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Abstract: Doubly-fed induction generators (DFIGs) have gained widespread acceptance in modern wind energy conversion systems.
The stability and dynamics of power systems involving DFIGs have recently become salient issues. With the use of high power voltage
source converters (VSCs)-based DFIG wind farms connected to series capacitors, sub-synchronous dynamics usually exist which
reduces the overall damping and results in unstable dynamics. This paper investigates the sub-synchronous interactions (SSIs) by using
eigenvalues and modal analysis tools, proposes sub-synchronous damping controller, which is integrated to the grid side converter as
well as rotor side converter. Furthermore, this SSI damping controls are designed using multi-input multi-output (MIMO) approach.
This provides greater flexibility in using several measurements and control inputs. Thus, this robust technique is able to properly damp
the sub-synchronous resonance in a power system with series-compensated line.
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Hondo to Lon Hill line. A single line to ground fault
occurred on the Ajo to Nelson Sharpe line due to a downed
static wire. The wind farms became radially connected to the
to the Rio Hondo series compensated line shown in Fig. 1.

1. Introduction

Series capacitors are almost always added to wind power
plant transmission lines can have a significant adverse effect
such as sub-synchronous interactions with other power
system components [1]. This significant problems introduced
by the series capacitors will vary considerably based on
system configuration, line configuration, line length, %
compensation, etc.The series capacitors are at Rio Hondo.
They provide 50% line compensation of the Z of the Rio

The system experienced over-voltages (up to about 195%)
which resulted in the trip of the Rio Hondo to Ajo line and
the shunt reactors at Ajo.The series capacitor controls
indicated sub-synchronous currents during the event. This
event caused numerous failures at the two wind farms.

AJO

—_— H
_ A To Rio 67 miles JE TR
- " L Hond - To
Forillo p— ondo
S e LT = A e — |—I—| = MNelson
Gulf Metering + .
— =
ks
Wind — 'S Tsaaalaars® N e
100 100 Faunlt oecurred on this lne
Mvar Mvar
&3
) y Sarita
93.9\“1;}91? MW Od—::{!‘(‘:r — = arits
_ ) MFE Penascal
CGulf Wind 11
MDD

South

Figure 1: southern Electric Reliability Council of Texas (ERCOT) system

The following are the countermeasures for these SSl,it can
be mentioned below, 1) use of passive filters to block the
currents at sub-synchronous frequencies [4].2) use of relays

with proper design of TCSC [5]. 3) tripping of wind
generators by detection algorithms [2], [4]. 4) control
systems modifications of wind turbine by providing damping
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controls to damp the SSR frequencies [2], [4], [11] and [12].
The last solution avoids the implementation of expensive
additional damping devices, such as FACTS or bypass
filters. Thus this solution is very economic [6], [7].

This paper addresses the last solution in which two
approaches can be implemented for DFIG wind turbines: one
of them adds an SSI damping control signal in the reactive
current control loop of the grid-side converter (GSC) [2],
whereas the other one adds the damping control signal in the
rotor voltage through the rotor-side converter (RSC) [11],
[12]. Additionally, comparison of the GSC and RSC control
loops to perform SSI damping action effectively. In this way,
it could be more acceptable for system operators and
manufactures who are usually conservative to fully replace
the well-known P1 control structures.

2. Stability Analysis

Small signal stability is defined as the ability of a power
system to return to a stable operating point, after any
disturbance that leads to an incremental change in one or
more of the state variables of the power system [1]. In this
work, the small signal stability problems for wind power
generation will be researched and how they impact on a
power system. All this work begins on the space equation
and the output equation which give the necessary
information.

x@®) =f(x u,t)
y() =g (x, u, 1) (1)

Where, equation (1) has all state variables, u is the input
variables, t is time and y is the output function. The
linearization of equation(1) allows investigating the response
to small variations. To do this, and considering that state
functions contains some different variables on its polynomial
equation, these equations are developed in Taylor’s series
expansion in which with higher orders of the derivatives
omitted because of its minimum interaction to the response.
The linear result is a system presented in equation

x=AX+ Bu
y =¢x(2)

Where A is the state matrix, B is the input matrix, ¢ the
output matrix. Finally to obtain the eigenvalues it must be
found the values of s that satisfy [5],Det(sl-A)=0. The n-
solutions of A = A1 , A2, ... An are the eigenvalues of A.
These eigenvalues can be real or complex [2].

In this paper, PSAT software [18], (Fig.1), is used to analysis
the eigenvalues. Roots positions and its values as they appear
on this plot show if system is stable or not. As can be seen all
real values are negatives which means system is stable under
this conditions. The full eigenvalues report shows results in
matrix and also participation factors are presented.

Figure 2: PSAT model of the single line diagram
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Figure 3: Plot of eigenvalues

Roots positions and its values as they appear on this plot
show if system is stable or not. As can be seen all real values
are negatives which means system is stable under this
conditions. The full eigenvalues report shows results in
matrix and also participation factors are presented.

3. System Modelling

The DFIG model consists of the three-phase stator and rotor
windings (equations taken from [19]), the back-to-back
voltage-source converters [20], the power curve of the wind
turbine [21], and the mechanical drive-train system
represented by a six-mass model [22]. To calculate the
eigenvalues in the modal analysis, an average dynamic
model of the voltage-source converters was considered [20].
The network transmission lines were represented with
electromagnetic transient models using equivalent circuits
.The parameters of the electrical network were extracted
from [6]-[9].

Figs 4 and 5 shows a block diagram of the considered DFIG
converter controllers, where we described both the inner
current control loops and the outer control loops (e.g.,
maximum power point tracking (MPPT) technique, ac
terminal voltage control, and dc-link voltage regulation). The
MPPT algorithm was implemented through the current-mode
control scheme, which measures the rotor speed and uses the
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turbine power-speed characteristic to obtain the optimal
active power reference.
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Figure 4: Block diagram of grid side converter controller
with SSI damping signals
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Figure 5: Block diagram of rotor side converter controller
with SSI damping signals

SSI damping
controller

The terminal voltage was regulated by the DFIG reactive
current loop via a control with slope (or droop control), and
the dc-link voltage was controlled using the GSC active
current loop. The control of the DFIG currents was achieved
through the classical vector control based on Pl structures in
the d-q reference frame with feed-forward decoupling terms,
whereas the synchronization was presented in [25]
accomplished using the phase-locked loop.

4. SSI Damping Controller Design

The dynamics of the system and wind farm can be
represented by a set of differential equations,

X=f (x,u)
and,

y =h (x,u)
where x, y and u are the state, output, and input vectors of
the system. The state vector consists of the dynamic
variables of the electrical and mechanical states of the DFIG
wind turbine, vector control, converters, and equivalent
electrical network. The SSI damping controller is designed
by choosing the measurement output vector, y=[ ig, iq, ip, iQ]T
consisting of the local measurements of the d-q axis currents
of the DFIG stator and rotor windings, which were already
measured by the standard DFIG vector control.

In the analysis of the previous section, we observed that the
rotor current control loop, which manages the rotor voltages,
has a direct impact on the SSO damping. Therefore, these

voltage control inputs are expected to have a high
controllability of the sub-synchronous mode. The GSC
reactive current can also be considered to damp SSO (as in a
STATCOM approach). On the other hand, the GSC active
current was discarded to damp SSO because this control loop
is used to regulate the dc-link voltage.

Consequently, we analyzed two damping approaches with
different control input vectors: one of them, ug= irswas
added to the reactive current reference of the GSC, and the
other one, Uy = [Vps, ng,]T to the D-Q axis rotor voltages (see
Fig. 5 & 6). Model reduction is often applied to obtain a
lower order model for the control design stage. The
following state-space representation of the reduced system
model was obtained by using the balanced model truncation
A,
X, = Ax, + Bu
y = CI'XI’

Where, the vector, x, represents the internal states of the
reduced model, and n, is the reduced model order. A MIMO
state-space approach was chosen for the control design, so
the control law was obtained by the state-feedback
controller, u = —Kx,..A signal-conditioning and filtering
stage was included in the control output to allow damping
signals to act only on the frequency range of interest.

5. Modeling And Simulation Results
5.1 System Model

This system uses a generic Type C (DFIG) wind turbine
model. The model includes vector controls and a back-to-
back converter connected to the rotor. The generator is
connected to the radial series compensated system through a
unit transformer and a station transformer. The degree of
series compensation can be varied from 0 to 100%, and the
series capacitor is equipped with bypass logic to remove or
insert the capacitor as required.

Figure 6: Simulation diagram
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In this study, an auxiliary SSI damping controller is designed
and added to the RSC control loops and GSC control loops,
in which the inner loops are current control loops and the
outer loops are voltage control loops.
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Figure 7: Simulink model of SSI damping controller
integrated to the Rotor Side Converter (RSC)

In the GSC control loops, the g-axis loop is used to track the
reference dc-link voltage, and the d-axis loop is used to track
the terminal voltage of the DFIG. The control loop employs
proportional integral (PI) controllers. The control of the
DFIG currents was achieved through the classical vector
control based on PI structures in the d-q reference frame with
feed-forward decoupling terms, whereas the synchronization
was accomplished using the phase-locked loop. The
supplemental SSR damping controller shown in Figure 5 and
6 may utilize DFIG stator and rotor d-q axis currents as
control input signals.
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Figure 8: Simulink model of SSI damping controller
integrated to the Grid Side Converter (GSC)

5.2 Simulation Results of the Study System without SSI
Damping Controller

Without SSI damping controller, the obtained results
describes the SSI phenomena occurred in this system, which
can be shown in Figure 9 and 10.
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Figure 10: Output waveform from stator side converter

An oscillating or unstable behavior is observed in the above
case, without SSI damping controller in the DFIG control
systems.

5.3 Simulation Results of the Study System with SSI
Damping Controller

The SSI damping controller is designed by choosing the
measurement output stator and rotor windings, which were
already measured by the standard DFIG vector control. The
state space modeling of DFIG is used to write the coding to
obtain SSI damping control signals.
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Timefs)
Figure 9: Simulated output waveform from DFIG wind
turbine
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Figure 10: Simulated output waveform from Rotor and grid
side converter with the SSI damping controller

The obtained results show that high damping and good
robustness are achieved by the proposed strategy for
different power system operating conditions.

6. Conclusion

To reduce the risk of SSI and enhance the power system
operation, we proposed a control strategy which modifies the
existing DFIG control systems by adding supplementary
damping control signals. In this way, the installation of
additional damping devices, such as FACTS or bypass
filters, are avoided, and a cheaper and quicker solution. is
achieved. Besides, the auxiliary damping control was
integrated to DFIG vector control maintaining the well-
known PI control structures, becoming more acceptable for
system operators. Two SSI damping control approaches were

analyzed; the first one acts on the GSC control loop, and the
second one uses the RSC control loop. Both controllers were
designed using a state-space methodology able to manage
several measurements and control inputs. The obtained
results showed that encouraging SSO  damping
improvements over a wide range of operating conditions can
be obtained when supplementary controls are integrated to
the classical DFIG vector controls.
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