energies MBPY

Article

Generic Type 3 Wind Turbine Model Based on IEC
61400-27-1: Parameter Analysis and Transient
Response under Voltage Dips

Alberto Lorenzo-Bonache *, Andrés Honrubia-Escribano ! /, Francisco Jiménez-Buendia ?,
Angel Molina-Garcia 3 ©/ and Emilio Gémez-Lazaro !

1 Renewable Energy Research Institute and DIEEAC-EDII-AB, Universidad de Castilla-La Mancha,
02071 Albacete, Spain; andres.honrubia@uclm.es (A.H.-E.); emilio.gomez@uclm.es (E.G.-L.)

Siemens Gamesa Renewable Energy, S.A., 31621 Pamplona, Spain; fjimenez@gamesacorp.com
Department of Electrical Engineering, Universidad Politécnica de Cartagena, 30202 Cartagena, Spain;

angel.molina@upct.es
*  Correspondence: alberto.lorenzo@uclm.es; Tel.: +34-967-599-200 (ext. 96259)

Received: 31 July 2017; Accepted: 14 September 2017; Published: 19 September 2017

Abstract: This paper analyzes the response under voltage dips of a Type 3 wind turbine topology
based on IEC 61400-27-1. The evolution of both active power and rotational speed is discussed in detail
when some of the most relevant control parameters, included in the mechanical, active power and
pitch control models, are modified. Extensive results are also included to explore the influence of these
parameters on the model dynamic response. This work thus provides an extensive analysis of the
generic Type 3 wind turbine model and provides an estimation of parameters not previously discussed
in the specific literature. Indeed, the International Standard IEC 61400-27-1, recently published in
February 2015, defines these generic dynamic simulation models for wind turbines, but does not
provide values for the parameters to simulate the response of these models. Thus, there is a pressing
need to establish correlations between IEC generic models and specific wind turbine manufacturer
models to estimate suitable parameters for simulation purposes. Extensive results and simulations
are also included in the paper.

Keywords: DFIG; generic model; IEC 61400-27; model validation; study of sensitivity; standard model;
wind turbine

1. Introduction

During the last decade, the integration of renewables into power systems has increased considerably,
mainly due to successful policies and substantial investments. Indeed, according to [1], renewables are
essential to achieve long-term climate targets; reaching a 30% share by 2030 should be sufficient to
prevent global temperatures from rising more than 2 °C above pre-industrial levels. Currently, of the
different technologies, wind and solar Photovoltaics (PV) are, globally, the fastest-growing sources of
electricity and offer technologically-mature and economically-affordable solutions [2]. In this scenario,
the International Energy Agency (IEA) roadmap targets a 15-18% share of global electricity from
wind power by 2050, a notable increase of the 12% aimed for in 2009 [3]. This increasing share of
wind power has created the need for wind turbine (WT) and wind power plant (WPP) models to be
used in power system stability analysis. However, conventional electromagnetic transients simulation
(EMTS) models proposed by wind turbine manufacturers fail to satisfy the current needs demanded
by Transmission System Operators (TSO) for these power system stability analyses; mainly due to the
models being complex, highly detailed and generally confidential. In fact, these manufacturer models
usually simulate the behavior of all of the internal components of the wind turbine, and hence, a large
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number of parameters is required to achieve accurate simulations, as well as high computational time
costs or even specific software for their simulations [4,5]. Therefore, it would be desirable to propose
efficient and flexible simulation models that respond to TSO requirements [5,6].

To solve this issue, international institutions worldwide are developing new generic models,
also known as standard or simplified models, defined by a limited number of parameters [7,8].
These models are available for any specific simulation software to simulate wind turbines integrated
in the grid. The International Electrotechnical Commission published the first version of the Standard
IEC 61400-27-1 [9] in February 2015, where these generic wind turbine models were initially defined. This
standard classifies the different topologies of wind turbines into four types, representing the majority of
wind turbines installed in power systems. The four types of wind turbine generators, which are mainly
differentiated by the generator, are: (Type 1) wind turbines equipped with an asynchronous generator
directly connected to the grid (usually squirrel-cage) [10]; (Type 2) wind turbines equipped with
an asynchronous generator with a variable rotor resistance, directly connected to the grid; (Type 3) wind
turbines equipped with a Doubly-Fed Induction Generator (DFIG), with the stator directly connected to the
grid and the rotor connected through a back-to-back power converter; (Type 4) wind turbines connected to
the grid through a Full-Scale power Converter (FSC) [11].

These dynamic models are suitable to be tested even under transients, such as switching of power
lines, loss of generation or loads, balanced faults, voltage dips, etc. [12,13]. In this work, the generic
Type 3 WT model facing a three-phase voltage dip will be tested. These balanced faults are not
the most common, but they represent the worst-case dimensional scenario. However, the study of
unbalanced faults also constitutes a very interesting case for DFIG and FSC wind turbines (Types 3
and 4, respectively), but currently, the wind turbine models specified in IEC 61400-27-1 are only for
fundamental frequency positive sequence response. In [14], field measurements from a 52-MW
wind power plant are used to validate an IEC Type 3 wind turbine model with a wind turbine
level voltage controller and with a wind power plant level power factor controller. Nevertheless,
in the specific literature, there are few studies on the values of parameters to be used for simulation
purposes [15,16]. Moreover, the recent publication of the standard, as well as the constraints of the
wind turbine manufacturers [17] have led to the need to conduct studies that provide parameter values
and simulation results [18], thus allowing the adjustment of the generic wind turbine and wind power
plant models by both researchers and institutions [19,20]. Finally, the contributions of the authors
presented in the present work may be considered by the International Electrotechnical Commission for
inclusion in Edition 2 of IEC 61400-27-1, which is currently under development and is intended for
publication in 2018.

Considering previous works and current TSO requirements, this paper describes a generic
Type 3 wind turbine model developed in MATLAB/Simulink based on the IEC 61400-27-1 standard.
The parameters of the model have been estimated to provide a dynamic response under voltage
dips. Additionally, the results have been compared to those of other studies and simulations by
manufacturers [21-23]. Extensive simulations have been conducted, modifying the parameters and
discussing their effects on the wind turbine response in terms of active power and rotational speed.
The contributions of the current paper focus on: (i) providing public parameter values and simulation
results of a generic Type 3 wind turbine model; (ii) analyzing the influence of the parameter variations
on the dynamic wind turbine response under voltage dips and describing the process of model tuning;
(iii) contributing to the development of Edition 2 of IEC 61400-27-1.

The rest of the paper is structured as follows: Section 2 introduces the main characteristics of the
DFIG wind turbine topology, the details of its implementation in MATLAB/Simulink and describes
the methodology. Section 3 discusses the simulation results related to the mechanical two-mass model,
and the influence of the control system parameters is studied in Section 4. Section 5 analyzes the effects of
varying the parameters of voltage dips on the model’s response. Finally, Section 6 presents conclusions.
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2. IEC 61400-27-1 Type 3 Wind Turbine Model

According to the classification presented in the previous section, Type 3 is currently the most
widely-used topology. Indeed, around 45% of the wind turbines installed in Europe are of this type [24].
Type 4 wind turbines are increasingly being integrated into new wind power plants, mainly due to
their control and stability advantages. as well as the reduction in electronic component cost. Thus,
both types of WTs constitute an interesting field of study. In this sense, due to the benefits of using
a full power converter, from the TSO point of view, the performance of Type 4 is simpler than Type 3.
In fact, the standard Type 4 WT model can be considered a simplified Type 3 model. Consequently,
this paper focuses on a Type 3 wind turbine generic model from a more general perspective.

2.1. MATLAB/Simulink Implementation of the Type 3 WT Model

Figure 1 shows the general structure of the generic Type 3 WT model implemented in
MATLAB/Simulink (The MathWorks, Inc, Natick, MA, USA). This model has been developed
following the guidelines provided by IEC 61400-27-1 [9] and represents one of the first implementations
in MATLAB/Simulink in the scientific literature. The dynamic performance depends on both active and
reactive power references, pwr e and Xy s, respectively, as well as two further control parameters
setting the reactive power control mode (MgG) and the response under voltage dips (MqgUVRT).
A two-mass model is used to simulate the mechanical interactions between high and low speed
shafts. The wind turbine rotor (along with the blades) and the electrical generator are modeled by
their inertia parameters. They are coupled by a spring with a certain stiffness and a damper with
a damping coefficient. These parameters have a significant effect on the active power (Pyr) and
generator rotational speed (wyTR). Further information can be found in Section 3.

With regard to the electrical generator model, Type 1 and Type 2 use an electrical generator model
derived from the simulation software. However, and in line with IEC 61400-27-1, the generic Type 3
model is composed of a conventional block diagram. The voltage input is considered as a balanced
three-phase voltage input, defined by both magnitude and phase, instead of using a three-phase source,
as can be seen in the lower left side of Figure 1 (uWT,Mﬂg and uWT,phﬂse)
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Figure 1. Generic Type 3 WT model: MATLAB/Simulink implementation.

The electrical generator system is a simplification based on [25,26], including the power converter
dynamics; see Figure 2. It is mainly commanded by an active and a reactive current signal provided
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by the control system. Moreover, the corresponding IEC Standard divides the Type 3 generic model
into two types depending on the Fault Ride-Through (FRT) solution adopted [5]: (i) Type 3A, with no
protection system to avoid the disconnection of the wind turbine under voltage dips [27]; (ii) Type 3B,
including a crowbar protection system to avoid over-currents under voltage dips, thus preventing
power converter damage. In the generic Type 3B model, this crowbar system multiplies the current
references of the generator by zero for a certain period of time, when the variation of the voltage goes
beyond a certain limit [18]. Taking into account that this protection system is commonly used by wind
turbine manufacturers to meet the mandatory grid codes in Europe [28], the model implemented in

this paper is Type 3B.
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Figure 2. Generic Type 3 WT model: electrical generator system.

Figure 3 shows the control system, also included in Figure 1. The control system of the generic
Type 3 WT model does not represent the actual controller of the WT, which sets the references
to the Rotor-Side Converter (RSC) and the Grid-Side Converter (GSC), but provides the current
command signals to obtain an accurate response of active and reactive power, observed from the grid
side. This control system is composed of five control subsystems. Active power and pitch control
systems are discussed in detail due to their influence on Py and wwrgr, which are the main variables
analyzed in this work. The reactive power control system (Q control) provides the reactive current
reference (iqcmd> , used as an input to the electrical generator system according to reference xwref
and the reactive power control mode (voltage control, reactive power control or power factor control).
Both the current and reactive power limitation control subsystems set the maximum and minimum
currents and reactive power values that the wind turbine is able to provide, according to parameters
such as voltage or active power.

Finally, the influence of the pitch blade angle on the wind power absorbed by the wind turbine is
modeled by the aerodynamic model; see Figure 4. It is a one-dimensional model where P, is the active
wind power (in pu) modeled by a constant parameter (P,¢ in Figure 1). This parameter, in accordance
with IEC 61400-27-1 [9], is kept constant during the simulation.
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Figure 3. Generic Type 3 WT model: control system.
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Figure 4. One-dimensional aerodynamic model.

2.2. Simulations Conducted for the Parameter and Transient Response Analysis

This paper aims to analyze the active power (Pyr) and the rotational speed of the wind turbine
rotor (wwrRr) submitted to voltage dips when the IEC 61400-27-1 Type 3 model parameters are
modified. Specifically, the mechanical two-mass model and the active power control and the pitch
control systems have been modified, and their corresponding responses have been analyzed. Parameter
values and variations are summarized in Table 1. A reference value for each parameter has been defined
in order to obtain a benchmark system. Subsequently, each parameter can be set to a lower and a higher
value than the corresponding reference. The Type 3 WT model’s responses under voltage dips for the
different parameter values are depicted in the same axis to compare the influence of these variations
on the active power and rotational speed evolution along the transient. The values of these parameters
do not follow a physically-based pattern. They have been selected to clearly represent different
performances in order to provide guidelines for Type 3 model adjustment under certain simulation
conditions. For example, conventional values of Hyrr are usually from 5 s to 15 s.

The simulations carried out by the authors are based on a balanced three-phase voltage dip,
with a duration of 0.2 s and a residual voltage of 0.1 pu. This voltage dip has been considered in order
to follow the guidelines provided by IEC 61400-21 [29], which consider a three-phase voltage dip with
a residual voltage of 0.2 £ 0.05 pu with a duration of 0.2 s. Moreover, the voltage dip considered is



Energies 2017, 10, 1441 6 of 23

more severe than this reference in order to be included within the guidelines of the recently-published
Commission Regulation (EU) 2016/631 [28], which considers the minimum voltage of 0.05-0.30 pu
with a duration of 0.14-0.25 s for the most restrictive conditions.

Steady-state conditions are considered before these transients. An additional 1-s time interval
before the dip is also shown in the simulations to represent the previous steady-state values.
As a preliminary finding, the benchmark response of the initial system values is shown in Figure 5.
This response represents the dynamic response of the Type 3 WT model under the voltage dip.
Parameters from the initial benchmark system have been adjusted to be in line with the results
published in previous works [18,22].

Table 1. Parameter values of Type 3 WT: references and variations.

System Parameter Ref. Value Var.Range
Hyyrr-Inertia constant of WT rotor (s) 10 [510 25]
Hgep-Inertia constant of generator (s) 1 [0.313]
Two mass model
kgy4-Drive train stiffness (pu) 100 [20 100 500]
C4p¢-Drive train damping (pu) 0.5 [0.20.51]
KPp-PI controller proportional gain 6 [0.5 6 10]
Active power control  KIp-PI controller integration parameter 3 [0.3 3 24]
Kprp-Gain for active drive train damping 0.5 [0 0.5 3]
K1I,,-Speed PI controller integration gain 50 [10 50 500]
KP,-Speed PI controller proportional gain 200 -
Pitch control KI.-Power PI controller integration gain 10 [110 40]
KP,-Power PI controller proportional gain 10 -
KPx-Pitch cross coupling gain 0 [00.1]
1.035

o
=3

Active power (pu)
o
o

3
=

02

o 2 4 6 8 10 12 1% 1 18 2 0 2 4 6 8 1 1 14 1 B 2
time (s) time (s)
(a) Benchmark system active power (b) Benchmark system wy g

Figure 5. Benchmark response of Type 3 WT: reference parameters.

3. Mechanical Parameter Analysis under Voltage Dips of the Type 3 WT Model

Standard IEC 61400-27-1 establishes a mechanical two mass model to simulate the interaction
between high and low speed shafts [30]. Both shafts are coupled by a spring with a certain stiffness
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(kgyt) and a damper with a certain damping coefficient (c4). The wind turbine rotor and the electrical
generator are represented by their inertia coefficients (Hyrg and Hgen, respectively). A representation
of this relationship is shown in Figure 6. Both shafts rotate with a certain speed (wyrg and wgen)
and are subjected to a torque. The wind turbine rotor torque (Twrr) represents the mechanical
aerodynamic torque of the wind. The electrical generator torque (Tye,) represents the electromagnetic
torque. The expressions to describe system performance are the following [31]:

dwwrr
2HwTR -

T Twrr — kart - (Ogen — OwWTR) — Cart - (WWTR — Wgen), (1)
dwgen
Zngn : T = —Tgen + ke - (Qgen - QWTR) + Cart (WWTR - wgen)- (2)
HWTR" Kart Hgen
TWTR@ Tgen
Wwrr wgen

Cdrt

Figure 6. Physical representation of the two mass model.

Figure 7 shows the mechanical system implemented in MATLAB/Simulink. Mechanical wind
power (Puero = wwrr - Twrr) obtained from the aerodynamic model and electrical active power
(Potec = wgen - Tgen) obtained from the generator system are considered as the inputs of the system.
The variation of the four parameters that define this system (Hywrgr, Hgen, kg and cg¢) modifies
the response of the overall system in terms of Pyt and wyrr response. Subsequently, the influence
of these parameter variations on the Type 3 WT response under voltage dips is analyzed during the
transient, considering the parameter values given in Table 1.

WWTR (pu)

»

(1)—»x

Paero TwTR

Wgen

wgen (pu)

Figure 7. Two mass model implemented in MATLAB/Simulink.

Figure 8 shows the Pyt and wyr dynamic response under a voltage dip when Hyyrr is modified
according to Table 1. Hyr variations do not have a significant influence on the active power response
(see Figure 8a), reducing the oscillation frequency and the over-response before the new steady-state
conditions. As can be seen in Figure 8b, wyr oscillations are clearly affected by the Hyrg parameter
variation, presenting an inverse relation with wyrr frequency and oscillations.
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Figure 8. Hyyrg parameter analysis: Pyt and wygr evolution under a voltage dip.

The transient response of the system when the Hge, parameter is modified is shown in Figure 9.
The increase in this parameter makes a considerable contribution to the oscillations of both Pyt
and wwrr; see Figure 9a,b. The oscillation frequency is inversely proportional to the value of
Hgen. However, the oscillation amplitude proportionally increases with the Hg,, parameter value.
This increasing Hge, also has an effect that is inversely proportional to the oscillation damping.

104
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o
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(a) Active power (Hgen) (b) wwrr (Hgen)

Figure 9. Hge, parameter analysis: Pyt and wwrr evolution under a voltage dip.

The frequency of these oscillations (wosc) can be determined by the following expression [32],

1 1
e T \/kdi’t ‘ (2 : HWTR * 2. ngn ) . (3)

An interval from 1-5 Hz produces usual values for commercial Type 3 wind turbines.
These oscillations are proportional to k44 values and inversely proportional to both Hyyrr and Heey

parameters. However, and considering that the value of Hyrg is usually much higher than one,
its influence can be considered as almost negligible; see Figure 8. In contrast, H., variations clearly
have a notable influence on the transient response, as shown in Figure 9.
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According to Equation (3), the increase in the spring’s stiffness (k;,;) proportionally affects the
frequency of the response oscillations; see Figure 10. This parameter has an important influence on
the active power oscillation amplitude (Figure 10a). Moreover, the k;,; parameter has a much greater
effect than any other parameter under voltage dips. The wyr oscillation amplitude is lower than
kg variations, in an inverse relation with the increasing Hg,, (Figure 10b). Finally, the damping
coefficient variations (c4,+) have no influence on the oscillations, beyond the rate at which they are
damped. Figure 11 shows the active power and rotational speed responses under cg; variations.
The c;,+ parameter can be artificially increased in wind turbines to emulate active damping performed
by real control by means of this “passive damping coefficient” [33].

4
o

3
1015

Active power (pu)
o
(=2

o
=

02

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time (s) time (s)

(a) Active power (kg,t) (b) wwrr (kart)

Figure 10. k;,; parameter analysis: Pyt and wwrg evolution under a voltage dip.

Active power (pu)

o 2 4 6 8 10 12 14 16 18 2 o 2 4 6 8 10 12 1 16 18 2
time (s) time (s)
(a) Active power (cgy¢) (b) wwtr (Cdrt)

Figure 11. c;,; parameter analysis: Pyt and wyrr evolution under a voltage dip.

4. Control Parameter Analysis under Voltage Dips of the Type 3 WT Model

4.1. Active Power Control Model

Active power control is included in the control system of the wind turbine. Figure 12 shows the
block diagram of the active power control model implemented in MATLAB/Simulink. The inputs of
the system are the following:

*  wwrr and wgey: rotational speed values from the two mass model discussed in Section 3.
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PWT,ref: active power reference to be injected into the grid by the WT (manually adjusted).

Pyr: active power obtained from the electrical generator system.

uwr: voltage reference from the electrical generator system.

ip,max: Maximum active current able to be injected into the grid by the WT as determined by the
current limitation system.

%T)R Torque PI
dpmax/dpmin
—> >
@ > / > x »| Te,max
PwT, ref Te,max
y
; _>f > ; et :CDLV Werr Tout —
PwT [ Tons*1 | [ TureS*+1 | ot X
Tpfiltp  Lookup Table ~ Tw_ref re |i|
W(p) > woffset
| Drive train damping|
num(s)
den(s) > ./
Wgen
Kpmo TF DTD p_DTD_max/
u WT -p_DTD_max
'
5) »
ipmax
_’ up 1 4
ol x opy /> S
nflwls ! | ToorgS*1 Pord
lo Saturation Rate Limiter Tp_ord
Dynamic ~ dpmax
Tout

Figure 12. Active power control system implemented in MATLAB/Simulink.

The WT active power is filtered by using Tp_filt. This filter avoids sudden changes in the

reference speed. Moreover, if this constant is set to an extremely high value, it allows keeping a fixed
reference rotational speed during the entire simulation, representing a specific operational model.
This filtered active power reference goes through a look-up table, which represents the rotational speed
at which the generator must rotate when providing a certain active power value. A common look-up
table for this system is shown in Figure 13, as well as a table with conventional values [34]. This table
summarizes four operation zones for a Type 3 wind turbine:

Zone 1, where the minimum rotational speed has been reached (w;_) and consequently cannot
decrease further due to component limits, mainly converter maximum slip.

Zone 2, this operation mode covers the minimum rotational speed (w1_») to the rated rotational
speed, where the wind turbine operates at its maximum power tracking.

Zone 3, operation mode maintaining a fixed rated speed (w3_4) and below the rated active power.
In some cases, instead of a fixed rated rotational speed, there is a linear rotational speed variation
to achieve the rated rotational speed at the rated active power [35].

Zone 4, this last operation mode is set at the rated rotational speed (w3_4) and the rated
active power. Dotted lines included in Figure 13a imply that, under simulation conditions,
the active power reference presents a certain slope, simplifying the model and offering more
stable simulations; although under real control conditions, this look-up table has the two vertical
lines originally indicated.
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These reference look-up tables are conventionally defined by the wind turbine generator
torque [36]. However, the corresponding IEC uses an active power reference. For this reason, the values
provided in this work are related to Py.

The rotational speed reference w;,y is filtered by the Tw_ref, which can present a similar function
to the active power filter (Tp_filt). Differences between wyrr and wy, ¢ are determined, and then,
a rotational speed error is estimated. In order to model real wind turbine controller filters, the IEC
61400-27-1 allows using a first order filter Tw_gen for wge,. Considering that these models of a real
wind turbine only have the drive train resonant frequency as perturbation, this filter is intended to
filter these oscillations. However, the simplicity of a first-order filter as the low pass filter does not
efficiently meet the drive train perturbations. As a contribution of the authors to the future IEC version
to be published in 2018, the new version will include an option to choose between wyyrg and wge, as
an input to the proportional-integral (PI) torque controller. Therefore, wy g is chosen as a simplified
way to determine a wgey filtered value. It is usually associated with the application of drive train
damping. However, wg,y, is used if the drive train damping function is achieved using the torque PI
itself, instead of the drive train damping function Kprp = 0. This wyyTg or wgey, is then considered as
the main input to the torque PI subsystem, as shown in the upper right region of Figure 12. The other
input to the torque PI subsystem is the maximum electromagnetic torque (T, max) to be provided by
the WT. It is determined by the relation between pyr s and wwrg. As an additional contribution of
the authors, the future version of Standard IEC 61400-27-1 [9] to be published in 2018 will also define
the use of wyrr or wy.r going through a filter. However, the oscillations of wyrg are much smaller,
and hence, the performance of the system is more accurate. Taking into account that Standard IEC
61400-27-1 has been developed recently, very few model implementations can be found in the specific
literature, and thus, the current work contributes significantly to the IEC improvements.

Pa ..
Ps|..
— Wrer (pw) Pyt (puw)
>
o
= Py 0
w12 0.7
D_'g P, 0.3
P 0.8
W3_4 1.1 P4 1
P,
P, ‘ ‘
Wi-2 W34
Wrer (Pu)

(a) Look-up table w,, versus Pyt (b) wyer and Py conventional values

Figure 13. Look-up table wy,s vs. Pyt and conventional values.
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Figure 14 shows the torque PI subsystem. This control system gives an output proportional to the
rotational speed error by adding the minimum between:

e A ramp with a constant slope defined by the parameter dtau_max. This ramp function is only
used under voltage dip conditions.

*  The torque output filtered by an integral controller with a constant estimated as KI,/KP.

Te,max

D,

Tout

>
dtau_max 1o

Te,min

@ Tor b_’

Klp/KPp o
Te,min

n|=

n|=

Figure 14. Torque PI system implemented in MATLAB/Simulink.

The T+ output is saturated between T, ax/ T, min, returning to the main control system.
This torque is multiplied by the generation rotational speed, obtaining an active power signal. The rate
active power and the value of this signal is saturated and filtered, and then, the active power command
signal, which is used by the rest of the control systems, is obtained [37]. An additional signal from
the Drive Train Damping (DTD) system is added to the estimated output [32]. This control system
provides an electrical torque accounting for the natural damping by considering speed differences
between both low and high speed shafts. It is modeled through a second-order transfer function
as follows,

2-§-wprp s

$2+2-&-wptD -S—|—w2DTD’

4)

TFprp =

where wptp is determined as the frequency of the two mass model oscillations; see Equation (3).
This system thus compensates the mechanical oscillations by adding an oscillating electrical power
and then producing a highly efficient damping effect.

Figure 15 shows the effects of the KPp parameter of the torque PI controller. The decrease in this
proportional parameter involves a more under-damped behavior with higher overshoot. This behavior
increases due to the inverse influence of KPp in the integral gain of the controller. The responses of
the system when parameter KIp is modified are shown in Figure 16. Increasing KIp produces a more
oscillating response. The overshoot in wyy TR is decreased for higher KIp values, although the active
power response is oscillating much more.
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Figure 16. KIp parameter analysis: Pyt and wyrg evolution under a voltage dip.

Figure 17 shows the active power and wyr responses when the DTD system is not considered
(Kprp = 0). The influence of the DTD system can be easily observed, damping the oscillations at
a high rate. The second-order transfer function used to model this subsystem constitutes a band-pass
filter, the tuning frequency of which is the natural frequency of the mechanical system. The addition
of an oscillating active power with this frequency dampens the natural oscillations caused by the
interaction between high and low speed shafts. Figure 18a shows a Bode Diagram of this transfer
function for the original system parameters, which involves a natural frequency wprp = 7.4162 rad/s.
As the input to the transfer function is wgey itself, the harmonic components of this frequency are
almost negligible, and thus, the TF damping coefficient is not of great importance in the response
of this system. This absence of harmonic components also implies that, in the case of a bad tuning
in the frequency of the TF, the filter will not allow the oscillation to pass through, and hence, the
effect will be equivalent to reducing Kprp to zero, thus deactivating the system. Figure 18b shows
(wgen — 1); the mean value of 1 pu is subtracted in order to compare between the DTD system output
and the output from the band pass filter. Both signals have the same frequency, and the band pass filter
also dampens the acceleration due to the voltage dip. Under steady-state operation conditions, the
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output of this subsystem is considered as zero. The filter output is saturated and directly considered as
an active power signal added to the active power obtained from the torque PI subsystem output.
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Figure 17. Kpp parameter analysis: Pyt and wwrgr evolution under a voltage dip.
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Figure 18. Bode diagram. DTD system response.

This active power constitutes the main output of the Pr;,; system (p,,4). The active current input to
the electrical generator system is then estimated by dividing p,,; by the voltage signal. An alternative
method can be considered using wg,, instead of wwrr as torque PI input, and with Kprp = 0.
However, this option has some drawbacks:

*  The oscillation amplitude is larger since KIp is significantly higher than Kprp, and thus,
the system may become unstable.

e  The drive train oscillation is delayed by the Tp_ord filter, which models the converter time
response. The addition of this phase to the system means the drive train damping is less efficient
than if the drive train damper function injects after Tp_ord.

4.2. Pitch Control Model

The pitch control model is mainly formed by the addition of two PI controllers, usually depending
on the WT rotor rotational speed and the active power reference provided by the active power control
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model [38,39], wwrr and p,.4 respectively in Figure 19. A cross-coupling between both controllers is
considered as a proportional gain KPy commonly included by manufacturers to obtain more robust
WT control.

anti windup integrator

D.8 (IEC)
(speed)
[ X
Klw Fma] Fmaxy
Fmin
> K-
KPw anti windup integrator
D.8 (IEC)
(power)
g I Pitch
Kic Fmaxy v pitch
Fminp Fmin @_}
+ X Fmax KCcmax!
Fmin Kemin]
L »k-
first order filter
KPc with limitation detection

D.10 (IEC)

Figure 19. Pitch control model implemented in MATLAB/Simulink.

Figure 20 shows the first order filter with limitation detection (D.10) system. Highlighted relational
operator blocks represent two comparison blocks. According to IEC 61400-27-1 [9], these comparison
blocks are >. However, if the equal sign is kept in the blocks, the anti wind-up protection system
will be active under normal operation, due to the pitch rate limit not actuating, and hence, its inputs
and outputs will be equal. When the anti wind-up protection system performs properly, the signals
Fax and F,;,, are activated either when the pitch rate is too high or too low, respectively, or when the
pitch value itself is higher or lower than the maximum and minimum WT pitch. This modification
proposed by the authors is currently under study to be included in the second edition of IEC 61400-27-1,
which is expected to be issued in February 2018.

& —> /- NGD)
X A ) ) pitch
1/Tpitch dpitch_max / pitch_max /
dpitch_min pitch_min

itch_min
i >
KI—I/ Fmin

Figure 20. First order filter with limitation detection (D.10) implemented in MATLAB/Simulink.

The Fyux and F,;, signals are inputs to the anti wind-up integrator system, as can be seen in
Figure 21. They disable the integral actuation by the action of saturator blocks, limiting the error
signal to zero. Standard IEC 61400-27-1 [9] indicates that the integrator included in this system may be
saturated in order to control the output of each controller. However, for the current work, these outputs
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will not be saturated (limits are set to infinite) in order to allow the maximum interaction between
both controllers.

lower limit =0 upper limit =0
> / Fmin \— / Fmax \ :
S Go—>d> GO > 5
dpitch_max / > > y

dpitch_min

Figure 21. Anti wind-up integrator implemented in MATLAB/Simulink.

Table 1 summarizes the analyzed parameters under voltage dips. For the pitch control system,
when the proportional gains of the controllers are increased keeping the rest of the gains constant,
the model’s response is faster than the response with lower proportional gain (unless these gains
are too large and the system becomes unstable). Consequently, these performances have not been
included in the paper. However, changes in the controller integral gains have a considerable effect
shown in the following figures. Figure 22 depicts the responses when the parameter KI, is changed.
When considering the different K1, values, the wyrr evolution along the disturbance is predictable,
because the higher the integral gain is, the more under-damped it is, thus being faster and with a higher
over-shoot. However, the active power response is detrimental to wyrr, being much slower and
unstable when K], rises.

104
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(a) Active power (K1) (b) wwrr (Klw)

Figure 22. K1, parameter analysis: Pyt and wwyrgr evolution under a voltage dip.

By contrast, an adverse reaction to the response of wwyrr occurs when the active power controller
integral gain KI. is modified, as shown in Figure 23. The active power response is then faster when
KI. is increased, detrimentally affecting the response of wwrg. It is worth noting this interaction as the
systems depend on different error signals. Moreover, under the KP, = 0 condition corresponding to
the simulations in this paper, these systems are completely independent. Therefore, neither controller
can be adjusted separately, due to the behavior of one having a considerable impact on the other as
a consequence of the multiple dependences with the rest of control systems.
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Figure 23. KI; parameter analysis: Py and wy g evolution under a voltage dip.

Finally, we have also studied the influence of the use of both PI controllers as compared to the
use of the cross-coupling parameter KPy. Theoretically, and according to the block models shown in
Figure 19, if the following condition is fulfilled,

%H@c — KP, - (KSI“’ +I<Pw), (5)

the behavior of both topologies should be equal. However, as shown in Figure 24, the two responses
are not the same. This is due to the presence of the ramp limiters (and possibly value saturators) in the
anti wind-up integrator systems; see Figure 21. If each error signal goes through its own controller,
the possibility of reaching the saturation value is lower than if both signals are added and then the
value goes through just one controller. This case is depicted in the example in Figure 24, in which the
addition of both errors results in a high value, which is saturated if the cross-coupling method is used.
However, if both controllers are used, the signals of each one fail to reach the ramp limiters, or even the
value saturators if they are used. These considerations involve slight differences between the systems.

o
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(a) Active power (KPy) (b) wwrr (KPy)

Figure 24. KPy parameter analysis: Pyt and wwrg evolution under a voltage dip.

As previously mentioned, the cross-coupling gain is commonly used by manufacturers to obtain
stable control of the wind turbine. The addition of two PI controllers may cause coordination issues in
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some situations, which have been detected by the authors. For example, if the wind turbine is working
in Zone 4, as in Figure 13, an active power increase is set by the control (still remaining in Zone 4),
the PI, controller will not actuate since the w,s reference would be the same in both situations,
but Pl will decrease its output. However, if this output was originally close to zero, it can become
a negative value, and if the saturations of the standard are considered, the pitch angle would never
reach its reference. Figure 25 shows this performance. In t = 20 s, the active power reference changes
from 0.6 pu to 1 pu; the PI,, output keeps constant under steady-state conditions, but the PI. output
decreases the pitch angle to achieve the new active power reference (1 pu). As shown in Figure 25a,
if the controller is saturated, the final P,¢/, of 1 pu is not achieved, and then, the wind turbine response
is incorrect. This problem is solved by the use of KPy, because only PI,, is working, and subsequently,
these coordination problems disappear.

15
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8 2
n_m 08 Nosat. | | 3 0
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5+
071
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(@) Paero (b) Outputs from PI,, and PI.

Figure 25. Problems with saturators in IEC 61400-27-1 pitch control.

5. Influence of Voltage Dip Characteristics: Depth and Duration

According to [40], a voltage dip is a temporary reduction of the root-mean-square (rms) voltage at
a point in the electrical system below a given threshold. It is mainly characterized by two parameters:
(i) depth, defined as the difference between the rms-voltage reference and the minimum rms-voltage
achieved during the event and generally expressed as a percentage of the rms-voltage reference;
(if) and duration, which is the time between the rms-voltage dropping below the threshold given by
the corresponding grid-code and the rms-voltage being recovered above the threshold. In this section,
the effects of the variation in depth and duration of the voltage dip on the WT response are discussed
in detail. The ranges of variation for depth and duration are summarized in Table 2.

Table 2. Voltage dip parameter variations.

Parameter Original Value Variation Range
Depth (dd,-,,> 90% 0.9 0.5 0.2]
Duration (tdi,,) 0.2s [0.05 0.2 0.8]

The depth variations of the voltage dip have a slight influence on the response of the model,
as shown in Figure 26. For a certain depth, the variation in the response of the active power may
seem predictable; however, and according to Figure 26a, there is no linear relation between the depth
of the voltage dip and the minimum value of the active power provided by the WT (for example,
with a dg;, = 0.2, the minimum active power value is lower than 0.4 pu), due to the dynamics of the
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different control systems, as well as to the operation of the crowbar system. An increase in the depth
also involves a higher acceleration; see Figure 26b. However, this parameter does not have as much
influence as the duration of the dip.

o
[
T

o
[
T

Active power (pu)

o
=

02}

0 . . . . I 0.995 L L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

time (s) time (s)
(a) Active power (ddip> (b) wwrr (ddip)

Figure 26. Pyt and wyyrr responses under different voltage dip depths.

Figure 27 shows the different responses when f4;, is increased. The longer the voltage dip,
the higher is the value reached by wwrg, because of the lack of electromagnetic torque that counteracts
the mechanical torque produced by the wind. This maintained acceleration involves the actuation
of PI, from the pitch control system, increasing the pitch angle in order to limit this acceleration;
see Figure 28. This response involves a higher overshoot in rotational speed, which creates an active
power reduction when wyrr < 0. Then, if we wish to control this response, the values to be changed
correspond to the PI,, controller from pitch control, varying the performance during the transient,
as was previously discussed in the simulations.

Active power (pu)

02 ‘ ‘ ‘ . ‘ 099 : ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 2 30
time (s) time (s)
(a) Active power (tdip) (b) wwrr (tdip>

Figure 27. Py and wyyTr responses under different voltage dip durations.
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Figure 28. Pitch angle under different voltage dip durations.

6. Conclusions

A Type 3 WT model previously tested by the authors is adjusted and analyzed to give a complete
benchmark response under voltage dips. Values and possible modifications of the parameters are also
included in the paper, offering a notable reference for future studies. Parameters corresponding to the
mechanical two mass model, the active power control and the pitch angle control models have been
widely described, and their influence on the model’s response is analyzed in terms of active power and
rotational speed evolution during the disturbance. Extensive simulations have been carried out by the
authors and included in the paper, and the different responses have also been compared. Furthermore,
the model’s responses have been discussed in detail, aiming to provide a better understanding of these
recent complex generic models based on IEC 61400-27-1.

The two mass model parameters affect the physical response of the system, varying the frequency
and amplitude of the oscillations of both active power and rotational speed under disturbances. For the
active power control system, the response of the model can be adjusted by the PI parameter selection.
Key results are obtained from the drive train damping system, which allows a significant damping
effect by the injection of an oscillating active power with the same frequency as the mechanical
oscillations. Regarding the pitch control model, the influence of the increase in the integral gain of the
controllers also yields significant results, since the improvement in the behavior of one influences the
proper response of the signal controlled by the other. The effect of a cross-coupling gain is also included
in this analysis. In this way, and although theoretically there should be no difference, the behavior
varies slightly between the two simulations due to the limiters included in the model.

This paper thus provides practical and complete parameters and simulations for a Type 3 WT
model based on IEC 61400-27-1 submitted to voltage dips. Results and parameters are of significant
interest to researchers and wind turbine manufacturers currently working on the definition and
adjustment of this type of model.
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Abbreviations

The following abbreviations are used in this manuscript:

DFIG Doubly-Fed Induction Generator

DSO Distribution System Operator

DTD Drive Train Damping

EMT Electro-Magnetic Transient

EU European Union

FRT Fault Ride-Through

FSC Full-Scale Converter

GSC Grid-Side Converter

IEA International Energy Agency

IEC International Electrotechnical Commission

PV Solar Photovoltaics

rms root mean square

RSC Rotor-Side Converter

TF Transfer Function

TSO Transmission System Operator

WECC  Western Electricity Coordinating Council

WT Wind Turbine
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