered as algebraic, and the
DFIG has three state variables representing the mechanical dynamics (w,, 6, w;). Since

there are four controller states (®;,, ®iq, Pre, Ps), the model order of the closed-loop
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DFIG (number of DFIG states + number of controller states) is 11, 9 and 7 for the FOM,
5'"OM and 3"?OM respectively.

5.2.1 Inappropriate tuning with simplified DFIG model

One particularity of the DFIG is that when tuning the controllers with the 5" or 3"?OM,
one may obtain a set of PI-gains giving stable results for the reduced order models, but
unstable for the full order model. This is shown in Table 5.3 where the gains were obtained
by plotting the root-loci of the 5/*OM and choosing the values for obtaining all the modes
in the LHP.

Table 5.3: Example of inadequate PI-gains and corresponding eigenvalues

P gains: K= 0.25, K7.=2.5, K;jq= 5, Kg,=10
Itimes: Tj4=0.005, Tr.= 0.05, T;4= 0.0025, Tys= 0.025

A for FOM \ for 5thOM \ for 37°OM Domin. states
—919.7 — — igs
+1709.7 — — Tds
+2.23+53124  —T7.12 + j286.5 — 6;5 e
(¢=—0.007) (¢=0.025)
(f=49.72) (f=45.60)
—2.74+710.89 —2.74+ 510.89 —2.744+ j10.89 w, O,
((=0.244) (¢=0.244) ((=0.244)
(f=1.173) (f=1.73) (f=1.73)
—0.19 —0.19 —-0.19 Wy
—265.4 —228.9 —200.4 D,
—398.9 —399.9 —400.0 D,
—33.53 —33.41 —33.74 D,
—36.32 —36.33 —36.32 D

operating point: vgs = 1, w, = 0.955

In Table 5.3, the DFIG is stable if stator or both stator and rotor electrical transients
are neglected (5" and 3"YOM). However, the DFIG is unstable if both stator and rotor
electrical transients are considered (FOM) in which case there are two eigenvalues in the
RHP. In other words, if stator variables change instantaneously, the DFIG is stable; if
however, stator dynamics have a small but non-zero time constant (which is more likely
to be the case in the real system), the DFIG is unstable. This is undesirable as stability is

sensitive to model order and only guaranteed in the ideal case where stator or both stator
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and rotor electrical variables change instantaneously.

The problem is due to the fast acting converter controls which make the electrical
dynamics (stator and rotor) very sensitive to the controller gains. Hence, it suggests that
PI-tuning should be done with the FOM. Simplifying the model should be done after
ensuring stability of both stator and rotor electrical transients.

In the following, three aspects of the DFIG behaviour are examined to explain why the
control parameters of Table 5.3 are not suitable. The first aspect relates to the relationship
between inputs and outputs in the steady-state and indicates what sign the P-gains should
have. The second aspect relates to the location of the stator modes and indicates limit
values (maximum or minimum) of the P-gains. The third aspect relates to the location of

the rotor electrical mode and indicates suitable range for the magnitude of the P-gains.

5.2.2 Steady-state behaviour: Sign of the P-gains

Steady-state charateristics of the DFIG were obtained in Chapter 3 where Fig. 3.13 (page
117) and 3.16 (page 119) showed the steady-state values of the controller inputs and
outputs of the g-axis (1, iy, v4-) and d-axis (Qs, iq,, Va,) Over the rotor slip range +0.5.

Considering the g-axis variables in Fig. 3.16, for lower electrical torque (7.; > T.o >
Tts), the rotor g-axis current is higher (i4,1 < 442 < t43). This means that the process
gain from 4,4, to 7, is negative and hence a negative proportional gain K. should be
used because when the torque is too low (positive error) the reference current should be
decreased so that the torque eventually increases. Similarly, for higher rotor g-axis current
(tgr1 < igra < figr3), the rotor g-axis voltage is lower (vg1 > Vgro > vgr3). Hence the
proportional gain K, should also be negative. A similar exercise for the d-axis indicates
that K¢, should be positive and /;; negative.

In Fig. 3.13 and 3.16, the direct or reverse relationship between controller input and
output holds over the whole slip range. Hence the conclusions regarding the sign of the

P-gains hold for both sub- and supersynchronous speed.
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5.2.3 Stator modes location: Limit value of the P-gains

The location of the stator modes can be evaluated analytically by applying Gershgorin
theorem [130] on the state matrix of the closed-loop grid connected DFIG. Gershgorin
theorem states that the eigenvalues of a matrix A are located in the union of the disks
in the complex plane which have as centre the diagonal elements of A and as radius
the sum of the off-diagonal elements (either row-wise or column-wise) [130]. Hence if
all diagonal elements have negative real part, all disks are centered in the LHP and the
eigenvalues are more likely to be in the LHP.

For the closed-loop DFIG full order model, the diagonal elements of the state matrix

corresponding to the differential equations of the stator states (i,s and i4s) are:

e e/s a S
allzw l<_R1+KmrrKiq<Kmrr_KTeq_0>_|: Uq :| )
0

L; s aiqs
Wel qus avds
=—(—R KmrrKi KmTT'_K s ; o 1
22 L;< o o v {8%]0) {alds}o)

where Qvys/igs, OVys/Digs and Ovgs/Oigs depend on the external network. Obtaining
an analytical expression for these terms is not readily feasible. In a first step they can
be ignored, which is the same as assuming constant terminal voltage (i.e. the DFIG is
connected to an infinitely strong system). The effect of non-constant terminal voltage can
be checked subsequently with numerical computation of the eigenvalues and time domain

simulations. Hence:

/

we 6 S
ay & L—,’(—Rl + K2, Ky — Ky Kig K 5()) (5.1)
~ YR 4K K+ K, KK, 52
Qo9 = F(_ 1 £ g K £ Qquso) (5.2)

It is seen that a;; and ay; depend on the operating point (v,s0, €;40), the machine parame-
ters (R, Ky, L)), and the P-gains (£, K4, Kr., K¢s). The dynamics of the DFIG
are such that the stator eigenvalues are relatively closer to a;; and aso than to the other
diagonal elements of the state matrix. In Gershgorin framework, this is because a trans-
formation can be applied to the state matrix so that the disks centered at a;; and as are
disconnected from the remaining disks (see Appendix 7.2).

In other words, one can obtain a set of P-gains for some desired location of a;; and

a99, 1.€. one can place the stator modes in some desired region of the left half plane around
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a11 and ass by choosing the P-gains appropriately. E.g. for the g-axis stator mode to be
in the LHP around —7' where 7T} is real positive, i.e. for the condition a; < —T} to be
satisfied, the threshold value (minimum or maximum) of the proportional gain K7, can

be obtained using (5.1) as:

if Kiq > 0 and 6:180 >0 — Kp. > KTe,th
if Kiq > 0 and 6:130 <0 — Kpr. < KTe,th

. , (5.3)
if Kig<Oandey>0 — Kre < Kregn
if Kig<Oandey <0 — Kre > Kregmn
.1 LT
where Koo = —2( (2L~ Ry) + Ky (5.4)

Kiq Kmrr‘ Wel

Similarly, for the d-axis stator mode to be in the LHP around —75% where 75 is real positive,

/
6qsO

1.e. for the condition a9 < —7T5 to be satisfied, one can obtain the threshold value of the

proportional gain K, using (5.2) as:

if Kig>0 — Kgs < Kgsun (5.5)
if Kg,<0 — KQs > KQs,th
1 1 (LISTQ

Vgs0 Kiderr Wel

where KQs,th = + Rl) - Km'rr) (56)

Equations (5.3)-(5.6) give restrictions on the outer loop P-gains for some 77 and 75 as
function of inner loop P-gains and operating point. As the integral time of the current
controllers is in the order of milliseconds [93], a consistent choice for T and 15 is 1] =
T, = 10000 which gives a time constant for the stator modes in the order of 1/10000 = 0.1
ms i.e. ten times faster than the current controller integral action (stator transients should
be faster so that they can be neglected).

Fig. 5.1 and 5.2 show the constraints on K. and K¢, for positive and negative K,
and K;; and for three operating points. The shaded areas show the values of propor-
tional gains that satisfy (5.3)-(5.6). It is seen that for stable stator modes, the g-axis gains
must have same sign, while the d-axis gains must have opposite sign. These conclusions
hold for the different speed and voltage conditions. From the steady state analysis (see

Subsection 3.3.2, 3.3.3), the correct combination is:
e K, <0, Ky, <0 for the g-axis, and

o ;3 <0, Kgs > 0 for the d-axis.
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Kremax Versus Ki; < 0 Kremin Versus Ki; = 0

0 8 -6 -4

Figure 5.1: Max/min values of K7, as function of Kj;, for 77 = 10000. Continuous:
vgs=1, w,=0.7; dotted: v,s=0.5, w,=0.7; dash-dotted: v =1, w,=1.1. Shaded area = values
that satisfy (5.3).

Kasmin versus Ky <0 Kasmax versus Ky = 0

20 -8 -6 -4 4 6 8 Kig

Figure 5.2: Max/min values of K¢, as function of K;; for 75 = 10000. Continuous:
vgs=1, w,=0.7; dotted: v,s=0.5, w,=0.7; dash-dotted: v =1, w,=1.1. Shaded area = values
that satisfy (5.5).

5.2.4 Rotor electrical mode location: Magnitude of the P-gains

Fig. 5.3 shows the root-loci of the rotor electrical mode for three sets of d-axis gains with
negative g-axis gains varied over some range. It is seen that neglecting stator transients
increases the sensitivity of the rotor electrical mode with respect to the P-gains (larger
eigenvalue displacement), and more importantly, the stability of the system is mainly
dependent on the d-axis gains, with smaller | K|, |K¢s| being required for stable rotor
electrical dynamics (mode in the LHP).

The effect of model simplification depends on the control parameters. For larger d-
axis gain magnitudes (set III), the 5"*OM (simplified model where stator transients are
neglected) gives more conservative location for the rotor electrical mode (more into the
right half plane) with respect to the FOM (stator transients represented). For smaller
d-axis gain magnitudes (set ), the opposite is true.

In addition, for the 5*OM, lower | K| (start of arrows) is better as it places the

modes more into the LHP. Hence, the range of P-gains that give good location of the rotor
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eqs-eds' mode with negative o-axis gains

1
I 5h--mdh st Lo oo
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Figure 5.3: Root-loci of rotor electrical mode for FOM and 5*OM. Parameters varied
are: d-axis gains (I, II, III); g-axis gains: Kp.=—1~—20 (arrows), /{;,=—0.5,—1,—-2,—10
(a, b, ¢, d). Operating point: V=1, F;,=0.5, w,=0.955.

electrical mode can be determined as e.g.:
e d-axis gains: K;q = —0.5~—1, Ko, = +0.5~+1
e g-axis gains: K;, = —0.5~—2, Ky, = —0.5~-2

The choice of the P-gains within these ranges is discussed in the next section.

It is noted from Fig. 5.1 and 5.2 that for | K;,|, | Kiq| = 0.5~1, the values | Kp.| = 1~2
and | K¢;| ~ 1 do not satisfy (5.3)-(5.6). The curves in Fig. 5.1 and 5.2 were obtained for
T1 = T, = 10000 (stator modes about 10 times faster than 1 ms). For a reduced value
of 77 and 75 e.g. 3000 (stator modes about three times faster than 1 ms) the above lower
magnitudes of K7, and K¢, are acceptable. This points out a trade-off between the time
constants of the stator and rotor electrical dynamics. Using small magnitudes of P-gains
is required for stable and fast decaying rotor electrical dynamics, however it makes the
stator dynamics slower relative to the current controller. As stator modes are far in the
LHP, it is more important to consider the location of the rotor electrical mode and hence

select limited magnitude for the P-gains.
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5.3 Proposed tuning procedure

From the issues discussed previously, the first steps of the DFIG PI-tuning procedure can

be summarized as:
e 1) Determine the sign of the P-gains with steady state characteristics.

e 2) Obtain limit values of the P-gains for some desired region of the stator modes

with (5.3)-(5.6).

e 3) Obtain ranges of the P-gains for stable rotor electrical mode with root-loci (pos-

sible trade off with step 2).
The present and following sections discuss the final steps:

e 4) Fine tune the P-gains and I-times to avoid oscillatory dg-coupling with eigen-

value and participation factors computation.
e 5) Check robustness to operating point and machine parameters with root-loci plots.
e 6) Check robustness to large disturbances with non-linear time-domain simulations.

The typical value of the integral times is in the order of 1 ms for the current controllers
and 10 ms for the outer power/torque controllers [93]. Hence T3, and T;; may be chosen
within the range of e.g. 1~5 ms and 77, and 7y, within the range of e.g. 10~50 ms. The
final choice of the PI-gains within the specified ranges is made with the following two
considerations.

In cascaded control, stability is improved when the inner loop is faster than the outer
loop [92]. Hence the gain magnitude of the inner loop controller should be smaller [92],
ie. | Ky, | Kid < |Krel, |[Kgs|-

In addition, different gain magnitudes should be used in the d- and g-axis to avoid
oscillatory coupling between d- and g-axis dynamics. This is shown in Table 5.4 for
negative g-axis gains. Using |K;,| = | K|, | Kre| = |Kgs| (set (1)) gives dg-coupling for
both stator and current controller dynamics. Using |K;,| # | K|, | K1e| # | Kgs| (set (ii))

separates the dq-dynamics in two real modes. Using different I-times (set (ii1)) separates
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Table 5.4: Oscillatory coupling between d- and g-axis dynamics

P-gains: (i) Kig=—05, Kpe=—1.0, Kijg=—0.5, Kos = +1
(i), (i) Kjq=—1.0, Kpe = —1.5, Kig = —0.5, Kos = +1

Itimes: (i), (ii) T, = 0.0025, T = 0.025, Tjq = 0.0025, T, = 0.025
(iii) T, =0.0025, T, = 0.025, Tjg = 0.0050, Tpys = 0.050

A for (i) A for (i) A for (iii) Dom. states
. —7452.2 —7452.2 igs
—2686.9:7800 56713 —2942.3 ids

—3.79 £3308.8  —4.16 £5309.2 —8.64 £ 7309.6 e;s e

=277+ 411.22 =279+ 511.16 —-2.79£j11.16 w, O,

—019 - 019 -0 we o
. 423.6 —422.3 @,
—480.14+511.49 o) 231 oy
~19.26 —23.38 ~23.38 D,
~19.85 —19.87 —9.94 Dps

operating point: |Vs|=1, w,=0.955

the controller modes further so that oscillatory dg-coupling may be avoided for changing
operating conditions.

At this stage, a set of PI-gains satisfying the conditions of steps 1) to 4) of the proposed
tuning procedure can be obtained. An example is given in Table 5.5. The effect of the
integral times is shown in Table 5.6. The following observations can be made.

In Table 5.5, it is seen that simplifying the DFIG model influences significantly the
electrical modes only (igs, ids, €y4-€y,)- For power system studies where the focus is in
frequencies below 10 Hz, the 3"?OM whereby both stator and rotor electrical dynamics
are neglected, can be used as it preserves correctly the dynamics of interest. However,
as discussed above, an appropriate set of PI-gains giving stable results for the full order
model must be determined in the first place.

It is also seen that the high frequency mode (~50 Hz) is due to the rotor electrical
dynamics. As seen from the dominant participation factors, this mode is associated with
the dynamics of the transient voltage e;, and e, which are a function of the rotor flux
(equations (2.97) and (2.98) on page 85). In other words, the high frequency mode is due
to the dynamics of the rotor flux which is determined by the interaction of the stator and

rotor current flowing through the machine mutual inductance L,, and rotor inductance
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Table 5.5: Example of Adequate PI-Gains and Corresponding Eigenvalues

P_gains; Kiqz -1, KTe= —1.5, Kidz —0.5, KQS= +1
I-times:  T;,= 0.0025, Tr.=0.025, T;4= 0.005, Tps= 0.05

\ for FOM \ for 5tPOM \ for 37°OM Domin. states
—7452.2 — — igs
—2942.3 — — ids
—8.6445309.6  —14.46 + j300.0 — €l €l
(¢=0.028) (C=0.048)
(f=49.27) (f=47.75)
—2.794j11.16 —2.79+j11.16  —2.794 j11.16 w, O,
(C=0.243) (C=0.243) (C=0.243)
(f=1.78) (f=1.78) (f=1.78)
—0.19 —0.19 —0.19 wy
—422.3 —403.4 —399.5 ®;,
—223.1 —216.8 —198.8 iy
—23.38 —23.42 —23.39 O,
—9.94 —9.94 —9.94 Do

operating point: |V;|=1, w,=0.955

Table 5.6: Effect of Integral Times on DFIG Modes

P-gains: Kiq =—1,Kp.=—-1.5,K;;=-0.5, KQS =41
I-times: (i) T;=.0025, T =.025, T;q = .005, Tps = .05
(i) Tiq=.0050, T =.050, Tiq = .010, Tgs = .10

(iii) T3, = .0250, T =250, T;q = .050, Ty, = .50
A for (i) A for (ii) A for (iii) Dom. states
—7452.2 —7681.2 —7855.3 igs
—2942.3 —3059.7 —3147.5 Tds

—8.64 £5309.6 —11.15+35311.8 —12.1145314.7 e, el

qs
—2.79 4 j11.16 —2.70+11.22 —253+£11.08 w, O

—0.19 —0.19 —0.19 wy
—422.3 —205.5 —40.70 d;4
—223.1 —105.5 —20.11 Diq
—23.38 —11.57 —-2.31 Pre
-9.94 —4.97 —-0.99 Dps

operating point: |Vs|=1, w,=0.955

L,, (definitions on pages 75, 76, 79). This is in contrast with the familiar result for
the synchronous generator, squirrel-cage induction generator and open-loop DFIG where
the 50 Hz mode is associated with stator dynamics. For the closed-loop DFIG, neglecting

stator transients does not remove the 50 Hz mode, though it increases slightly its damping.
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In Table 5.6, the controller modes (®;,, ®;q, Pre, Ps) are most affected. For I-times
twice/ten times bigger the magnitude of the controller modes are about twice/ten times
smaller i.e. the speed of the integrator action is twice/ten times slower. The other modes
are not significantly changed (relatively to their magnitude). Hence, integral times do not

affect stability.

5.4 Robustness verification

The above analysis describes the dynamics around a particular operating point for some
machine parameters and small disturbances. In this section, the effect of changing para-

meters and conditions on the eigenvalues of the closed-loop DFIG is examined.

5.4.1 Robustness to operating point

Table 5.7 shows the DFIG eigenvalues with the gains of Table 5.5 for different rotor
speeds. Itis seen that for the wide range of operating conditions considered, the dynamical

characteristics of the system are preserved.

Table 5.7: Effect of rotor speed on the closed-loop DFIG Modes

Control parameters of Table 5.5 are used

igs )‘ids Aeflsegs (C’ f) Awrﬁzw (Q’ f) )\wt

0.7] —7436.1 —2961.3 —6.494+5311.3 (.021,49.55) —2.62+511.17 (.228,1.78) —0.138
0.8 —7444.4 —2953.5 —7.34+7310.7 (.024,49.44) —2.69+;511.16 (.234,1.78) —0.158
0.9 —7450.3 —2946.1 —8.18475310.0 (.026,49.33) —2.75+511.16 (.240,1.78) —0.178
1.0| —7453.7 —2939.4 —9.02+75309.3 (.029,49.23) —2.16+511.18 (.190,1.78) —0.066
1.1] —7451.7 —2933.3 —9.861+7308.6 (.032,49.12) —2.16£511.18 (.190,1.78) —0.072
1.2 —7443.6 —2928.2 —10.74+5308.0 (.035,49.02) —2.16+4511.18 (.190,1.78) —0.079

Wy A

Wr | Adyy  Ady Aep. Aag,
0.7 —420.8 —220.4 —23.51 —9.95
0.8 —421.4 —221.4 —23.46 —9.94
0.9 —422.0 —222.5 —23.41 —9.94
1.0| —422.5 —223.6 —23.95 —9.93
1.1| —423.0 —224.9 —23.96 —9.93
12| —423.4 —226.2 —23.97 —9.93

For different rotor speeds, the only noticeable variation is in the mechanical turbine
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mode, which is closer to the imaginary axis for synchronous and super-synchronous speed
but remains stable. This means that for w, > 1 the rotational speed takes longer to reach
a new steady state value.

Table 5.8 and 5.9 show the effect of the terminal voltage and reactive power level
on the closed-loop DFIG modes. Again, the dynamical characteristics of the system are

preserved over the wide range of tested conditions.

Table 5.8: Effect of terminal voltage on closed-loop DFIG modes

Control parameters of Table 5.5 are used

Vs )\iqs )\ids )‘efzsefjs (C, f) )\wrém (Ca f) )\wt
1.1 | =7920.5 —3099.9 —8.23+;5309.8 (.027,49.30) —2.79+711.15 (.243,1.77) —0.189
1.0 | —7452.2 —2942.3 —8.64+5309.6 (.028,49.27) —2.794+511.16 (.243,1.78) —0.189
09 | —6982.4 —2784.5 —9.10+5309.4 (.029,49.25) —2.794+511.17 (.242,1.78) —0.189
0.75| —6271.2 —2547.6 —9.90+5309.2 (.032,49.21) —2.78+4511.20 (.241,1.78) —0.189
0.5 | —5002.7 —2154.4 —11.8+5310.1 (.038,49.36) —2.754+711.27 (.237,1.79) —0.191

Vs )"I%‘q /\‘1>id )“PTe )“PQS

1.1 | —421.1 —221.9 —24.30 —10.41

1.0 | —422.3 —223.1 —23.38 —9.94

0.9 | —423.8 —224.5 —22.35 —9.42

0.75| —426.6 —227.0 —20.53 —8.54

0.5 | —434.7 —232.6 —16.41 —-6.70

Table 5.9: Effect of reactive power level on the closed-loop DFIG modes

Control parameters of Table 5.5 are used

Qs )\iqs )‘ids )‘egse&s (C’ f) )\wrﬁtw (Ca f) )\th
—0.5 | —7453.2 —2852.3 —9.26+5309.4 (.030,49.23) —2.794+511.16 (.243,1.77) —0.189
—0.25| —7452.8 —2883.7 —9.03+5309.4 (.030,49.25) —2.79+511.16 (.243,1.77) —0.189

0 —7452.4 —2915.4 —8.824+7309.5 (.029,49.26) —2.79+511.16 (.243,1.78) —0.189
+0.25| —7452.1 —2947.5 —8.61£5309.6 (.028,49.28) —2.794511.16 (.243,1.78) —0.189
+0.5 | =7451.8 —2979.7 —8.40+7309.7 (.027,49.29) —2.79+511.16 (.243,1.78) —0.189

Qs )‘q%'q Ao, Ao, >‘<I’Qs
—0.5 | —422.2 —224.1 —23.38 —9.64
—0.25| —422.3 —223.8 —23.38 —9.75

0 —422.3 —223.4 —23.38 —9.85
+0.25| —422.3 —223.1 —23.38 —9.95
+0.5 | —422.4 —222.8 —23.38 —10.05
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For different terminal voltage levels, the major variation is in the stator modes. Al-
though for depressed voltage their magnitude is reduced, they remain far in the LHP and
far from the current controller modes (i.e. they remain sufficiently faster).

For different reactive power outputs, all eigenvalues are virtually unchanged. For
a given terminal voltage, network parameters (series inductance and line charging) in-
fluence mainly the power factor of the DFIG. Hence, grid strength does not affect the
small-signal behaviour of the DFIG with reactive power control in the d-axis.

From the above observations, using fixed PI-gains in the rotor side converter is ac-
ceptable over the normal range of operating slip, terminal voltage and power factor in
subrated regime. In rated regime, the mechanical modes and controller modes are differ-
ent due to the pitching mechanism. The pitch controller has to be tuned appropriately to

ensure stability. This topic is discussed in the next section.

5.4.2 Robustness to machine parameters

Table 5.10 and 5.11 give the closed-loop DFIG eigenvalues with the gains of Table 5.5

for different machine inductances and resistances.

Table 5.10: Effect of inductances on the closed-loop DFIG modes

Control parameters of Table 5.5 are used; Lgs=1.01L,,; L,»=1.005L

Lo| Ay i ey e () Moyt €. ) My

8 —-3471.1 —1320.6 —9.2447309.2 (.030,49.22) —2.79+4511.16 (.243,1.78) —0.189
6 | —4804.5 —1866.7 —8.90+;5309.3 (.029,49.22) —2.79+511.16 (.243,1.78) —0.189
4 | —7452.2 —2942.3 —8.64+5309.6 (.028,49.27) —2.794+511.16 (.243,1.78) —0.189
2 | —15364.4 —6144.7 —8.72+35311.0 (.028,49.49) —2.79+511.16 (.243,1.78) —0.189
1 | =31170.0 —12535.3 —9.51+5313.9 (.030,49.96) —2.79+511.16 (.243,1.78) —0.190

Ly, )“Piq )\‘I)id )\(I)Te )‘CI’QS
—452.7 —248.3 —23.38 —9.98
—436.5 —234.3 —23.38 —9.97
—422.3 —223.1 —23.38 —9.94
—409.8 —213.8 —23.38 —9.84
—404.0 —209.6 —23.39 —9.66

— N B~ O\

It is seen that for the wide range of values considered, the dynamical characteristics of

the system are preserved. The electrical modes are sensitive to the variation of inductances
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Table 5.11: Effect of resistances on the closed-loop DFIG modes

Control parameters of Table 5.5 are used; R,=1.1R;
RS )\iqs )\ids )\(’/ .f’/ (C’ f) )\wrétw (C’ f) )\Wt

®qs€ds

.0001| —7405.4 —2907.0 —9.13+7309.9 (.029,49.32) —2.79+4511.16 (.243,1.78) —0.189
.001 | —7414.0 —2913.7 —9.024+35309.9 (.029,49.32) —2.79+511.16 (.243,1.78) —0.189
.01 | —7499.9 —2978.1 —8.18+75309.2 (.026,49.22) —2.79+4511.16 (.243,1.78) —0.189
.05 | —7876.7 —3263.4 —4.66+7306.7 (.015,48.81) —2.79+;511.15 (.243,1.77) —0.189

d ] —=8339.5 —3615.3 —1.071+35303.5 (.004,48.30) —2.79+511.15 (.243,1.77) —0.189

Ry )\q)iq )\q)id )“I’Tp, /\‘T’Qs
0001 | —424.2 —225.2 —23.33 —9.93
001 | —423.9 —224.8 —23.34 —9.93
.01 | —420.5 —221.1 —23.44 —9.94
.05 | —406.4 —206.2 —23.86 —9.97
N —390.9 —190.9 —24.33 —10.01

and resistances. For high inductances, the magnitude of the stator modes are reduced but
they remain far from the current controller modes in the LHP. For different resistances,
the DFIG modes are virtually unchanged when resistances are small. In very resistive
machine, the 50 Hz mode (rotor flux mode) has a lower damping ratio. Retuning of the
controllers may be required to keep the damping ratio at an acceptable levels.

Table 5.12 gives the closed-loop DFIG modes for different inertias. The mechanical
modes are sensitive to the variation of inertias. For heavier machines, the mechanical

dynamics are slower (smaller real part magnitude) as expected but remain stable.

5.4.3 Robustness to disturbance severity

Fig. 5.4 and 5.5 show the time domain response to a network disturbance (0.5 pu voltage
drop at the infinite bus during 100 ms) and wind speed variations (random disturbances
with increasing and decreasing mean values).

The responses were obtained by simulating the non-linear DFIG model (2.135)-
(2.149) in Simulink using the variable step solver ode23s. Results for both 5/*OM and
37YOM are shown. A zoomed view of the active power and rotor speed under network
disturbance is given in Fig. 5.6, where the FOM response is also shown.

It is seen that linear analysis gives a good description of the DFIG dynamical behav-
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Table 5.12: Effect of inertias on the closed-loop DFIG modes

Control parameters of Table 5.5 are used; H,=0.1H;

Ht )\ )\ids Aegseiis (C’ f) )\wwm (C’ f) >\wt
2| —7453.1 —2942.3 —8.644+75309.6 (.028,49.27) —0.93+;6.53 (.141,1.04) —0.063

1lgs

[

8 | —7452.9 —2942.3 —8.64 £+ 5309.6 (.028,49.27) —1.40+;7.97 (.173,1.27) —0.094
6 | —7452.7 —2942.3 —8.64 4+ j309.6 (.028,49.27) —1.86+79.17 (.199,1.46) —0.126
3 | —7451.7 —2942.3 —8.64 £+ 5309.6 (.028,49.27) —3.724+;12.8 (.279,2.04) —0.252
1| —7447.8 —2942.3 —8.64 4+ 5309.6 (.028,49.27) —11.14+;21.0 (.468,3.34) —0.764
H, /\‘1>z‘q /\q%'d )“?Te >‘<I’Qs
12| —421.9 —223.1 —23.78 —9.94

—422.0 —223.1 —23.68 —9.94
—422.1 —223.1 —23.58 —9.94
—422.6 —223.1 —23.19 —9.94
—424.4 —223.1 —-21.68 —9.94

— W O\ oo

iour. The 50 Hz and 1.75 Hz modes are most visible under network disturbance on the
electrical and mechanical variables respectively. For the different types of disturbance
and initial conditions, the system is stable, the stability is not model order dependent, and
the high frequency oscillations are damped out very quickly. Hence for power system

studies where fast electrical transients are not of interest, the 3"*OM can be used.
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Figure 5.4: DFIG response to network disturbance (0.5 pu voltage drop at infinite bus)
with the control parameters of Table 5.5 and constant wind speed.

5.5 Pitch control tuning

In the previous section, PI-gains of the rotor-side converter controllers were obtained for
suitable performance in subrated condition when pitch control is inactive (Table 5.5). In
the following, the pitch controller is tuned for operation in rated condition when the pitch

control is active.

5.5.1 Choosing PI-gains

For the generic control scheme described in Section 2.5, the control parameters of the

pitch controller are K, and 7T, where K, is the proportional gain and 7, is the in-
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Figure 5.5: DFIG response to random wind speed variation with the control parameters
of Table 5.5 and constant infinite bus voltage.

tegral time (K, /T, is the integral gain) of the speed controller. In subrated condition,
desired pole location can be specified and the rotor-side converter control parameters are
determined accordingly. In rated conditions, K, and 7, are tuned for the chosen set of
RSC PI-gains. When selecting the pitch control parameters, there is a trade-off between
minimizing blade pitching actions versus minimizing active power output variations as
shown below.

Before discussing how K, and 7, are chosen, the typical eigenvalues of a well-
tuned DFIG in rated regime are described and compared to those of the subrated case.
Table 5.13 gives an example of typical modes of the closed-loop DFIG with pitch control

activated. Compared to Table 5.5 where eigenvalues are given for the closed-loop DFIG
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Figure 5.6: Zoomed view of Fig. 5.4

in subrated conditions, pitch control dynamics only affect the turbine mechanical mode.
In rated regime, the turbine dynamics (w;) interact with the pitching mechanism () and
speed controller dynamics (®,, ). In Table 5.13, turbine and pitch dynamics interaction
results in a pair of complex conjugate eigenvalues, while speed controller dynamics give
an additional real mode.

The particular coupling between turbine, pitching and speed control dynamics (w;, 3,
®,,, ) changes according to operating point and control parameters, however the resulting
eigenvalues are always one pair of complex conjugate and one real mode. Table 5.14
shows the participation factors of the dominant states of the eigenvalues related to wy, 3
and ¢, for different operating points. The coupling between the state variables changes,
but overall the complex conjugate mode is more related to the turbine and pitch actuator
dynamics (larger participation factors of w; and /3) while the real mode is more related to
the speed controller dynamics (larger participation of @, ). In the remainder of this text,
these two modes are referred to as turbine-pitch modes.

In Table 5.13 above, the eigenvalues are given for K, = —150 and 7,,, = 3. The
following paragraphs explain how these values are chosen with root-loci plots and time-
domain simulations. It is noted that the proportional gain K, is negative. As explained
in Subsection 5.2.2, this is because the process gain from pitch angle to rotor speed is
reverse acting (speed decreases when pitch angle increases).

Fig. 5.7 shows the root-loci of the turbine-pitch modes for K, = —10~—300 with
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Table 5.13: Example of closed-loop DFIG eigenvalues in rated regime

RSC g-axis gains: K7, = —1.5, Tr. = 0.025, K;; = —1.0, T;;, = 0.0025
RSC d-axis gains: Kgs = +1.0, Tps = 0.050, K;q = —0.5, T;q = 0.0050
Pitch controller gains: K, = —150, 7, =3

FOM 5" OM 37 oM Dominant
A=o0 =+t jw A=o0+jw A=o0 =t jw states
—7443.2 — — igs
—2928.2 — — ids
~10.7+j308.0 —16.2+;295.8 — el €l
(f =49.02Hz)  (f = 47.08 Hz)
(¢ = 0.035) (¢ = 0.055)
—2.16 £ 511.14 —2.16 +511.14 —2.16 £ 711.14  w, Oy,
(f =1.77Hz) (f =1.77 Hz) (f = 1.77 Hz)
(¢ =0.190) (¢ =0.190) (¢ =0.190)
—0.34+50.73 —0.34+;0.73 —0.34+50.73 wt B (Py,)
(f =0.117 Hz) (f =0.117 Hz) (f =0.117 Hz)
(¢ = 0.423) (¢ = 0.423) (¢ = 0.423)
—423.4 —406.5 —399.6 D,
—926.2 —222.2 —199.3 D4
—23.97 —24.03 —23.97 Pp.
—9.93 —-9.93 —9.93 Dgs
—0.43 —0.43 —0.43 P, (W B)

operating point: v4s=1 pu, w,=1.2 pu, P;,;=1 pu, v,,=15 m/s, 5=14.9°

Table 5.14: Participation factors of the turbine-pitch modes for different operating points

Operating point Turb.-pitch modes | Participation factors
vw Pt B wy A=o0=xjw Wt Do, B
o e Ohw S
151 a9 12 TOVERT S0
L T ey N R oS
el I S D

Uy [M/s], Pt [pul, B[°], w, [pu]

T, = 05,1, 2 and 3. For stable operation (all eigenvalues in the left half plane), the
speed controller integral time constant 7, must be larger than the pitch actuator time
constant 7. Larger magnitudes for the proportional gain K, give slightly higher os-

cillation frequencies. To decide which range of K, and 7, is more appropriate, time
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domain responses to wind speed disturbances have to be examined in order to assess the

magnitude and duration of power output deviations (see below).

Fig. 5.8 shows the root-loci of the turbine-pitch modes for different wind speeds and
corresponding pitch angles. Considering the scaling of the axes, the modes are moder-
ately, but not considerably, sensitive to the initial wind speed. In the following, results of

eigenvalue computations are only shown for for v,, = 15 m/s. It can be expected that for

other initial wind speed conditions the eigenvalues will not be significantly different.
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Fig. 5.9 shows the response of the blade pitch angle and total active power output to a
wind speed step increase from v,, = 15 to 16 m/s at t = 5 s (rated wind speed is 12 m/s),
for different proportional gain magnitudes. Larger | K, | values give shorter settling time
and less overshoot in active power response. However, as predicted by the eigenvalues
shown in Table 5.15, the associated oscillation frequency is higher and damping ratio
lower. This means that there are more pitching direction changes, which is undesirable

from a mechanical fatigue viewpoint. A value of |K, | = 150 gives good compromise.

Table 5.15: Turbine-pitch modes for different values of K,

K, T, | Turb.-pitch modes | f [Hz] ¢ 7 [s]
—50 3 —0.17+50.30 0.048 0.498 5.74
—0.76 0 1 1.31
—150 3 —0.34+750.73 0.117 0.423 291
—0.43 0 1 2.34
=300 3 —0.37+51.78 0.187 0.303 2.67
—0.37 0 1 2.70

operating point: vgs=1 pu, w,=1.2 pu, Pi:=1 pu, v,,=15 m/s, f=14.9°

Fig. 5.10 shows the response of the pitch angle and active power output to a wind
speed step increase from 15 to 16 m/s, for different integral time constants. For a given
| K., |, larger T, (i.e. smaller integral gain) gives higher damping ratio for the oscillations,
as predicted by the eigenvalues shown in Table 5.16. However too large 7, gives a longer
rising time. This is due to the real mode coming closer to the imaginary axis. A value of

T, =3 gives good compromise.

Table 5.16: Turbine-pitch modes for different values of 7;,,,

K, T, | Turb.-pitch modes | f [Hz] ¢ 7 [s]
—150 2 —0.23+750.77 0.123 0.288 4.31
—0.65 0 1 1.54
—150 3 —0.34+750.73 0.117 0423 291
—0.43 0 1 2.34
—150 5 —0.44+750.74 0.118 0.514 225
—0.22 0 1 4.46

operating point: v4s=1 pu, w,=1.2 pu, Pi,;=1 pu, v,,=15 m/s, 5=14.9°
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Figure 5.9: Closed-loop DFIG response to wind speed step increase from v,, = 15 to 16
m/s at ¢ = 5 s for different values of K, .
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In the above figures, time domain responses are observed for a step increase in wind
speed. Below, responses to randomly varying wind speeds are examined. It is seen that
the conclusions regarding the gains K, and 7,, are maintained.

Fig. 5.11 shows the DFIG response to randomly varying wind speed for different

values of proportional gain K, . Smaller magnitudes of the gain (K, = —50) gives less

Wind speed Blade pitch angle (Twi=2)
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Figure 5.11: Closed-loop DFIG response (with deadzone) to randomly varying wind
speed for different values of proportional gain i, .

pitching direction changes but larger active power and speed deviations. The opposite

happens for larger magnitudes of the gain (/K —300). As for the step response,

K.,
Fig. 5.12 shows the DFIG response to randomly varying wind speed for different

—150 gives a good compromise.

values of integral time constant 7, . It is seen that 7,, = 3 gives a good compromise
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Figure 5.12: Closed-loop DFIG response (with deadzone) to randomly varying wind
speed for different values of integral time constant 7, .

between speed of power recovery and limitation of power overshoot.

From the above analysis, K, = —150 and 7, = 3 are appropriate pitch controller
parameters as they give good performance for different operating conditions and different
types of disturbances. Since the pitching mechanism influences mainly the mechanical
modes (Table 5.13) and negligibly the electrical modes, it can be expected that the result

of this section will not be significantly sensitive to the values of the RSC control gains.

5.5.2 Activation and deactivation conditions

For smooth operation, transition conditions between subrated and rated regimes (i.e. pitch
control activation and deactivation conditions) have to be specified appropriately. In the

following, the procedure used in this work is described.
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The conditions are formulated with two main objectives: 1) unnecessary pitching
direction changes (which wear the components) should be minimized, and 2) wind speed
measurements (which may not be accurate enough for on-line control purpose [55], p. 69)
should not be used. To comply with the first objective, a deadzone and ‘up-pitch angle’
limits (34, and 3,,) are used; more explanations are given below. To comply with the
second objective, the transition decisions are formulated as function of the initial pitch
angle and rotor speed measurements (3 and w;.).

The initial pitch angle can fall in one of the following three status:

e A) Pitch control is initially inactive (G = 0°)

e B) Pitch control is initially active, around rated wind speed (0 < 3 < (3,,,)

e C) Pitch control is initially active, well above rated wind speed (3 > [3,,)
Depending on the initial pitch angle status, the measurement of the rotor speed gives the
final transition decision. For the above status, the decisions are as follows:

e A) Activate pitching if rotor speed becomes larger than rated speed (w, > Wrated)

e B) Deactivate pitching if rotor speed becomes lower than rated speed (w, < Wyqted)

e () Maintain pitch active irrespective of the rotor speed

The parameter (3, is the value of pitch angle above which the pitch control remains
active irrespective of the rotor speed. This condition is specified to avoid unnecessary
transition between on/off status of the pitch controller after a decrease in wind speed in
rated conditions.

Fig. 5.13 gives the DFIG response to a wind speed decrease (with random distur-
bances) in rated regime and high wind speed conditions (i.e. wind speed is well above its
rated value, which is 12 m/s in the case study). Without the condition on (3, the pitch
controller is activated and deactivated successively as the rotor speed reaches its reference
value (which is the rated speed i.e. 1.2 pu in the case study). From a mechanical fatigue
viewpoint the large number of on/off switchings (and hence pitching direction changes)
is undesirable. In addition, since the wind speed remains quite high, the pitch controller
should not be deactivated. These problems can be solved by specifying the condition on
Bup, Which gives a smoothed pitch angle variation.

The trade-off between minimizing pitching actions and power deviation during tran-



5.5 Pitch control tuning 179

Blade pitch angle - Effect of beta_up condition

Wind speed
: T T T 24

hieta [den]
= > @

—_ -
]

10 15 20 25 an 14
tirme [g] time [g]

fm)
o b
—
=
o b
-
=>F
M-
=
[
53]
7]
o

Active povwer output - Efect of beta_up condition Rotor speed - Effect of beta_up condition

1.017

0.89¢

Ptot [pu]

098y

0 QTEI 10 20 an ] 10 20 an
fime [g] fime [g]

Figure 5.13: Closed-loop DFIG response to wind speed decrease in rated regime
with/without condition on (3,,,,.



5.5 Pitch control tuning 180

sients can also be observed in Fig. 5.13. With the condition on (3,,,, the variation in power
output is more important. However for the rather severe disturbance (drop in wind speed
of about 2.5 m/s within 5 seconds) the associated power deviation is limited to about
—2.5%~+0.5%, which is a reasonable performance. It is noted that active power out-
put and rotor speed have virtually the same behaviour as the torque is controlled (by the
rotor-side converter) to be constant in rated condition.

The value of (3,, has to be chosen according to the deadzone. Since the deadzone
is by definition the amount of pitch angle error that is ignored, [3,, has to be larger or
equal to the deadzone value (in other words, if the pitch control is active, the actual pitch
angle must be above or equal to the deadzone). In addition, (3, should not be too large
either because it gives more transition between on/off status when the wind generator is
operating near rated wind speed. This is shown in Fig. 5.14 where it is seen that for the
different values of 3,,, active power output is not significantly different but more on/off
transitions are required for 3,, = 0.5°. In the remainder of this work, (3, is equal to the

deadzone, i.e. B, = B4, = 0.1°

5.5.3 Coordination of torque control

To avoid unnecessary power shedding in rated condition when the rotor speed drops be-
low rated value (e.g. due to wind speed disturbances and corresponding transients), the
electrical torque control of the rotor side converter has to be coordinated with the pitch
control.

In Subsection 2.4.1, it was explained that the torque reference is obtained as 7¢ ,.y =
Te ref(wy) (Fig. 2.13). If no additional condition is specified, the torque reference is
smaller than the rated torque if the rotor speed is below rated value (7 .y = K, Optwf <
Tt rated if Wy < wyrateq). Hence in rated regime, if the rotor speed drops below wy. rqteds
the electrical torque reference (and hence output power) will be decreased accordingly.

To avoid the problem, it suffices to take into account the initial pitch angle value. If
the pitch angle is initially larger than a threshold value i.e. if 3 > (3, 1erey, the electrical
torque reference is maintained at 7. ,.y = 71t rqzeq T€gardless of the rotor speed. It is

noted that the threshold 3, r,.r used in the RSC controller (to coordinate the reference
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electrical torque) is not the same as the limit /3, used in the pitch controller (to determine

the initial pitch angle status).

When choosing the value of (3, rere s, there is a trade off between smooth deactivation
in low wind speed and smooth deactivation around rated wind speed. This is shown in
Fig. 5.15 and 5.16. In the former case, larger value of (3, rerer gives a less abrupt change
in output power. In the latter case, a smaller value gives smaller drops in output power. A

good compromise for both cases is to choose B, rerey = 0.001°.

Wind speed Blade pitch angle - Effect of beta_ThT eraf
14 T T T T T 5 T : T T T
—0.01
----- I:II:II:I1 ]
===0.000
=
&
‘o
o
=
g \ \ \ . \ 0 . . .
1] a 10 14 20 24 20 1] a 10 14 20 24 an
firme [=] fime [=]
Active power output - Effect of beta_ThTersf Rotor speed - Effect of beta_ThT eref
T T T T I 1.25 T T
1 —0.01 —0.01
""" 0.om 12 0001 )
oot ===0.0001 ] ===0.0001
1.158}
= 0.at =
= i =Kl
= 1 =
o 1
0.7r 1.0} —
':ﬂ_'l_.u..,u'-"‘ ,...—l--l-'-" ’ "“t-- "'1-'1”I‘Lllil..-!"'l“'“-.'-ll'|
0.6} T . Nt
"If'/' 1 A
I:I'EIZI ] 10 14 20 24 30 I:I'EEIII 10 20 a0
tirme [g] tirme [=]

Figure 5.15: Deactivation of pitch control with final wind speed below rated value for
Bin,reres = 0.01, 0.001, 0.0001.
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As a summary Fig. 5.17 and 5.18 show the flow charts for the pitch transition condi-

tions and the reference torque coordination.
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Figure 5.17: Activation and deactivation conditions for the pitch controller.
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Figure 5.18: Coordinated objective of the electrical torque controller.
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5.6 Summary

When tuning the RSC controllers, stator transients should be considered and model sim-
plification for stability studies should be done only once a set of appropriate control gains
has been obtained. The reason is that when neglecting stator transients, one may find
PI-gains giving stable result for simplified DFIG models, but unstable for the full order
model (where stator and rotor electrical transients are represented) which reflects more
realistic situations.

To address the issue, a tuning procedure of the RSC can be formulated to ensure
stable stator and rotor electrical dynamics. Firstly, the physics of the system (steady-
state gains) are examined to determine the correct sign of the controller gains for a given
definition of positive rotor current. Secondly, analytical expressions can be derived using
Gershgorin theorem to obtain limit values of the gains so that stator modes are placed at
some desired location. Thirdly, root-loci are observed to determine the allowed magnitude
of the controller gains for stable rotor electrical dynamics. Additional criteria on the PI-
gains to avoid oscillatory coupling between d- and g-axis dynamics can also be identified.
For properly tuned control parameters, the dynamical performance of the closed-loop
DFIG are preserved over a wide range of machine parameters and operating points.

For the pitch control tuning, there is a stability criterion that requires the speed con-
troller time constant to be larger than the actuators time constant (7, > 7). Eigenvalue
computations and time-domain responses can be used to determine the final values of
pitch control gains. The exercise consists essentially in weighting trade offs between
smoother power output and less pitching activities.

Finally, two important practical issues in DFIG control are the transition between
subrated and rated regimes, and the coordination of the RSC and pitch controllers. A suit-
able procedure for pitching activation and deactivation must be in place to ensure smooth
operation and avoid unnecessary on/off transitions due to disturbances. A suitable coor-
dination of the electrical torque reference must be in place to avoid unnecessary power

output drops in rated conditions due to disturbances.
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Chapter 6

Analysis: Multi-machine power system

The previous chapters discussed the behaviour, stability, and control of the DFIG. Small-
signal analysis was performed on a single-machine infinite bus system and the eigenvalues
of the DFIG were observed. In this chapter, the interest is in examining how replacing
synchronous generators by doubly-fed induction generators influences the oscillatory sta-
bility of a power system. The interest is now in the low frequency oscillations of the
synchronous generators. In particular, the discussion focuses on the eigenvalue corre-
sponding to the inter-area mode (IAM). The IAM is the eigenvalue that relates to the
speed-angle oscillation of the generators in an area against those in another area.

Fig. 6.1 [49] shows the considered study system. It is the two-area power system
model proposed in [131] to study the small-signal stability of power systems with re-
motely connected synchronous machines. The long lines between bus 5, 8 and 6 divide
the system in two areas. Within each area, generators are grouped together and modelled
by two equivalent machines.

To observe the effect of the generation mix on the oscillatory stability of the power
system, two scenarios are considered. In the first scenario, all generators are synchronous
machines. In the second scenario, the SG at bus 2 in Area I is replaced by a DFIG with
terminal reactive power control. For each of these two cases, the effect of the following
factors on the IAM is observed:

(a) the power generation sharing among the generators,

(b) the amount of active power transferred in the inter-tie lines.

The results show that with a DFIG at bus 2 instead of an SG can both improve or deterio-
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Area | Area ll

Genl Gend

Figure 6.1: Two-area power system model

rate the IAM damping ratio depending on the operating point.
To facilitate the analysis, the small-signal properties (eigenvalues and participation

factors) of the study system is first discussed for a base case.

6.1 Small-signal properties of the study system

Table 6.2 to 6.5 show the complex eigenvalues (oscillating modes) of the study system
in Fig. 6.1 for the base case loadflow solution given in Table 6.1. In Table 6.2 the syn-
chronous machines are equipped with DC1A self-excited excitation systems (slow with
low gain). In Table 6.3 the synchronous machines are equipped with DC1A separately-
excited excitation systems (slow with low gain). In Table 6.4 the synchronous machines
are equipped with DC2A type excitation systems (slow with high gain). In Table 6.5 the
synchronous machines are equipped with ST1A type excitation systems (static and fast).
In the present work, there is no load compensation and no supplementary power system
stabiliser control loop. Parameters of the SGs and excitation systems are given in Ap-
pendix 3. In each table, the eigenvalues are given for the case where all four generators
are synchronous machines, and for the case where the generator at bus 2 is replaced by
a DFIG. The DFIG has the same MW and MVAr output as Gen 2 and hence the system
voltage profile, MW and MVAr outputs of the remaining SGs remain unaltered. For each
load, the model used is the constant power model since the interest here is to compare
study results where the same load model is used.

When all generators are synchronous machines the low frequency dynamics consist of
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speed-angle and exciter-field oscillations. These oscillations can be classified into intra-
area modes (oscillations within Area I and II) and inter-area modes (oscillations between

Area I and II).

Table 6.1: Base case loadflow solution

Bus nb Vmag Vang Pqen Qgen Pload Qload

1 1.0100 -0.0103 490 38 0 0
2 1.0100 -0.1177 210 10 0 -35
3 1.0100 0 492 39 0 0
4 1.0100 -0.1020 230 12 0 -35
5 0.9913 -0.2501 0 0 700 35
6 0.9910 -0.2427 0 0 700 35
7 1.0070  -0.0827 0 0 0 0
8 1.0008 -0.2475 0 0 0 0
9 1.0100 -0.0103 0 0 0 0
10 0.9985 -0.1802 0 0 0 0
11 0.9983 -0.1705 0 0 0 0

Vinag [pul, Vang [rad], P [MVA], Q [MVA]

Replacing an SG by a DFIG changes the dynamics of the area where the generation
mix is modified (the DFIG adds a mechanical mode contributed by its mechanical vari-
ables, and the intra-area SG oscillations are removed since there is just one equivalent SG
left), but the low-frequency dynamic properties of the overall system are essentially un-
changed. They are still composed of speed-angle and exciter-field oscillations within and
between areas. In particular, the inter-area speed-angle mode whose frequency and damp-
ing ratio are slightly modified is still contributed by the synchronous generators only. The
latter observation means effectively that the change in the IAM location is more related
to the removal of the SG at bus 2 (removal of its synchronous inertia and damping torque
contribution) rather than to the addition of the DFIG.

In other words, in multi-machine studies where the focus is on the impact of the gener-
ation mix (synchronous and non-synchronous) on the oscillating stability, the conclusions
are more related to removal of synchronous dynamics rather than to the introduction of
asynchronous dynamics. This underlines the fact that low frequency speed-angle oscilla-
tions are inherent to synchronous machines.

Fig. 6.2 shows the change in inter-area speed-angle oscillating mode for the 4 types

of SG excitation systems. For the considered operating point, removal of an SG (and
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replacement by a DFIG) leads to virtually unchanged damping ratio and slightly higher
frequency. The higher frequency can be explained by the removal of synchronous inertia
i.e. the equivalent generator in Area I is lighter and hence the resulting oscillation fre-
quency is higher. The negligible change in damping can be explained by the small change
in damping torque of the equivalent generator. In the following, it is shown that the mag-
nitude and direction of the change depend on the type of SG excitation system and the

operating point.

Inter-area mode damping with Gen2 = sg or dfig Inter-area mode freq. with Gen2 = sg or dfig
6.5 T T T T 0.69
B B
o L= dfig B | 068} T dfig
0.57} [ ] - M
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= T 066
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4.51 i 0.64r I I
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DC1A  DC1A  DC2A ST1A DC1A  DC1A  DC2A ST1A
self  separate self  separate

Figure 6.2: Base case inter-area mode damping ratio and frequency
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Table 6.2: Base case complex modes: SG with DC1A self exciter

Study system with 4 SG

Oscillating modes in Area |

A=o Zl:jw C fosc [Hz]

Name

Dominant states

—0.64 £ 55.72 .112 0.91
—0.30 £50.37  .633 0.06
—5.52+350.89 .987 0.14

Speed-angle
Exciter-field
Exciter-field

Wrl, 519 Wr2, 62
Eqy, Ry, Egy, Ryo
Ely, Etar, Ely, Etao

Oscillating modes in Area Il

A=oc =% jw C fosc [HZ]

Name

Dominant states

—0.62+j5.82 107 093
—0.29+30.36 629  0.06
—5.58+30.89 987  0.14

Speed-angle
Exciter-field
Exciter-field

Wr3, 03, W4, 04
Es, Rz, Egy, Rya
Els, Etas, Ely, Etas

Inter-area oscillating modes

A=o0+ jw C fosc [HZ]

Name

Dominant states

—0.21+j4.08 050  0.65
—0.55+j0.56  .706  0.09
~1.40+3j0.49 945  0.08
—4.53+£340.77 .98  0.12

Speed-angle
Exciter-field
Exciter-field
Exciter-field

Wr1, 51’ Wr3, 55

Eq1, Rp1, Egg, Rys
El\, Ry1, Ely, Rys
Eys Erars Eys, Eyas

Study system with 1 DFIG and 3 SG

Oscillating modes in Area [

A=oc+ jw C fosc [HZ]

Name

Dominant states

—2.75+£711.16 .240 1.78

DIFG mech. mode

Wr2, 9tw2

Oscillating modes in Area Il

A=o0+jw ¢ fosc [Hz]

Name

Dominant states

—0.61 £55.80 .105 0.92
—0.29+50.37  .625 0.06
—5.57£70.90 .987 0.14

SG speed-angle
SG exciter-field
SG exciter-field

W3, 03, Wrd, 04
Eis. Rys, Egy, Rya
El\s, Eas, Elyy Efaa

Inter-area oscillating modes

A=o0+jw ¢ fosc [Hz]

Name

Dominant states

—0.22 £ 54.23 051 0.67
—0.53 £70.55 .696 0.09
—-1.73£50.96  .875 0.15
—4.60 £ 50.78  .986 0.12

SG speed-angle
SG exciter-field
SG exciter-field
SG exciter-field

Wr1, 01, Wr3, 03

E(:Ilv Rfl, E,;Igs RfS
qu’ Rfl? EqS’ RfS
El\, Etqr, By, Eas
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Table 6.3: Base case complex modes: SG with DC1A separate exciter

Study system with 4 SG

Oscillating modes in Area |

A=o Il:,]w C fosc [HZ]

Name

Dominant states

—0.65+j5.71 114 091
~5.28+47.93 554 126
04145049 642 0.8

Speed-angle
Exciter-field
Exciter-field

Wr1, 01, Wr2, 02
Etq1, Vris Efao, Vo
Egis Ryv, By, Rya

Oscillating modes in Area Il

A=o Zl:,]w C fosc [HZ]

Name

Dominant states

—0.63L7580 .108 092
~5.20+47.93 555 126
04145048 649  0.08

Speed-angle
Exciter-field
Exciter-field

Wr3, 53’ Wr4, 54
Etq3, Vrs, Efqa, Vra
Egs: Rys, Egy. Rya

Inter-area oscillating modes

A=o ijw C fosc [HZ]

Name

Dominant states

—0.21 £54.06 .051 0.65
—0.41 +£71.07 356 0.17
—0.42 £50.78 471 0.12
—5.18 £ 5781  .553 1.24
—5.24 £ 5788  .554 1.25

Speed-angle
Exciter-field
Exciter-field
Exciter-field
Exciter-field

Wr1, 61, Wr3, 03

Egy. Ry1, Egs, Rys
Eg, Ry, Egs, Rys
Evar, Vri, Epas, Vrs
E¢a1, Vri, Epaz, Vi3

Study system with 1 DFIG and 3 SG

Oscillating modes in Area |

A=o Il:]w C fosc [HZ]

Name

Dominant states

—2.75+£511.16 240 1.78

DIFG mech. mode

Wr2, 9tw2

Oscillating modes in Area Il

)\ =0 :l:]w C fosc [HZ]

Name

Dominant states

—-0.62 £ 55.79  .107 0.92
—5.29£ 35793 555 1.26
—0.41 47049  .645 0.08

SG speed-angle
SG exciter-field
SG exciter-field

Wr3, 53, Wra, 04

Eras, Vrs, Eras, Via
Eé:_?,’ nga E¢;49 Rf4

Inter-area oscillating modes

)\ =0 :l:]w C fosc [HZ]

Name

Dominant states

—022+j421 053 067
040+ 41.10 342 0.18
—0.42+50.77 477 0.12
~5.18+57.80 553 1.4
—5.24+57.88 554 125

SG speed-angle
SG exciter-field
SG exciter-field
SG exciter-field
SG exciter-field

Wr1, 01, W3, 03

Ely, Ryt Ely, Rys
B\, Ry, Bly, Rys
Etq1, Vri, Efas, Vrs
E¢ar, Vri, Epas, Vrs
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Table 6.4: Base case complex modes: SG with DC2A exciter

Study system with 4 SG

Oscillating modes in Area [

A=o Il:,]w C fosc [HZ]

Name

Dominant states

—0.67 £ 55.71 116 0.91
—0.23+£7049 418 0.08
—51.04 + 3530.74  .857 4.89

Speed-angle
Exciter-field
Exciter-field

Wr1, 01, Wra, 02
E(’]ls Rfla EZ]Q’ Rf2
Eyar, Vri, Eraz, Vro

Oscillating modes in Area Il

A=o Zl:,]w C fosc [HZ]

Name

Dominant states

—0.65 £ 75.81 A11 0.92
—0.22 4+ 7048 420 0.08
—51.04 + 530.74  .857 4.89

Speed-angle
Exciter-field
Exciter-field

Wr3, 531 Wr4, 54
E(’]Ss Rf?)s E(/14$ Rf4
Eta3, Vr3, Eraa, VRa

Inter-area oscillating modes

A=o ijw C fosc [HZ]

Name

Dominant states

—0.22 £74.07  .054 0.65
—-0.40+71.04 359 0.16
—0.30 £ 50.77  .366 0.12
—50.79 £ 530.31  .859 4.82
—50.24 + 730.55 .858 4.86

Speed-angle
Exciter-field
Exciter-field
Exciter-field
Exciter-field

Wr1, 01, Wr3, 03

Egy, Ryp1, Egg, Rys
Eg, Ryv, Egs, Rys
Eyar, Vri, Eyaz, Vrs
Eyar, Vri, Eyaz, Vrs

Study system with 1 DFIG and 3 SG

Oscillating modes in Area |

A=oc+ jw C fosc [HZ]

Name

Dominant states

—2.75+£711.16  .240 1.78

DIFG mech. mode

Wr2, 9tw2

Oscillating modes in Area Il

)\ =0 :l:]w C fosc [HZ]

Name

Dominant states

—0.64 £55.79  .110 0.92
—-0.22£5049 414 0.08
—51.04 £ 730.75  .857 4.89

SG speed-angle
SG exciter-field
SG exciter-field

Wr3, 03, Wrd, 04
Eis. Rys, Egys Rya
Eras, Vr3, Eraqa, Vra

Inter-area oscillating modes

)\ =0 :l:]w C fosc [HZ]

Name

Dominant states

—0.23£74.22 055 0.67
—0.40 £51.06  .355 0.17
—0.30+50.75  .366 0.12
—50.78 + 730.30  .859 4.82
—50.94 + 530.57  .858 4.86

SG speed-angle
SG exciter-field
SG exciter-field
SG exciter-field
SG exciter-field

Wr1, 01, Wr3, 03

Ely, Ryt Ely, Rys
El\, Ry1, Ely, Rys
Etq1, Vri, Eras, Vi3
Eyar, Vri, Eyaz, Vrs
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Table 6.5: Base case complex modes: SG with ST1A static exciter

Study system with 4 SG

Oscillating modes in Area |

A=o0+jw ¢ fose [Hz]  Name

Dominant states

—0.71 £ 55.74 123 0.91 Speed-angle
—0.47£50.63  .597 0.10 Exciter-field

Wri, 01, Wr2, 62
! !
qu, VRl, qu, VR2

Oscillating modes in Area Il

A=o0 = jw ¢ fose [Hz]  Name

Dominant states

—0.69 £ 5583 .118 0.93 Speed-angle
—0.45£j0.62 .592 0.10 Exciter-field

Wr3, 53» Wr4, 64
U /
Eq39 VR37 Eq49 VR4

Inter-area oscillating modes

A=o0+jw ¢ fose [Hz] Name

Dominant states

—0.25 £74.09 .062 0.65 Speed-angle
—0.81 +50.85 .689 0.14 Exciter-field
—-1.33+£50.92 824 0.15 Exciter-field

Wri, 619 Wr3, 53
!/ /

qu, VR17 qu, VR3
/ /

qu, VRla Eq39 VR3

Study system with 1 DFIG and 3 SG

Oscillating modes in Area |

A=o0+jw ¢ fosc [Hz] Name

Dominant states

—2.75£711.16 .240 1.78 DIFG mech. mode

Wr2, 0tw2

Oscillating modes in Area 11

A=o0*jw ¢ fose [Hz]  Name

Dominant states

—0.68 £55.82 .116 0.93 SG speed-angle
—0.46 + 50.62 591 0.10 SG exciter-field

Wr3, 03, Wrd, 04
! !
Egss Vs, Egy, VRa

Inter-area oscillating modes

A=o0+jw ¢ fose [Hz] Name

Dominant states

—0.26 £+ j4.24  .062 0.67 Speed-angle
—0.79 £ j0.85  .682 0.13 Exciter-field
—1.41+350.92 .837 0.15 Exciter-field

Wr1, 01, Wr3, 03

E(l]l’ VRla E(;?,? VR3
!/ !

qu, VRl’ Eq3, VR3
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6.2 Impact of power generation dispatch

Fig. 6.3 and 6.4 show how the oscillation frequency and damping ratio of the IAM are
affected by the generation dispatch in area I between generators at bus 1 and 2 supplying a
constant level of loads at bus 5 and 6. Table 6.6 and 6.7 give the active power generation,
load and transfer values for each case.

When the power transferred between the areas is low (Table 6.6 and Fig. 6.3), removal
of the SG at bus 2 (and replacement by a DFIG) gives less or more damping depending
on the generation sharing within Area I. For lower contribution of Generator 2 (Case
1) the damping ratio is deteriorated. For larger contribution of Generation 2 (Case 5)
the damping ratio is improved. From the participation factor analysis in the previous
section it was established that the IAM is characterised by the synchronous machines
on the system. Hence the deterioration or improvement is explained by the difference
between the equivalent synchronous machine in Area I (equivalent single synchronous
machine that would give the same dynamical behaviour seen from bus 5) before and after
replacement of the generator at bus 2. Before replacement, the equivalent synchronous
machine of area I is made of both SG1 and SG2, after replacement it is made of SG1 only.
For lower contribution of Generator 2 (Case 1), the equivalent SG of Area I operates
closer to its limits after replacement of the generator at bus 2. For higher contribution
of Generator 2 (Case 5), the equivalent SG of Area I operates closer to its limits before
replacement of the generator at bus 2. As the damping torque is diminished for machines
operating close to their limits, the damping ratio is deteriorated for Case 1 and improved
for Case 5 as the SG is being replaced by a DFIG.

When the power transferred between the areas is high (Table 6.7 and Fig. 6.4), the
same qualitative observations and explanations can be made.

The sensitivity of IAM to the operating point is greater when the SG are equipped with
static fast exciters. Again this is explained by the sensitivity of the resulting equivalent
SG of Area I which is greater when ST1A-type exciters are used as the resulting damping
torque is more sensitive to the operating point due to the higher forcing capability (larger

gain) and faster response (smaller time constant).
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Table 6.6: Active power generation, load and transfer for Fig. 6.3

Generation Load Transfer
Case | Areal= Genl +Gen2 | Areall= Gen3 + Gend | Total= Load5 + Load6 Mtol
1 700 = 630+ 70 726 = 496 + 230 1400 = 700 + 700 15
2 700 = 560 + 140 724 = 494 + 230 1400 = 700 + 700 13
3 700 = 490 + 210 722 = 492 + 230 1400 = 700 + 700 11
4 700 = 420 + 280 720 = 490 + 230 1400 = 700 + 700 9
5 700 = 350 + 350 719 = 489 + 230 1400 = 700 + 700 8
ml:?l:nlanemti-:-n and load in Area [(Loadd/Genl/Gend) Genaration and load in Area |l (LoadE6/Gend/Gend)
1000 T T T T x
200 1 200
GO0 GO0 -
T
* 400 Z 400
=
200 oo
] 1]
e I e SRR A
Inter-area mode damping with Gen? = =g ar dfig Inter-area mode freq. with Gen? = =g or dfig
T T T T I 0.75 T T T : T
Hl:3-0C1A Hl:7-0C1A
& 41 2al 4t
71 .
Br 065 |
m &1 ¥
4t 05t
i D55}
2 L
1 1 z ] 4 ] 03 1 2 ] 4 ]
Inter-area mode damping with Gen? = =g ar dfig Inter-area mode freq. with Gen? = sg or dfig
] 0.74
B:c-cT1A B:-5T1A
# | i ' ozl [
7t ' a
B [] _ngEf
£ 5| ]
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3
0455
z
1 4 ] 03 1 2 ] 4 ]

Figure 6.3: Effect of power generation sharing with low power transfer
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Table 6.7: Active power generation, load and transfer for Fig. 6.4

Generation Load Transfer
Case | Areal= Genl +Gen2 | Areall= Gen3 + Gend | Total= Load5 + Load6 Itoll
1 900 = 810 + 90 533 = 363 + 170 1400 = 700 + 700 175
2 900 = 720 + 180 530 = 360 + 170 1400 = 700 + 700 179
3 900 = 630 + 270 526 = 356 + 170 1400 = 700 + 700 182
4 900 = 540 + 360 524 = 354 + 170 1400 = 700 + 700 185
5 900 = 450 + 450 522 = 352 + 170 1400 = 700 + 700 187
Generation and load in Area I{Loadd/Genl/Gen?) Generation and load in Area |l (Load6/Gen3i/Geand)
1000 T T T T T 1000 T T T T .
Aucdive povar Auctive pouer
g00 1 00
GO0 GO0 -
T T
= 400 Z 400
= =
200 ¢ 200
1] 1]
- . . R:eacﬁme pouer . ) . R:aacﬁ'me pouer
200 1 2 3 4 5 200 1 2 3 4 5
Inter-area mode damping with Gen = sg or dfig 075 Inter-area mode freq. with GenZ = =g ordfig
sl ' ' ' [yl ' Bl OC1 A
[ aiig ozl Cd1ig
E L -
Z s} | E
2 L 4
1]
1I 2 3 4 5 1 z 3 4 ]
Inter-area mode damping with GenZ = =g ar dfig Inter-area mode freq. with GenZ = =9 or dfig
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Figure 6.4: Effect of power generation sharing with high power transfer
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The fact that the IAM damping ratio improves with the generation share of the DFIG
has also been observed in [74]. It is noted that in Fig. 6.3 and 6.4, the total load of the
system is the same. The only difference is in the amount of power transferred between the
areas. The fact that the IAM sensitiveness to power generation sharing does not change

qualitatively for different level of inter-tie power flows has also been observed in [100].

6.3 Impact of power transfer

Fig. 6.5 and 6.6 show how the oscillation frequency and damping ratio of the IAM are
affected by the level of intertie power transfer. Table 6.8 and 6.9 give the active power
generation, load and transfer values for each case.

The results confirm the observation made in the previous section. For lower generation
share of Generator 2 (Table 6.8 and Fig. 6.5), the damping ratio is deteriorated regardless
of the level of power transfer. This is explained by the fact that the equivalent SG in Area
I is operating closer to its limit after replacement of the generator at bus 2, reducing the
damping torque. For higher generation share of Generator 2 (Table 6.9 and Fig. 6.6),
the damping ratio is improved regardless of the level of power transfer. The reason being
that the equivalent SG in Area I is operating closer to its limit before replacement of the
generator at bus 2. The larger sensitivity for SG with ST1A-type exciters can also be
observed.

The studies in Table 6.8/Fig. 6.5 and Table 6.9/Fib. 6.6 show the effect of inter-
area power flow on the damping ratio for low and high power generation sharing of Gen2,
whereby outputs of Gen 1 and Gen 2 are simultaneously changed. Table 6.10/Fig. 6.7 and
Table 6.11/Fig. 6.8 show the effect of inter-area power flow with constant output of either
Gen 1 or Gen 2. Again it is seen that improvement or deterioration of the damping factor
is mainly determined by power dispatch between Gen 1 and Gen 2. In Table 6.10/Fig. 6.7
the power sharing of Gen 2 is low in all cases and the damping ratio is deteriorated when
replacing synchronous generation by non-synchronous generation. In Table 6.11/Fig. 6.8
the power sharing of Gen 2 is sufficiently high in case 1 and 2 to give a favorable change
in damping ratio. It is also seen that in Table 6.11/Fig. 6.8 the damping ratio is on overall

higher than in Table 6.10/Fig. 6.7 because the generators in Area I are operating at a lower
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capacity factor i.e. their operating point is less close to their limits.
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Table 6.8: Active power generation, load and transfer for Fig. 6.5
Generation Load Transfer
Case | Areal= Genl +Gen2 | Areall= Gen3 + Gend | Total= Load5 + Load6 Itoll
1 700 = 560 + 140 724 = 494 + 230 1400 = 700 + 700 -13
2 750 = 600 + 150 674 = 454 + 220 1400 = 700 + 700 36
3 800 = 640 + 160 625 = 415+ 210 1400 = 700 + 700 83
4 850 = 680 + 170 577 = 377 + 200 1400 = 700 + 700 131
5 900 = 720 + 180 529 = 339 + 190 1400 = 700 + 700 179
Generation and load in Area I(LoaddiGenl/Gen2) Generation and load in Area [l (Loadf/Gend/Gend)
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Figure 6.5: Effect of power transfer with low sharing of Gen2
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Table 6.9: Active power generation, load and transfer for Fig. 6.6

Generation Load Transfer
Case | Areal= Genl +Gen2 | Areall= Gen3 + Gend | Total = Load5 + Load6 ItoIl
1 700 = 350 + 350 719 = 489 + 230 1400 = 700 + 700 -8
2 750 = 375 + 375 669 = 449 + 220 1400 = 700 + 700 41
3 800 = 400 + 400 619 = 409 + 210 1400 = 700 + 700 90
4 850 = 425 + 425 570 = 370 + 200 1400 = 700 + 700 138
5 900 = 450 + 450 521 = 331 + 190 1400 = 700 + 700 187

Genemtlnn and I-:uad in Area I(Lnadﬁa’GenHGenE)
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Figure 6.6: Effect of power transfer with high sharing of Gen2
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Table 6.10: Active power generation, load and transfer for Fig. 6.7

Generation Load Transfer
Case | Areal= Genl + Gen2 | Areall= Gen3 + Gend | Total = Load5 + Load6 ITtoIl
1 700 = 600 + 100 722 = 322 + 400 1400 = 700 + 700 -14
2 750 = 600 + 150 672 = 347 + 325 1400 = 700 + 700 36
3 800 = 600 + 200 623 = 373 + 250 1400 = 700 + 700 85
4 850 = 600 + 250 575 = 400 + 175 1400 = 700 + 700 134
5 900 = 600 + 300 527 = 427 + 100 1400 = 700 + 700 183
Generation and load in Area | (Loads/Gend /Sen) Generation and load in &rea 1l (LoadBiGen3iGend)
1000 T T T ctive pu:r-.n.-'er 1000 " T T I.EEtiVE pu:rm.-'er
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Figure 6.7: Effect of power transfer with constant Genl output
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Table 6.11: Active power generation, load and transfer for Fig. 6.8

2]

Generation Load Transfer
Case | Areal= Genl + Gen2 | Areall= Gen3 + Gend | Total = Load5 + Load6 ITtoIl
1 700 = 400 + 300 716 = 316 + 400 1400 = 700 + 700 -9
2 750 = 450 + 300 668 = 343 + 325 1400 = 700 + 700 39
3 800 = 500 + 300 620 = 370 + 250 1400 = 700 + 700 87
4 850 = 550 + 300 573 = 398 + 175 1400 = 700 + 700 135
5 900 = 600 + 300 527 = 427 + 100 1400 = 700 + 700 183
Generation and load in Area | (LoadS/Zen /Zen2) Generation and load in &Area || (LoadBiGen3iGend)
1000 - - : — 1000 - - - ——
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Figure 6.8: Effect of power transfer with constant Gen2 output
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6.4 Summary

In this chapter, the effect of replacing an SG by a DFIG on the inter-area mode of a simple
power system has been investigated.

Participation factor analysis confirmed that the inter-area mode is contributed by the
state variables of the synchronous machines only. Hence, the change in damping is more
to do with the removal of the synchronous machines than with the introduction of the
DFIG.

Different test cases showed that the damping ratio is either improved or deteriorated
depending on the operating point of the area-equivalent SG before and after replacing one
of the SG within that area by a DFIG. The change in dynamics can be explained in terms
of change in damping torque of the area-equivalent SG before and after replacement. If
the area-equivalent SG is operated closer to its limits after replacement, the damping ratio

will be less.
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Chapter 7

Conclusion and future work

7.1 Conclusion

In this work, the dynamical behaviour of the DFIG has been analysed. Eigenvalue analysis
was chosen as the study method to obtain an analytical interpretation of observations
reported in the literature from experimental studies and time domain simulations studies.

The first part of the thesis reviewed in detail the modelling of the DFIG components
relevant for the power system dynamics. The second part presented the analysis of the

DFIG behaviour. Four contexts were considered:
e Steady-state behaviour
e Open-loop behaviour
e Closed-loop behaviour
e Interaction with sychronous machines

The results of the analysis provided insight regarding the modelling adequacy of the
DFIG, the control tuning of the controllers and its impact on the oscillatory stability of
the power system.

The effects of the closed-loop controls on the modelling adequacy were investigated
by comparing the eigenvalues of the SCIG and DFIG. From the observations it was con-
cluded that for the SCIG which operates at very small positive slip, a simplified electro-
mechanical model whereby stator dynamics are neglected was adequate. For the closed-

loop controlled DFIG, the controllers effectively separate the mechanical frequencies
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from electrical ones and there is no electro-mechanical mode. As opposed to the open-
loop control case, the oscillatory properties of the DFIG with closed-loop controls are not
significantly sensitive to the rotor speed. From the eigenvalue analysis, stator transients
are associated with real eigenvalues far away from the imaginary axis in the left half
plane, whereas the high frequency electrical mode is associated with the rotor electrical
transients. As a result the model of the DFIG with closed-loop controls can be further
simplified by neglecting both stator and rotor electrical transients. The response of the
simplified DFIG model is thus determined by the dynamics of the controllers and me-
chanical parts. For power system stability studies where the interest is in lower frequency
oscillations this was shown to be adequate.

Speed variability is possible due to the ac-dc-ac converter in the rotor circuit required
to produce rotor voltage at slip frequency. Using a back-to-back converter allows bidirec-
tional power flows and hence operation at both sub- and supersynchronous speed. For-
mulating the control algorithm of the converters in a synchronously rotating frame allows
decoupled control of the generator speed (or active power) and terminal voltage (or reac-
tive power). When tuning the RSC controllers, stator transients should be considered and
model simplification for stability studies should be done only once a set of appropriate
control gains has been obtained. The reason was shown be the fact that when neglecting
stator transients, it is possible to find PI-gains giving stable result for simplified DFIG
models, but unstable for the full order model (where stator and rotor electrical transients
are represented) which reflects more realistic situations. To address the issue, a tuning
procedure of the RSC was formulated to ensure stable stator and rotor electrical dynam-
ics.

The effect of replacing SGs by DFIGs on the oscillatory stability of the power system,
was investigated by observing the low frequency mode of the synchronous machines in a
generic two area power system model. The results showed that the oscillatory dynamics
of the power system depend significantly on the operating point of the SGs. Using a
DFIG instead of an SG may improve or deteriorate the inter-area mode damping ratio
depending on the operating point of the equivalent SG before and after replacement. If

the area-equivalent SG is operated closer to its limits after replacement, the damping ratio
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will be reduced. In addition participation factor analysis confirmed that the inter-area
mode is contributed by the state variables of the synchronous machines only. Hence,
the change in the IAM location is more related to the removal of the SG (removal of its
synchronous inertia, damping and synchronizing torque contribution) rather than to the

addition of the DFIG.

7.2 Future work

The following points are identified as potential future work based on the results of the

present thesis:

e Analysis of the dynamical behaviour of a multi-DFIG wind farm: The interests
would be to identify the dynamics that determine the overall behaviour at the com-
mon point of coupling, the effect of unequal wind speed distribution on the mechan-
ical and electrical power variation within the wind farm, the cases in which these
dynamics would be relevant (e.g. voltage control, power extraction optimisation)

and when they would need to be controlled.

e Control design with advanced control algorithm: In this thesis linear PI-controllers
were assumed and simulation results showed satisfactory response. One could in-
vestigate how non-linear control algorithm improve the behaviour of the DFIG and

whether the increase in complexity leads to much improved behaviour.

e Laboratory or field validation: this would be more relevant for testing complex
control algorithm to show the feasibility and validate the benefit with respect to

simpler alternatives.

e Control design with additional objectives e.g. to take into account the effects of

intra-wind farm phenomena, PSS functionality, Q/V-droop feature.

Further analysis of power system oscillatory stability was not mentioned as it was shown
that for such studies the dynamics of the DFIG are not essential, i.e. in such studies

the focus would be on the SGs instead. Other areas of power system stability such as



7.2 Future work 207

voltage stability requiring fault-ride through capabilities from the DFIG and fault studies

are indeed very topical. In such studies, the focus would be on the control design.



Appendix 1: DFIG parameters

System base values:

B base frequency = 50 [Hz]

Wel electrical base speed = 27 f5 [rad/s]
Spwt Wind turbine base power = 5 [MVA]

Initial condition for loadflow (in [pu] on machine base):
Bus 1 (DFIG)=PVbus Vi, =10r0.9, P, =0.340r0.9
Bus 3 = infinite bus Ve =0.98 0r 0.88, 05 =0
Line 1-2 =transfo X = 0.05
Line 2-3 = line R =.0075, X = .03, y.r, = .0145833
DFIG parameters ([pu] on machine base):

s synchronous speed = 1 [pu]

m mutual inductance = 4 [pu]

w
L

L stator inductance = 1.01 L,,
L,, rotor inductance = 1.005 L,

R, stator resistance = 0.005 [pu]
R, rotor resistance = 1.1 R,

Ry =R;+ Ry

Ry = KrQnrrRT

Kmr‘r = Lm/er

L; = Lss - Lmerr

Tr = er/Rr

H,; turbine inertia = 4 [s]

H, generator inertia = 0.1/,

ks, drive train shaft stiffness = 0.3 [pu/el.rad]

Csh drive train damping coefficient = 0.01 [pu.s/el.rad]

Turbine variables:

A = (w[rad/s] R[m]) / (v,[m/s]) = tip speed ratio

[ blade pitch angle [deg], = 0 deg in subrated conditions
v, Wwind speed [m/s]

Turbine parameters:

208
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Prated
Vwrated

Cp(A, )

Cpmaa:

)\opt
R

P

turbine rated power = 5 [MW]
rated wind speed = 15 [m/s]
performance coefficient

=1 (52— 555 — B - B — ) .
... exXp (/\;Zﬁ + 5;5:’1) + ¢\
C1 = 05176, Cy = ]_16, C3 = 04, Cy = Cy = O, Ceg — 5,
cr =21, cg = 0.08, cg = 0.035, ¢19 = 0.0068, see [108]
maximum value of C}, when 3 is 0 deg, = 0.48
tip speed ratio when C), is Cpa0, = 8.10
blade length [m]
— \/Pratecd W 050 Coaa 0y o) = 40.05 [mm]
air density = 1.225 [kg/m?]

The rated rotor speed is chosen as the synchronous speed, hence:

Mpp
Wrrated
Wtrated

generator pole pairs number = 2

generator rated speed (mechanical) [rad/s] = we; /)
turbine rated speed [rad/s] = vyrated Aopt/ R

gearbox ratio = Wyrated/Wirated = H1.78

turbine base torque = 1y, Py ated/Wrrated

= 0-5P7TR5Cpmaaﬂwgrated / ()\gptprated)
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Appendix 2: Gershgorin Theorem

Gershgorin theorem states that the eigenvalues of a complex matrix A will be located in
the regions of the complex plane defined by a set of disks [130]. The disks have as center
the diagonal elements of A and as radius the sum of the magnitude of the off-diagonal
elements in a same row (or same column). If the disks form two disconnected sets, the
number of eigenvalues in each set is the number of disks in the set. As an example, the

following 2x2 matrix is considered:

a;n a
A= 712 (7.1)
G21 Q22
The eigenvalues of A are in the union of the disks D, (center a1, radius |ai2|) and
D, ou (center ags, radius |as |), or equivalently in the union of the disks D.,;; (center a;;,

radius |ag;|) and Do (center asy, radius |ajs|). If A is transformed to B = T AT,

where

a1
a22

0 1 az1

ai2

a1 22

the eigenvalues are the same and the Gershgorin disks are identical row-wise and column-

wise (same radius): [); has center a;; and radius \/W , D5 has center a9 and radius
\/m . If the distance between the disks centers is sufficiently large, i.e. if |a;; —
aga| > ZM , D1 and D, are disconnected. If in addition a4, is large and negative,
D, is completely in the LHP as illustrated in Fig. 7.1.

For the closed-loop DFIG full-order model the elements in the first two rows of A,
(corresponding to the differential equations of 7,, and ¢4,) have larger magnitudes than
the elements of the remaining rows (due to the factor w,; /L, where L’ = L% — L2 /L,,

is very small). This means that the Gershgorin disk centers a;; and asy (corresponding
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Figure 7.1: Gershgorin disks of the 2x2 matrix B = T 'AT

to the rows and columns of ¢,, and i4,) are far from the remaining centers. They can be
in the LHP or RHP depending on the control parameters. By imposing a;; < —7} and
age < —T5 (1.e. by imposing the disk centers to be far in the LHP), a transformation 7" can
be found so that the Gershgorin disks of B = T~' AT is made of two disconnected sets,
one of which contains a1; and ayy and is completely in the LHP. This ensures that stator
dynamics are stable. The other set of disks is closer to the imaginary axis and covers
partially the RHP. The corresponding eigenvalues are the mechanical modes of the DFIG

which are stable and hence in the LHP.



Appendix 3: Two-area power system
parameters

System base values:

fB base frequency = 50 [Hz]

Wel electrical base speed = 27 f5 [rad/s]

Spsys ~ system base power = 100 [MVA]

Spgen1  base power of generator at bus 1 = 1000 [MVA]
Spgen2  base power of generator at bus 1 = 500 [MVA]
SBgens  base power of generator at bus 1 = 1000 [MVA]
Spgena  base power of generator at bus 1 = 500 [MVA]

Transformer parameters in [pu] on machine base:

Line 1-7 = transfo
Line 3-11 = transfo
Line 2-9 = transfo
Line 4-10 = transfo

X =0.15
X =0.15
X =0.15
X =0.15

Line parameters in [pu] on system base:

Line 7-9 = line
Line 10-11 = line
Line 9-5 = line
Line 6-10 = line
Line 5-8 = line
Line 5-8 = line
Line 5-8 = line
Line 8-6 = line
Line 8-6 = line
Line 8-6 = line

R =.0025, X = .02, y.,, = .04375
0025, X = .02, yo, = .04375
001, X = .01, yop, =
.01, Yeh =
11, Yeh =
11, Yeh =
11, Yeh =
11, Yeh =
11, Yeh =

R:

.001,
011,
011,
011,
011,
011,
011,

X

[SRSESRRTReY

11’ Yeh

0175
0175
1925
1925
1925
1925
1925
1925
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SG parameters in [pu] on machine base [49]:

R, 0
X, 18
X, 03
X, 17
X! 0.55
T, 8

T, 04
H 65

SG exciter in [pu] on machine base:
Kg Tg Asat bsat Ka Ta K Tr T Tc

DCIA self [49] * 036  .0056 1.075 20 0.055 0.125 1.8 - -
DCl1A sep [121] 1 0.314 .0039 1555 20 0.2 0.063 035 - -
DC2A [132] 1 1.33 .0373 1.1435 300 0.01 0.1 0.675 - -
ST1A [132] - - - - 200 - - - 10 1

1. DC-Exciters

DC-exciters are nowadays rarely employed. In Great Britain, the last one was decom-
missioned in the early 70s. In the US and the rest of the world, a large number were still
in use in the early 90s [132]. DC-exciters are classified into three categories according to

the type of regulator they use [132]:

e DCIA: continuous regulation with mechanical and rotating amplifiers (self or sep-

arate).
e DC2A: continuous regulation with solid-state amplifiers (most advanced)

e DC3A: discontinuous regulation (most archaic)

The oldest DC-exciters had non-continuous regulators (DC3A). Then with the devel-
opment of mechanical and rotating amplifier equipment, continuous regulators appeared
(DC1A). Finally, solid-state devices allowed a third generation of DC exciters with larger
regulator limits (DC2A). A typical model of DC-excitation system with automatic voltage

regulator is shown in Fig. 7.2 [132]. The main components are:

e Exciter: rotating DC-machine with iron saturation (K g, T, Sg)
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e Regulator: amplifies the voltage error signal (K 4, T4)

e Exciter system stabiliser: seldom used when transient gain reduction is used [133]

(KF7 TF)

e Transient gain reductor: normally the lead time constant (7¢) is smaller than the
lag time constant (7z) so that the effect is to reduce high frequency gain [133];
otherwise T’z and 7T represent equivalent time constants inherent to the voltage

regulator [132]

e Transducer: senses the terminal voltage (1)

+&‘vﬁ'_ 1+sTe w.:'_ Ka | W e 1 = .
_ 1+5Th 14+5Tx _ KetsTE
Wy = Brg Se{Bra) 4
VF sk
1+STF

Figure 7.2: Slow exciter: DC-type exciter model

The output of the system is the field voltage £'r4. The inputs are the terminal voltage
Vi, the PSS signal Vg if applicable, and the reference set point V,.;. The system in Fig.
7.2 has 5 states variables:

Et4 = DC-machine state

Vr = regulator state

R; = (Kp/Tr)E;q— Vp = exciter system stabiliser state referred to as rate feedback

rrgr = AV, — (T /Tg)AV; = transient gain reductor state

Ve = voltage transducer and/or load compensator (not shown) state

The corresponding differential equations are:
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dEfa/dt = (1/Tg)(=Eta+ Kp(Vr — V2))

dVg/dt = (1/T4)(—Vr + K4AV,)

dRy/dt = —R;/Tr + (Kp/T#)FE}q

dxrre/dt = —xrra/Te + (1/TB)(1 — T /T)AV;

dVe/dt = (1/Tr)(—Ve + V)

In steady-state, V» and Vg (outputs of the exciter system stabiliser and PSS respec-
tively) are zero. The TGR time constants Tz, T are usually small enough to be ne-
glected [132]. The exciter gain is Kz = 1 when the exciter system is separately excited.
For self-excited excitation system, K is computed so that Vi = 0; however if Kg is
given, a fixed shunt field rheostat is assumed and Kz should not be recomputed [132].
Self-excited exciters are more common [49]. In the present work, the delays of the volt-

age transducer are considered as negligible, there is no load compensation, and no PSS.

2. Static exciters
In static-type exciters, the excitation voltage (and sometimes current) is rectified by
controlled or non-controlled rectifiers. Static-type exciters are classified into three cate-

gories according to the type of rectifier they use [132]:

e ST1A: potential-source controlled rectifier
e ST2A: compound-source (V' and I) rectifier

e ST3A: potential or compound-source rectifier with voltage control loop (field volt-
age control linearises exciter control and makes output independent of system dis-

turbances)

Fig. 7.3 shows a typical model of fast excitation systems with transient gain reduction

(TGR) [132]. The main components are:

e Automatic voltage regulator (K 4, T'4)

e Filter for transient gain reduction (7, 1's)



7.2 Future work 216
e Filter for transient gain increase (11, 1’31) - more rarely employed
e Transducer for terminal voltage measurement and/or compensation (71z)
e Transient feedback stabilizer (K, TF) - seldom used when TGR is used
e Field current limiter (K1 ) - optional
"‘-"",':41-.3.(
! Efl:h'uax
T+sT A K YR /
o 5 2 + >
145Tgy T+5Tp _ Iy Eq
7 Etamin
W eriin K
Fy
lig i ILr

Figure 7.3: Fast exciter: Static-type exciter model

In static excitation systems, the excitation power comes from the generator terminal

or auxiliaries through transformers and regulated by rectifiers. The maximum excitation

voltage (Ft4maz) depends directly on the generator terminal voltage and also on the field

current. When limits are modelled, the positive limit can be represented as a linear func-

tion of /4. For the negative limit, the I;; term would not be included. The exciter time

constant 7’4 is very small, so that exciter stabilizer may not be needed. Usually, TGR is

used in either forward path (7>, Tz) or feedback path (K, 7). For most systems, the

way the firing angle is derived results in a linear input output relationship for the voltage

regulator (K 4). Static-type exciters have very high forcing capability with high ceiling

voltage. An additional field current limiter may be required to protect the exciter and

generator rotor.
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