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Nonlinear Optimization of Proportional-Integral
Controller in Doubly-Fed Induction Generator
Using the Gradient Extremum Seeking Algorithm

Aleksandar A. Sari¢', Aleksandra Lj. Marjanovi¢’

Abstract: This paper deals with the problem of nonlinear optimization of
proportional-integral (PI) controller in doubly-fed induction generator (DFIG),
modeled by the detailed differential-algebraic equations (DAEs), and connected
to a power system, where rest of the power system is represented only by
measurements in connection point. The basic functions of PI controllers are
secondary regulation of speed—active power and reactive power—voltage of
multiple DFIGs connected in the same point (typical situation in wind farms). In
the presence of PI controllers, stability of the transient responses depends largely
on its parameters (proportional and integral part). To calculate optimal
parameters of the PI controllers, an ‘Extremum Seeking’ (ES) algorithm was
used, more precisely, its version that assumes that gradient can be calculated
[hence the name ‘Gradient Extremum Seeking’ (GES)]. Optimization of the PI
controller parameters is performed for a list of major disturbance trajectories
recorded in historical database. The results obtained using the IEEE 14-bus test
system show that PI controller parameters must be carefully chosen. Their effect
on transient responses and stability of the power system with major disturbance
(short circuit, outage etc.) conditions was additionally studied.

Keywords: Power system, Doubly-fed induction generator (DFIG), Proportional-
integral (PI) regulator, Nonlinear parameter optimization, Gradient Extremum
Seeking (GES).

1 Introduction

Dynamic models of the power system elements are basic tool used to
analyze different phenomena, such as for example, electromechanical
oscillations in transient responses (with list of major disturbances, like the short
circuits, branch outages etc.). However, power system models grow up rapidly
[in terms of number of elements and especially number of differential-algebraic
equations (DAEs)], which makes them too complicated for practical use. In
general, increasing the complexity of the model does not increase its accuracy,
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for several reasons: 1) insufficiently accurate model parameters, which can even
vary in time, 2) lack of exchange of model parameters between individual
entities, 3) not taking into consideration certain effects while building a model
(for example, saturation) etc. All this leads to the difficulty of reconstructing
large disturbances in the power systems and understanding their cause (notable
example of this was 2003 major grid blackout in North America [1]). Another
important fact is that power systems are widely equipped with sensors, which
are used to keep track of various measurements, but this data is rarely used for
real-time operation.

To properly identify stability problems and take appropriate preventive
control measures, it is necessary to have accurate model parameters. However,
the situation in real-world practice is completely opposite, as manufacturers
generally do not provide a complete set of accurate data. To make matters
worse, these parameters also vary as the power grid changes its operational
regime (behavior of equipment in laboratory and in-filed conditions is quite
different). Consequently, many different techniques have been developed in
recent decades that provide an alternative way of determining the parameters of
dynamic elements and power system stability, using real-time measurements for
this purpose.

First steps in this direction were taken 30 years ago and they were applied
on synchronous generators using the theory of trajectory sensitivity [2, 3].
These methods were significantly improved later in [4, 5]. In order to simplify
the problem of parameter identification, values of some of them are specified in
advance. Generally, this is usually done with parameters whose values do not
significantly affect the accuracy of the dynamic model. Due to the correlation
among parameters, the parameter estimation problem is usually over-
parameterized, which leads to problems with numerical stability. In general, the
parameter estimation depends on the number of unknown parameters and the
available set of real-time measurements. In cases where there is a small number
of measurements and many parameters that need to estimated, the optimization
criterion (for example, the minimum least-squared error of measurement
deviations) becomes insensitive to large parts of the parameter space, so
multiple local solutions occur.

Parameter identification based on information geometry is proposed in [6].
This approach was verified on several types of dynamic elements in power
system, such as synchronous generator, direct drive synchronous generator
(DDSG), and doubly-fed induction generator (DFIG), which is examined in this
paper. However, this method is highly sophisticated and for it to be used, very
complex and numerically demanding mathematical simulations have to be
performed.
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This paper deals with the problem of nonlinear optimization of
proportional-integral (PI) controller parameters in DFIG, which is modeled by a
set of DAEs, connected to a power system, which is considered to be not
known. The basic purposes of PI controllers are secondary regulation of the
speed—active power and reactive power—voltage of multiple DFIGs connected
in the same point (for example, a wind farm). The integral gain (term I in PI
controller) is added, as it makes it possible to reach steady state condition
without minimum state and algebraic variable deviations. In case of a major
disturbance, power system stability and characteristics of transient response are
determined by both proportional and integral gains. To calculate optimal
parameters of the PI controllers, an ‘Extremum Seeking’ (ES) algorithm was
used, more precisely, its version that assumes that gradient can be calculated
[hence the name ‘Gradient Extremum Seeking’ (GES)]. The introduced
assumption is that DFIG model and measurements are known in the connection
point to the power system, which means that derivatives of the measurement
with respect to PI controller parameters can be calculated (with uncertain and
adjustable parameters).

The basic assumptions used in this paper are:
1. Model of the entire power system is not known,

2. DFIG model that is being examined and used to optimize parameters is
known, and it is only employed when calculating the necessary
gradients,

3. Measurements in the connection point to the power system are known.

These assumptions actually mean that the particular DFIG ‘observes’ all
the variations of other grid elements and whole power system only through
measurements in the connection point. These measurements are its only way of
getting information about the rest of the power system behavior.

The main goal of this paper is to tune PI controller parameters, so that when
a certain (typically major) disturbance(s) occurs, transient responses should be
appropriate in a given sense. The criterion of optimality will be mean squared
error over time and will be introduced in Section 3. The calculations are not
meant to be done in real-time, but rather in advance, before DFIG (i.e. wind
turbine or wind farm) is installed and connected to the power system. The input
data used to adjust (optimize) PI parameters is taken from a history database,
which stores all (or only typical) time responses for list of major disturbances
that happened in the power system. The proposed algorithm makes use of this
data (measurements) and gradients (obtained from DFIG model), to iteratively
tune PI parameters, so that when a disturbance really happens, power system
behaves in a desired way.
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The paper is organized as follows. The DAEs that describe DFIG and
measurement model which will be used in the tuning process (parameter
optimization) will be introduced in Section 2. In Sections 3 and 4, a detailed
mathematical description of the ‘Extremum Seeking’ algorithm and
implementation details will be provided. Section 5 will present the results
obtained by applying this algorithm to the IEEE 14-bus test system. Section 6
will give some conclusions and suggestions that could yield further
improvement. Finally, used references are listed in Section 7, while details
about DFIG modeling are given in Appendix (Section 8).

2 Models of Power System Elements and Measurements

Description of DFIG model is given in more details in Appendix. Here,
only the compact form of equations will be written. Control loops used to pitch
angle control, speed—active power control and reactive power—voltage control
are also briefly explained in Appendix.

The DAEs model is the consequence of the existence of different time
scales, and can be written in the following form [7]:

dx
- = X, 2, at 5 1
5 = (xap) (1)
0=g(x.z,p.1), )
where:

Xx — vector of state variables;

z — vector of algebraic variables;

p — vector of parameters;

t — time (scalar variable).

The vector of measurements can be written in the following form:
y=h(x,z,p.1). 3)

Variables that are contained in measurement vector (), i.e. that are being
measured typically are active and reactive power which DFIG supplies to the
power system (£, and O, respectively) and complex voltage in the connection

point [this complex voltage is represented by voltage magnitude (V) and angle
(0)] — note that the voltage angle measurement is available from Phasor
Measurement Unit (PMU) based measurements.

3 ‘Extremum Seeking’ (ES) Basics

There are different approaches that deal with the problem of parameter
tuning (optimization). Some of them require the full model of the power system
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to be given. Although these methods usually work satisfactorily, it should be
noted that this information is not available in most real-world cases. On the
other hand, there are optimization approaches that start with the assumption that
the power system model is not known (or it is partially known — gray-box
approaches), but input/output measurements are [2 — 7], which is also a basic
assumption in this paper. One such algorithm is called ‘Extremum Seeking’
(ES), which does not require the explicit knowledge of the input-output model,
but only the existence of extremum in the optimization criterion, which
corresponds to the desired behavior of the closed-loop system and the
availability of input/output observations (measurements) [8, 9]. This is what
makes ES so robust and widely used in industry practice (for an overview of
practical applications, see [10]). Another benefit of this algorithm is that it can
be applied both when nonlinearity is present in the process itself (in the form of
physics-based nonlinearity), but also when the nonlinearity is present in the
optimization criterion, which needs to be minimized.

The optimization criterion, that is the system’s performance measure, can
be represented as:

J(p)=0(».p). 4)

where @ is the formal mathematical description of the system’s response
quality. The optimization criterion, J(p) has one (global) or multiple (local)
minimums, and our task is to find them, by applying ES. It is important to keep

in mind that optimization criterion, J(p) is not a measurement vector itself, but
rather a measure of the desired power system’s behavior. In this paper, the
optimization criterion is defined as:

J(p)2Y T L

DN IR Wog (ORI CTRG

de® - t() t

l
where y=h(x,z, p,t) is vector of measurements (3) and y, represents a

desired referent time response (constant, pre-disturbance value), while ® is the
list of major disturbances for the optimization (recorded and stored in a
historical database).

The goal of optimization is to find such set of optimal parameters ( p*) so
that:

P =mpin{J(p)}. (6)

Since ES 1is basically a gradient method, one must not forget that
parameters obtained in this procedure will not necessarily be a global minimum.
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Nevertheless, this does not diminish the significance of the results, as in most
cases a physically satisfactory solution is obtained.

The main feature of the algorithm is that it comes to an optimal solution
gradually, by iteratively modifying the input (vector p) of optimization criterion,
J(p), until an extremum is reached. Since the measurements in the connection

point to the power system are assumed to be known, then the derivatives of the
measurement functions, y= h(x,z, p,t), with respect to PI controller
parameters, dy/dp, are also known (with uncertain parameters). The vector p
will be modified iteratively in the following manner:

dJ
ok (P)_ g gde(r.p)
dp dp

where ® is a symbol of Hadamard product.

=K®f[j—ﬁ, K>0, (7)

If p* is the value for which the measure of performance, J(p)=o(y,p),
reaches a minimum, then let us choose Lyapunov function candidate to be:

V=p(y.p)-9(»p). ®)

In this case, its derivative is:

7 dp(r.p’) _dp(r.p) _ 0— dp(».p) _
ds ds de ©
_ dp(r.p)dp _ de(r.p) 5
dp dr dp '

By combining (7) and (9), we have:

2
dp dp dp -

From the previous analysis, applying the Lyapunov method, it can be
concluded that p converges to p°, which is an invariant set, meaning that
equilibrium p” is locally asymptotically stable. The same can be also proved if
extremum is local maximum, simply by changing the signs of K and V.

If (7) and (5) are combined, we finally get optimization method for
updating the parameters:

p=K®f(§ay"—(t)®(y,.(t)—yﬂ- (to))jdt- (11)

o L=l op
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4 The Proposed Algorithm for Parameter Optimization

The optimization criterion, J(p), can be understood as mapping from the

parameters of the PI controller (vector p) to the performance representation of
the power system [ J(p) in (5)]. The ‘Extremum Seeking’ (ES) algorithm tunes

the parameters, trying to minimize optimization criterion, J(p). As mentioned

above, because ES is essentially a gradient method, calculated parameters will
not necessarily give a global optimum. The entire ‘Gradient Extremum Seeking’
(GES) algorithm for optimizing PI controller parameters is illustrated in Fig. 1.
The experiment with transient analysis after mayor disturbance (for example,
short circuit, branch outage etc.), which is shown within dashed lines, is
performed iteratively. Optimization criterion, J(p), is calculated at the end of

transient analysis for list of major disturbances (%), where list ®© contains
different types of short circuits, load/generation outages and branch (line or
transformer) single or multiple outages. GES algorithm then uses this value,
J(p(k)), to calculate new values of the PI controller parameters, p(k+1),

where k& is the number of current iteration.

: Transient analysis of LN i
! (¢ t . |
: A power system for list of ¥ Jf( v )d 4 :J(P(k))
i major disturbances (D) 0 !

p(k) ‘Gradient Extremum ’
Seeking’ (GES) algorithm [

Fig. 1 — lllustration of the GES algorithm for optimizing the PI controller parameters.

Whereas Fig. 1 gives only a brief outline of the algorithm, flow-chart
shown in Fig. 2 contains a more detailed explanation. Constant € represents the
convergence criterion and determines when the algorithm stops (in this case, the

value £=10"" was adopted). The initial value of the K vector was chosen to be
K=[4-10%;4-10";2-10°;2-10°]". The process of assigning a value to K
was empirical, but with intention that K achieves approximately the same
increments for all parameters in the vector p . In addition, the upper and lower

limits of parameter values have been introduced, in order to ensure that during
the iterations, parameters do not get unrealistically large or small values.
Furthermore, it is assumed that, for the adopted range of parameters

0< p < p™, the optimization criterion does not have multiple extrema.
Instead, it is presumed to be convex, which in this case is fulfilled.
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Finally, in regard to the main motivation for this paper (optimization of PI
controller parameters in DFIG only from local DAEs model of DFIG and
available measurements in connection point to the power system), transient
analysis needs more explanation. Equations (1) and (2) represent the general
case. However, since in this paper we are only interested in DFIG, these
equations get clearly defined form, given by (A3) and (A4). Due to their
complexity, these equations had to be moved to Appendix, and only their
shortened version is given here [(12) and (13)]. So, even though (1) and (2)
resemble (12) and (13), it should be noted that they represent different concepts,
or:

dx
%szFIG(xDFIG’zDFIG’pJ)ﬂ (12)
OZgDFIG (xDFlcazDF/Gapat)a (13)

where  f,,; 1s given in (A3), gpne 1s given in (A4), as well as

T * . I
xDsz[com 0, x i, x qu] and  z,.; =P, (»,), with additional

algebraic equations for active and reactive bus power balances, respectively:

Poric = ij 5 (14a)
QDFIG = Qmj . (14b)

Transient analysis solves the DAEs model (12), (13), subject to the
measurement constraints:

Popig = F, s (15a)
Opric = O > (15b)
V=V, (15¢)
6=0,, (15d)

. T
where measurement vector is represented as y=[P, O, V, 6,], where

P

m?

magnitude and voltage angle in bus where DFIG is connected to the power
network, respectively.

Q,, V., and 0, are measured active power, reactive power, voltage

5 Application and Discussion

In order to implement and test the proposed GES algorithm, Matlab
environment was used, more precisely Power System Analysis Toolbox (PSAT)
[11], where PSAT is used to generate measurements in the connection point (to
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replace unavailable real-time measurements). In PSAT, the entire DAEs model
of DFIG with PI controllers (as given in Appendix) was implemented. The
original IEEE 14-bus test system has been modified, to include, in addition to
synchronous generators (SG), also direct drive synchronous generators (DDSG,
commonly used for modeling solar panels and wind turbines), and doubly-fed
induction generators (DFIG, mostly used for modeling modern designs of wind
generator and wind farm). In this paper, DFIG connected to the Bus 6 (the one
within the red rectangle in Fig. 3) was analyzed. In Bus 6 are connected 30
identical wind units (which form a wind farm), with total installed apparent
power 30x2 =60 MVA. Note that the central controller for wind farm is
applied, where the controller’s output is shared in the same portion to the
participating units.
Analyzed DFIG is described by:

— Six differential equations (A3), described by six state variables (vector
X) o where ®,, is rotor angular speed, 6, is

0,, x,1i,,x,,and i,

m? p?

pitch angle, i, and i, are rotor currents in d- and g-axis, respectively,

and x, and x, are two state variables introduced by integral gain of the
controller (more details can be found in Appendix);
— One algebraic equation (A4), described by one algebraic variable (vector

2: P (o,);

— Two algebraic equations for active (A5) and reactive power balances
(A6) in point (bus) where DFIG is connected, described by two algebraic
variables of complex voltage in connection bus (vector z): ¥, and 6, , and

k,, k,,and k,, .

— Four parameters: k., k,, k,,,

The aim of transient analysis is to determine whether the power system
remains stable after major disturbance (such as short circuits, (dis)connection of
large loads/generators etc.). The power system is considered to be stable if after
a disturbance electromechanical oscillations are damped in time and if there are
no large variations of variables. Usually, a period immediately after the
disturbance is the most critical.

A schematic representation of the implementation of the transient analysis
for single major disturbance from the list of major disturbances (d € ®) of a
power system is given in Fig. 4.

The explanation of the transient analysis of the power system (for single
major disturbance), shown in Fig. 4, can be summarized as follows. In the
steady-state, the power-flow study is carried out in order to determine the
operating condition of the power system.
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Initial K = Ko

Initial (basic) vector p(k)
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Fig. 3 — Modified IEEE 14-bus test system with three types
of distributed sources (SG, DDSG, and DFIG).

Major
disturbance

The model and

parameters
A 4

Steadv_State DOwer Transient analysis for
4 pe DAEs model of the x(1),z(1), y(?)
flow calculation
power system
1. P/Q bus load
2. P bus generation

Topology

Fig. 4 — Implementation of the transient analysis in the power system.

The necessary input data are:

1. Topology of the power system;

2. Models of elements and their parameters (as a rule, catalog data is
used);

3. Condition dependent inputs (active and reactive loads, as well as active
power generations), which change in accordance with their daily
profiles.

Details of this calculation will not be given here, as they are not so relevant

to the problem analyzed in this paper. The result of the power-flow study is the
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operating condition before major disturbance of the power system, described by
vector of state variables (x,) and vector of algebraic variables (z,). In the

steady-state, the power balance in the entire system is achieved, meaning that
both active and reactive power productions are equal to active and reactive
consumptions plus losses. If a major disturbance occurs anywhere in the power
system, it will lead to the transient responses of state and algebraic variables. To
calculate the transient responses, PSAT is used. This program will solve DAEs
model (see Sections 2 and 4) and return transients of x(), z(¢), y(¢). This
information is then used to optimize PI controller parameters, so that with these
parameters a power system behaves in a desired way.

Finally, a major disturbance that will lead to the unsatisfactory transients
has to be specified. In this paper, for the given IEEE 14-bus test system, the
transient will be caused by opening the switch on the branch 2-4 (see Fig. 3),
and then closing it 200 ms later. For the initial values of the parameters (vector
p) are used ones from [7].

Sensitivity of measurements (vector function h) with respect to PI
controller parameters (vector p), or 0h/0p, are shown in Figs. Sa—d. Note that
these sensitivities are calculated by:

a_h:M.a_x+ ah(x’z’p’t) .%_F&h(x?z:pat)

, (16)
op ox op 0z ap ap
o ox 0z .
where derivatives ™ and % are calculated from (1) and (2) respectively as:
P 4
5 s %o ,t a 9 4o 3t a 94y 7t
d@x:f(xzp ).8_x+ ACEY, )o%+ ACSY, ), (17)
dt dp ox ap 0z op op
0 t 0 t 0 t
potslenpn) o slsnnn o dlxind

ox op oz op o

Also, note that ‘Basic’ sensitivities in Figs. Sa—d denote time variation of
measurements, h(x,z, p,t), without additional derivatives introduced in (16).
Also, note that in these plots there are the same sensitivities (the same figure
shapes).

Let us analyze the influence of vector p to the vector function 4 (composed
with active and reactive powers and bus voltage magnitude and angle). By
performing numerous simulations, one concludes that some parameters have a
considerable effect on the transient responses, while the influence of others is
negligible. Let us look at, for example, how the reactive power (0, ) changes

when the parameter &, is varied. It is easy to conclude that the time variation
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of response drastically changes, and even stability can be critical. On the other
hand, the influence of parameter £, on the voltage angle (0) is small, as can be

seen from Fig. 6.
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Fig. 5 — Sensitivity of measurements (vector function h)
with respect to PI controller parameters (vector p).
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Fig. 6 — The influence of PI controller parameters to the measured variables.
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Taking into account all conclusions made above, the optimization was
carried out using the GES algorithm. The results obtained for each iteration of
the algorithm are shown in Table 1.

Table 1
Step-by-step results of the GES algorithm.

Number of | Optimization

iteration | criterion (J) K for ky | K for k; | K for ky, | K for k; kp] ki kp2 k;
1 57639 14.0.10® |4.0.10®| 2.0-10° | 2.0-107°] 1.000 | 0.100 | 1.000 | 0.100
2 56220 |4.0.10® [4.0.10®| 2.0-10° | 2.0-107°] 1.102{ 0.350 | 1.002 | 0.061
3 562.07 |1.0.10® |1.0.10®| 5.0-107 | 5.0-107]1.127 | 0.415 | 1.002 | 0.050
4 54838 |2.510° |2.510°|1.25-107 [1.25:107] 1.134 | 0.432 | 1.002 | 0.047
5 54425 |3.9-107" |3.9.107| 1.95-10™ [1.95-10°] 1.135 | 0.435 | 1.002 | 0.046
0.25 -0.08

Initial Initial

0.2 b Optimal | Cptimal

0 ' : : : 016 : : : :
0 2 4 6 8 10 0 2 4 8 8 10
Time, [s] Time, [s]
(a) Active power (b) Reactive power
1 0
Initial Initial
0.98 Optimal | Optimal
i 05
~ oo} =
At
0.92}
0.9 45
0 o 4 6 8 10 o 5 4 6 8 10
Time, [s] Time, [s]
(c) Voltage magnitude in connection bus (d) Voltage angle in connection bus

Fig. 7 — Transient responses of available measurements in the connection bus
for initial (basic) and optimal PI controller parameters of DFIG.
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Fig. 7 shows the responses of the active and reactive powers, as well as
voltage magnitude and angle, before (initial, basic) and after parameter
optimization using the GES method. By analyzing the obtained results, it can be
concluded that the total decrease in the value of the optimization criterion is
around 5.6 %, which can prove to be significant, especially in large-scale power
systems. The importance of this result is even greater when one considers that
improper values of PI controller parameters may even threaten stability, as was
the case in Fig. 6a.

Due to high nonlinearity of the analyzed problem, the optimal solution
depends on the initial parameter values. As mentioned before, the optimization
criterion [ J(p) ] can be understood as mapping from the parameters of the PI

controllers (vector p) to the performance representation of the power system. In
other words, we are moving through the 4-dimensional space trying to find a
point where J will be as little as possible. In case there are multiple minimums,
the point in this space from which the optimization begins will determine in
which minimum we will end. Some of them are local minimums, and only one
is global. Simply stated, this means that the problem has multiple suboptimal
solutions. This is particularly true for integral gains of PI controllers, whose
variations do not affect value of J so much. Starting from a different point will
often lead to different results and when tuning parameters there is almost always
room for progress.

6 Conclusion

In this paper, the problem of optimization of proportional-integral (PI)
controller parameters in doubly-fed induction generator (DFIG) is analyzed.
DFIG is commonly used for connections to both distribution and transmission
networks. It is an integral part of the wind farms, which are getting more
popular as demand for clean and renewable energy grows. To optimize the PI
controller parameters, the modified Gradient Extremum Seeking algorithm was
proposed, where the least squared error was chosen in the optimization
criterion. The obtained results show that applied nonlinear optimization
produced favorable results by decreasing the optimization criterion by
approximately 5.6 %.

The obtained results suggest the way for further development of the
algorithm and future research on this topic. For example, additional analysis
could be done, to see how the optimal solution would change if different
optimization criterion is introduced. In addition, weights on certain
measurements can be introduced, by increasing/decreasing effect they have on
the optimization criterion. For instance, one could alter the criterion so that the
active/reactive power have a dominant effect on optimization criterion, while
voltage magnitude and angle would affect it less. Another modification that
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seems to be promising is to change the optimization starting point and
increment steps. As was already mentioned, Extremum Seeking is a gradient
method, so changing the point from which the optimization starts could result in
different (and possibly) better set of optimal parameters. Finally, more robust
methods for time-dependent nonlinear optimization can be investigated.
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8 Appendix

8.1 DFIG Model

DFIG consists of an induction generator with a round rotor. Its stator is
directly connected to the three-phase power grid (with the small frequency
variation around rated value, 50 Hz), while rotor in equipped with a
bidirectional ‘back-to-back’ voltage converter. The term ‘doubly-fed’ refers to
the fact that stator is directly connected to the power grid, whereas the rotor’s
voltage is generated using a voltage converter (Fig. Al). Such DFIG’s
construction enable the operation in a wide range of speeds. The converter
compensates the difference between mechanical and electrical torque, by
injecting rotor current of variable frequency. This means that voltage converter
and controllers, both during the normal and contingency conditions, determine
the behavior of the electrical machine.

Inductive
generator

GearboX  gtator Transformer |/

l:n=@1 T—T_

Rotor

VSC
Wind turbine ~ J_ =/
T

~

Converter end Converter end
to the rotor to the grid

Fig. A1 — Model of the DFIG [12, 13].

DFIG consists of the following components, shown in Fig. A1 [12, 13]:
— wind turbine;
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— gearbox;
— inductive generator;

— Voltage Sourced Converter (VSC), which connects the rotor and the
power grid and consists of two converters connected by a DC link;
— speed—active power regulation;
— reactive power—voltage regulation;
— pitch angle (torque) regulation.
Wind turbine provides the constant mechanical torque (1, = P, /®,, , where
P, is wind power and o, is rotor angular speed). It is assumed that the effect

w

of gearbox is negligible.

8.2 Control loops

Control loops used to control pitch angle, speed—active power and reactive
power—voltage are shown in Figs. A2—A4, respectively [7, 14, 15].

Control of pitch angle: Taking into account that the wind turbine is under
the influence of a stochastic wind variation, it is necessary to control the
mechanical power that is transferred to the wind turbine. This is done by
altering the pitch angle of wind turbine blades (Fig. A2). For this reason, a
negative feedback loop is created, in which angular speed of turbine (®,) is

compared to the setpoint value (®_, ), resulting in an error signal which is an

ref
input to the controller. The output is the pitch angle change (6 ), leading to the

mechanical power change, P, (®,).

(Dre/ (I) T’_I—Hr ¢ Kp ep
—V‘ : >——> > > EE—
+ I,JJ Im,ﬁ, -0, I+T,s

Fig. A2 — Control loop for pitch angle regulation.

Control of speed—active power: The aim of this control loop, in which the
first PI regulator is located, is to maintain the frequency closest to the rated
value (50 Hz). When this is the case, the system’s active power balance is
achieved, meaning that the production of all generators is equal to consumption
plus the losses. The active power control is achieved by regulating the DFIG’s
angular speed. When there is a deficit of active power, a decrease in the DFIG’s
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speed leads to the frequency drop. Opposite condition happens when there is
more active power than needed. For this control loop, input variables are:

mechanical power of the wind turbine [ P, (®,, )], turbine angular speed (®,,),
and active power that DFIG supplies to the power grid (£, ), see Fig. A3. Due to

the presence of PI controller, additional differential equation is introduced:

P, P
dy_ oo B T (A1)
dt 0, o,

with a new state variable for first PI controller, called x,.

.
o, [ j P

> 38 ‘;U,

Fig. A3 — Control loop for speed—active power regulation.

Control of reactive power—voltage: The task of this control loop is to
maintain the required reactive power of the DFIG (note that the bus voltage in
connection point is maintained by the reactive power), which is done using
VSC. Reactive power of DFIG (0, ) is compared to the desired value (O, ., )
If there is a difference between these two values, an input signal is generated for
the additional differential equation, introduced by the second PI controller:

dx,

o Cers G (A2)

with a new state variable for second PI controller, called x, .

Fig. A4 — Control loop for reactive power—voltage regulation.

8.3 Differential-Algebraic Equations (DAESs) of DFIG model

DFIG shown in Fig. Al can be described by the following DAE:s,
respectively [7, 11 — 15]:
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dcom _ Tt _Tg _ Pw/mm _Pg/mm
dt  2H, 2H, ’
do 1
. :_|:Kp¢((‘ore/' _mm)_ep]y
dt T, :
dx " P
d_lzrt T e =— __ga
t ) )
f= o (A3)
di 1 P
- - pl —= = +kllxl rq |
dt T, o, o,
dx,
dt :Qg,rgf _Qg9
di, 1 1
== irre _ir :_|:k Q re Q X, lr :|,
dt Tez(»f d) T, P2(gf ) 272
0, if ©,<0,5,
g=>P (0,)=120,-1, if 0,5<0,<l, (A4)
1, if o, >1,
where:
Tt :PW/O‘)Z :Tm :})w/o‘)m s
P x Vi
Te =X (qulvd lrdisq)z_gz_#,
w0, (x +x,)
) xHV )
P, =V iy + Vi, + Vb V0, = Vi, ai—— i,
s i
X Vi 7?2
=Vl +v. i =~Vi, word ,
Q sq'sd sa’ sq rg'rd rd rq x Ty xs T xu
PO i, =— YV
sq rq 2 s .
X+ X, X, +x, X t+x,

8.4 Algebraic Equations (AEs) of point (bus) where DFIG is connected
These equations represent bus active and reactive power balances (assumed
that no loads connected to this bus), respectively:

N
P, =B, =377, (Gii cos(6, —0,)+ B, sin(6, - 9./)) ’ (A3)
=

N

0,=0, =Y¥V,(G,sin®,-0,)-B,cos(8,-9,)). (A6)

J

~.
Il
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where P;; and Q,, are active and reactive power injections to the power
network, respectively, while N is number of buses in the power system.

9
(1]
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