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Abstract— The paper considers the problem of sub-synchronous
resonances (SSR) in doubly-fed induction generators connected to
the grid through series-compensated lines. The existence of
oscillations is observed on a laboratory test-bed in various
conditions, with instabilities developing in the worst-case scenario.
Despite the limitations of a small-scale test-bed, the ability to
investigate problems and solutions in ways that would not be
possible on a full-scale system is very valuable. In particular, the
paper demonstrates the significant effect of the choice of dq
reference frame on the severity of SSR. Stator-aligned algorithms
are found to be significantly more resonant than grid-oriented
algorithms, as evidenced in experiments as well as using an
analysis method proposed in the paper. From this observation, an
algorithm is proposed to emulate a grid-alignment using stator
voltages and currents, but without measurements of the grid and
series-capacitor voltages. Two control laws are then presented to
regulate the active and reactive powers generated, resulting in
well-damped transient responses. SSR oscillations are found to be
eliminated in experiments, as well as simulations of a full-scale
system and using a frequency response analysis of the closed-loop
system. The effectiveness of the proposed control schemes is
verified through experiments for different compensation levels
and varying speeds. Within the assumptions made in the design,
the proposed controllers are global.

Index Terms— Doubly-fed induction generators (DFIG),
complex domain, pole-placement controller, LQR controller,
reference frame alignment, dq coordinates, observer.

I. INTRODUCTION

HE steady growth of wind power generation has led to the

development of more efficient wind turbines. Variable-
speed wind turbines have shown to increase the energy
generation anywhere from 3 to 28 percent and exhibit superior
power quality compared to the simple fixed-speed wind
turbines [1]. Therefore, they are now considered the most
common type of installed turbines [2]. Amongst the variable-
speed generators, doubly-fed induction generators (DFIG) have
gained significant attention due to their power electronic
converter being rated at only 25%-30% of the generator
nameplate power [3]; this results in reduced power losses as
well as lower converter costs [1].

The stator of a DFIG is connected directly to the grid while
its rotor winding is connected via a back-to-back AC/DC/AC
power converter. The AC/DC converter, referred to as the rotor
side converter (RSC), controls the active and reactive powers
at the stator terminals while the DC/AC converter, referred to
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as the grid side converter (GSC), aims to maintain a constant
voltage on the DC link capacitor between the converters [4].

With wind farms often located in remote areas where the
wind speeds are favorable, long transmission lines are needed
to transfer the generated power to load centers [5]. Therefore,
most of these transmission lines are series-compensated to
allow for increased transmission capacity and reduced voltage
drops. However, the interaction of energy between the DFIG
and the series-compensated line sometimes introduces a sub-
synchronous resonance (SSR) phenomenon that can create
electrical instabilities at frequencies below the nominal system
frequency and lead to failure of turbine-generator shafts [6-7].
Hence, the repercussions of series-capacitor compensated lines
connecting DFIG wind farms to the grid must be carefully
studied and analyzed.

There are three main classifications for SSR’s, namely:
Induction Generator Effect (IGE), Torsional Interaction (TI),
and Torque Amplification (TA) [8]. While IGE is a purely
electrical phenomenon, TI occurs as a result of energy
exchange between the mechanical system (generator shaft) and
the series-compensated line [9]. Significant system
disturbances may cause the resulting electromagnetic torque to
oscillate at a frequency close to the complement of one of the
torsional natural frequencies, leading to resonance between
electrical and mechanical natural frequencies; this is referred to
as TA [10].

Several approaches have been proposed to analyze the SSR
in the literature amongst which FEigenvalue Analysis,
Impedance-based Analysis, and Modal Analysis are the most
common. In [11], the mathematical model of the DFIG-based
wind farm interconnected with a series-compensated
transmission line is derived, and its stability properties are
explored. The nonlinear mathematical model of the system is
linearized to evaluate the system stability and sensitivity to
parameter variations based on eigenvalues and a participation-
factor analysis. The paper suggests that the parameters of the
rotor-side current-control scheme considerably impact system
stability.

In [12], the effects of series compensation, wind speed, and
current loop gains are studied on IGE and TI. Eigenvalue
analysis and time-domain simulations are used to evaluate the
damping and torsional modes of the network. It is shown that
TI only occurs for unusually high values of the shaft stiffness
and compensation level, and IGE is the major source of SSR.



Moreover, it is found that, unlike fixed speed systems, damping
of the network mode that influences IGE is enhanced for higher
wind speed conditions.

In [13], modal analysis of a DFIG wind farm interfaced with
a series-compensated network is used to identify system modes
and their characteristics. The effects of varying wind speed and
converter control parameters on system modes are investigated,
and time-domain simulation is performed to verify the analysis.
It is shown that the dominating system modes change with
varying wind speed conditions. The impact of RSC control on
SSR is also explored, and the results suggest that, with the
torque feedback loop open, an increasing gain can lead to the
instability of the SSR mode.

The ability of the DFIG power converters in mitigating SSR
is explored in [14]. An auxiliary SSR Damping Controller
(SSRDC) scheme using the GSC is proposed for SSR
mitigation. Residue-based analysis, root locus diagrams, and
time-domain simulation verifications are used to select
effective control signals. It is found that the capacitor voltage
is an effective signal in increasing SSR damping. A similar
approach is taken in [15] to design an SSRDC with an optimum
input control signal using residue-based analysis and root-locus
method. The effectiveness of the selected control signal is
measured by its ability to stabilize the SSR mode without
destabilizing other modes of the system.

In [6], an improved impedance model-based method using
aggregated RLC circuit model is proposed to analyze the
characteristics of SSR. The proposed scheme allows a
quantitative evaluation of SSR stability through circuit
parameters. The contribution of the GSC, DC link, the outer
control loop of RSC, and the number of online DFIGs to SSR
is also investigated. A supplementary damping control scheme
is developed in [16] that employs a multi-input-multi-output
(MIMO) state-space approach to mitigate SSR. Both GSC and
RSC control loops are analyzed and compared; the results of
the comparison show that RSC damping control exhibits
superior damping, lower actuator control effort, and higher
robustness under changing operating conditions.

In [17], the dynamic phasor-based modeling approach is
used to develop the impedance model of a thyristor-controlled
series capacitor (TCSC), and the application of the derived
impedance model in Type-3 wind energy systems for SSR is
investigated. The paper shows that the TCSC is successful in
avoiding SSR in DFIG wind farms. Moreover, it is found that
RSC current control does not lead to SSR instability.

Modal analysis and time-domain simulations are used in
[18] to show that the fixed capacitor-compensated DFIG farm
is highly unstable in the SSR mode. Residue-based analysis and
root-locus diagrams are then used to design an SSRDC for the
DFIG-based wind farm compensated with Gate-Controlled
Series Capacitor (GCSC).

Two major approaches are used for mitigating SSR in the
literature. The first approach uses Flexible Alternating Current
Transmission System (FACTS) devices [17-20], and the
second uses DFIG controllers [6], [11-16]. This paper falls into
the second category. A distinct feature of the paper compared
to other references in the literature is the experimentation with
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a real system, as opposed to simulations. Such experiments
would be difficult, if not impossible, to perform on a full-size
generator connected to the grid. The use of a laboratory test-
bed has its limitations but includes many real-life effects that
are not modeled in simulation studies. In this manner, the
results of this paper complement the aforementioned literature
on SSR and provide some new information. Although previous
works [11-12], [15-16], show that the RSC control loop
negatively affects SSR, it is shown in this paper that the
alignment of the reference frame for dq transformation has a
significant effect on IGE. With proper alignment of the
reference frame and design of the control system, the RSC
becomes a stabilizer of SSR, much as a power system stabilizer
dampens oscillations in synchronous generators. The method
does not require the use of costly FACT devices to avoid SSR.
The effectiveness of the proposed approach at different
compensation levels and multiple speeds is demonstrated
through experiments on a laboratory test-bed as well as
simulations on a full-scale system. Analysis methods are also
proposed to compute the frequency response of the open-loop
and closed-loop systems.

Oscillations can also appear in the tie-lines between multiple
wind farms and the rest of a power system [21], in particular
above a certain level of penetration. However, this paper
focuses on mitigating resonances caused by the interaction
between a single wind turbine or wind farm and a series-
compensated transmission line.

The main contributions of the paper are outlined below:

1. The observation of SSR effects in a DFIG test-bed with the
series-compensated line (very little experimental data can
be found in the literature on this subject).

2. The demonstration of the significant effect of reference
frame alignment on SSR, and an analysis method that
predicts and explains the poor damping with the stator-
aligned reference frame.

3. The development of two RSC control laws to mitigate SSR
oscillations without the need for costly FACT devices or
auxiliary sub-synchronous damping controllers. Unlike
other schemes in the literature that provide a lightly
damped response, the controllers of this paper eliminate
the SSR oscillations and show convergence in the same
time span as a system without a series-compensated line.

4. The design and analysis of the proposed controllers
directly in the complex domain. This allows the reduction
of the order of the system, including the controller gains,
by a factor of 2.

5. Validation of the effectiveness of the proposed controllers
through experiments, frequency-domain analysis, and
simulations on a full-scale wind farm in
Simscape/MATLAB.

II. SERIES-COMPENSATED DFIG IN DQ COORDINATES

Fig. 1 shows the basic elements of a DFIG connected to the
grid through a series-compensated line. The prime mover is
typically a wind turbine, and the rotor-side-converter (RSC)
controls the amount of power transferred to the grid through the
stator. A transmission line in series with a capacitor (both three-



phase) connects the stator to the grid.

Grid

Fig. 1. DFIG connected to the grid through a series-compensated line

The dynamic model of a DFIG with a series-compensated
line is given by the following equations in dq coordinates:

di di i
(Ls + Ll)d_std+ Md_rtd = vgd — Vea — (Rs+Rl)lsd +

We ((Ls + Ll)isq + Mi‘rq) (1)

disq
(Ls +Ly) ,” +M prate

we((Ls + Ll)isd + Mird) (2)

dirg _

Vgq — Veq — (Rs+Rl)isq —

LS4 MO =y — Rl + 0 (Lelng + Migy) ()
Ly S M = vy = Rreiyg = 0Ly + Mis) ()

dZid = igq + CWeVgq 6))
c d;;q = igq — CWeVcq (6)

with the following definitions:

Isq> Lsqs lra» lrq: direct and quadrature components of the stator
and rotor currents, respectively

Vsd> Vsqs Vra»> Urq: direct and quadrature components of the
stator and rotor voltages, respectively

Ved» Ve Vga» Vgq: direct and quadrature components of the
capacitor and grid voltages, respectively

L¢ and L, stator and rotor inductances, respectively

M mutual inductance between the stator and the rotor

R; and L;: line resistance and inductance, respectively

R and R,: stator and rotor resistances, respectively

w,: the angular electrical frequency of the rotating dq frame of
reference (normally equal to the frequency of the grid)

w: mechanical speed

w5 = (we - npa)): slip frequency

n,: number of pole pairs

c: series capacitance

Series compensation refers to the placement of capacitors in
series with the transmission line to compensate for the line’s
inductive reactance. The benefits are enhanced power flow
capabilities and improved voltage regulation. The level of
compensation of a series-compensated line in a DFIG system
plays a significant role in the stability of the system. The higher
the compensation level, the more the system is prone to
instability [22]. Therefore, to validate the effectiveness of the
proposed SSR mitigation techniques, two compensation levels
were studied: 50% and 70%. This paper only reports the results
for a 70% compensation level. An n% compensation level
indicates that the reactance of the capacitor compensates for
n% of the transmission line reactance. Specifically, for a 60 Hz

distribution system:

1
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nL;(2m 60)2

Note that 100% compensation results in an LC network with a
resonance at 60 Hz, which is problematic.

III. PRELIMINARY ANALYSIS

In this section, the results of SSR experiments performed on
the laboratory test-bed are presented. Two cases are considered
for control. In the first case, steps of v,.4, V.4 are applied to the
system. We refer to this case as open-loop dq control. In the
second case, an integral controller is added to track references
of active and reactive power. We refer to this case as closed-
loop dq control. Also, in both cases, two approaches are
considered for dq orientation. The first approach derives the
angle for the dq transformation from the stator voltages and is
such that vg, = 0. This approach is referred to as the stator
alignment. The second approach is based on the grid voltages
and is such that v, = 0. This approach is referred to as the grid
alignment. Note that the second approach is not quite practical
in a power system since it requires a measurement of the grid
voltages at a high sampling rate for the implementation of the
control system and this measurement is to be taken at a distant
location from the generator. Nevertheless, the conclusions are
significant in understanding SSR and deriving solutions to the
problem.

A. Open-loop system

The active and reactive powers generated by the DFIG are
shown in Fig. 2 for the open-loop control case. On Fig. 2, the
results with grid and stator alignments are shown, as well as the
results without the series-compensated line for comparison (in
that case, the stator voltages and the grid voltages are the same).
Steps of v, are applied first (which mostly impacts active
power), followed by steps of v,4; (which mostly impacts
reactive power). An important observation is that oscillations
are much more significant with the stator alignment approach.
With a 70% compensation level, the system with stator
alignment almost becomes unstable. A conclusion to be drawn
is that it is not so much the presence of the series-compensated
line that causes the SSR problem, but the presence of the line
in combination with the stator alignment.

35
30 —Pgen no SC line (W) Pgen grid (W)

25 —Qgen no SC line (VAR) —Qgen grid (VAR)

—Pgen stator (w)

Qgen stator (VAR)

20
15
10

0 0.5 1 15 2 2.5 3 3.5 4 4.5
Time (s)
Fig. 2. Grid vs stator alignment for an open-loop controller and 70 percent
compensation



B. Closed-loop system

The SSR phenomenon is further demonstrated in the closed-
loop control case on Fig. 3. The problem is found to be severely
magnified by the additional feedback. With 50% compensation
(results not reported in the paper), the SSR manifests itself as
sustained oscillations. With 70% compensation, the stator
alignment approach leads to instability, with the protection of
the power electronics drive board tripping. Again, the problem
is greatly reduced with grid alignment.
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g. 3. Grid vs. stator alignment for a closed-loop controller and 70 percent
compensation

IV. ANALYSIS OF STABILITY WITH GRID AND STATOR
ALIGNMENTS

In this section, a method of analysis is presented to explain
the experimental results. In the grid alignment approach, the
electrical dynamics of the system can be analyzed using (1)-
(6), which can be expressed in the state-space form

for some matrices E, F, G;, G, and

vrd]

x = [isa lsq lrg qu Vea ch U= [qu

9
-] ©
At constant speed and electrical frequency, the description is a
linear time-invariant system. The grid voltage is an external
signal with v, constant and vy, = 0. Let

0 (10)

where Vg com and Vyq com are rotor voltage commands such

that u=r in the open-loop command case. Then, the transfer
function matrix H such that

isd _ vrd,com
[isq] =H [qu,com (an
is given by
H(s) = C(Es — F)~'G, (12)

In the stator alignment approach, two methods of analysis are
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possible. If the stator alignment is used for analysis, one still
has vpq = Vrgcom and Vg = Urgcom. However, the voltages
Vgq and Vg, become functions of the stator voltages and the
reference frame frequency w, becomes variable. This method
is difficult to pursue. On the other hand, if the grid alignment
is used for analysis, the frequency w, = wy is constant, Vg4
is constant, and Vgq = 0. However, one must compute the
voltages vy , Vyq in the grid alignment that correspond to the
voltages Vrqcom» Vrqcom that are applied in the stator
alignment. This method is more tractable.

In the grid voltage reference frame, a rotor voltage command
computed in the stator reference frame is a vector v, that is

—

equal to the unit vector lzjsl multiplied by V.4 com » plus the same
unit vector rotated by 90 degrees and multiplied by V.4 com.
Algebraically, the result is:

Vrd,comVsd __

Jvsd2+vsq?

Vrq,comVsq
Jvsd2+vsq?

Vrag =

Vrq,comVsd
JvsdZ+vsq?

v = Vrd,comVsq
Tq  [vsd?+vsq?

13)

The rotor voltages depend on the stator voltages, which can be
obtained from:

1 Ygr = Ygd ~Vea = Vsa — Riisqg + welyisg

¢ = Yga ~ Veq ~ Usq — Rilsg — Weliisq (14)
Equations (13) and (14) define a rotor voltage vector of the
form

u=L(r x,x) (15)
where L(r,x,x) is a nonlinear vector function of r, x, and x.
This equation reveals that an open-loop control method based
on stator alignment is in fact a complicated nonlinear feedback
system. The significant change of dynamics observed when
switching from grid alignment to stator alignment is due to this
feedback.
To proceed with the analysis, a possibility is to linearize (13),
(14), so that (15) becomes

u=Lr+Lx+L;x (16)
where Lq, L,, L3, are matrices that depend on the steady-state
operating point. Analytic expressions for the matrices are not
given, because they are complicated, and the computations of
this paper were performed using the symbolic toolbox of
Matlab. The result is that (8) is replaced by

(E - G1L3)5C = (F + Gle)x + GlLlT' + sz (17)
and
-1
H(s) = C((E = GyL3)s — (F + G1Ly)) GiL, (18)



The norm of the matrix H is plotted for both scenarios in
Fig. 4. As can be seen from the figure, the SSR frequency is
about 44 Hz in both cases. The system gain at the SSR
frequency is about 15dB higher for a stator-aligned system than
for the grid-aligned system. The inherent feedback embedded
in the stator alignment considerably degrades the stability of
the open-loop system, which also impacts the closed-loop
system response. Using a grid alignment greatly simplifies any
outer loop feedback design.

Bode Plot: Norm of the open-loop system gain matrix
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Fig. 4. The norm of the open-loop system gain for grid and stator alignment
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The eigenvalue plots of both the grid and stator aligned
state-space systems are presented in Fig. 5. As can be seen from
this figure, the stator-aligned system has poles that are much
closer to the jw axis.
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Fig. 5. Eigenvalues of the grid and stator aligned open-loop systems

Based on these observations, the control methods proposed
in this paper proceed with the following principles:

a grid-aligned reference frame is reconstructed without

using grid voltage measurements

the grid-aligned model is used to develop an observer and a

feedback system to control the active and reactive powers

produced.

A further element of the solution is the grouping of each pair
of d and q components into a single complex variable, which
simplifies the derivation and the presentation of the results.

V. COMPLEX REPRESENTATION

The application of design methods in the complex domain
is based on a symmetry condition on the system that allows the
reduction of the order of the system by a factor of 2, as outlined
in [23]. The DFIG with series-compensated line satisfies these

5

symmetry requirements and can be reduced from the 6® order
system (1)-(6) to a 3™ order system. Complex variables are
defined by i = isq + jisg, iy = lyq + jirg, Vs = Vsq + jUsq,
Vp = VUrg + JUrg, Vg = Vg + jVgq, and v, = Vg + jUgg. In
this representation, the equations of the system become:

(Ls + L) 524+ MEE = v, — v — (R, + R — joe (L +
L)is + Mi,) (19)
Ly ST+ M2 = v, — Rody — jwg (Lyly + M) (20)

e = i — jew,v, @1

The transformation from (line-neutral) stator voltages vg,, Vgp,
Vg to the complex voltage vg has the simple expression [24]
, _j2 2
v, =./2/3 e 1% (vsa+e ]3175b+€]3175c) (22)

where 6, is the angle used for reference frame alignment and

the coefficient /2/3 corresponds to the choice of a power-
preserving transformation. The complex stator current is
similarly defined. For the rotor voltages, a complex rotor
voltage is defined by

2n
e’ vrc)

where 6, = 6, —n,0 and 6 is the rotor angle. The complex
rotor current is similarly defined.

) 2
v, =/2/3e7% (vm +e T, + (23)

VI. GRID ANGLE ESTIMATION

For grid alignment, the angle 8, is chosen such that vy is
real. However, the grid voltages are not assumed to be
measured. So, the methods of this paper proceed along the
following steps:

1. Anangle 8, is obtained by integrating w,,, where w,, is the
nominal grid frequency (1207 rad/s).

2. The stator voltages and currents are transformed to the
complex representation using the angle 6,,.

3. The variables v, and iy, are used in an observer to obtain
estimates vy, and v, of v; and v.. The observer also
produces its own (filtered) estimate i, of the stator
current.

4. The angle of the grid voltage 8, is determined from the
estimate of vy, and the angle is subtracted from all the
complex variables. As a result, v, becomes real, and the
effective reference frame alignment is 8, = 6, + 6,.

The motivation for this multi-step procedure is that a low-
bandwidth observer can be designed in the intermediate frame
of reference at a frequency w,. On the other hand, the
correction 6, ensures that steady-state corresponds to constant
complex variables, even if the grid frequency is different from

60 Hz and changes slowly. The true grid frequency can be
estimated from w, = w, + w,, where w, = %. However, that

correction term being small was not applied and w,, was used



in place of w,.
VII. OBSERVER

Based on (1)-(6) and (14), the following observer is
proposed:

diso/
. R/ -1, 1 .
dvco dt _ _jwn B l/Ll /Ll /Ll lSO
/dt = ]_/ Ziw. 0 co | +
dv c ] Wn ]]go
] gv/dtJ 0 0 0
L
0 : Vs + G(isn - iso) (24)
0

where G is a 3x1 vector chosen to yield a stable observer with
fast response. In the experiments, the gains were computed so
that the observer poles were placed at -600, -601, and -603
rad/s.

Fig. 6 verifies experimentally the accuracy of the observer
in estimating the dq capacitor voltages for a 70% compensation
scenario. Fig. 7 shows the effectiveness of the observer in
reconstructing the grid voltages in the physical abc reference
frame.
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Fig. 6. Measured vs. estimated values of the capacitor voltages in the dq
reference frame
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VIII. DESIGN OF THE RSC COMPLEX CONTROL LAWS

When modeling the DFIG for SSR analysis, the parameters
of the AC/DC/AC converter controllers are of interest.
Between the GSC and RSC converter controllers of the DFIG,
the RSC controller has been shown to have the largest impact
on the SSR mode and, therefore, on the system stability. By
contrast, the GSC controller does not participate significantly
in the SSR mode. This has been studied extensively in the
literature, and the results are reported in [7], [12]-[14].
Therefore, the controllers proposed in this paper, directly aim
at the root of the problem and use the RSC only to mitigate the
SSR oscillations.

In [24], [25], pole placement controllers were developed in
the complex domain for a grid-connected DFIG. The
algorithms were shown successful at controlling the DFIG with
a direct grid connection. In the presence of a series-
compensated line, however, the responses of the system with
the controllers of [24]-[25] were found to be oscillatory. This
paper shows how different controllers can be designed, still in
the complex domain, to restore the performance and damping
of the previous controllers. Two control laws are presented that
use the capacitor voltages as well as the stator and rotor currents
in their feedback loop. The capacitor voltages are estimated
using the observer proposed in section VII, as well as the angle
for the dq transformation. The complex domain framework is
used as a tool to develop controllers. Real-time coding is also
performed in the complex domain but translated into the real
domain at the interfaces with the physical system.

A. Pole-placement controller

The pole placement control law under consideration is given
by

Uy = Rpiy + jos(Lyiy + Mig) + Ky(Kp igrer — is) +

%(is,ref - is) - K., — K.v, (25)
The first two terms on the right-hand side cancel the open-loop
dynamics of the system (in particular, the speed-dependent
terms). The remaining terms are state feedback terms, where
the state is augmented by an integrator (is,ref - is) to achieve
a zero steady-state error. Four complex feedback gains K, K;,
K., and K. must be adjusted to ensure a stable feedback system.
One feedforward gain K is used to adjust the zero introduced



by the controller in the closed-loop transfer function.

The process of deriving the control law and calculating the

complex feedback gains in equation (25) can be summarized as

follows. The state-space model of the open-loop system can be

obtained from equations (19)-(21), together with
diy

di
L —L+M=—==v,
T at dt r

dxi/dt = (is - is,‘ref)

(26)
27)

where x; is an added state due to the integrator of the control
law. It follows that the state-space model is given by

L, M 0 0
M L, 0 0
E= 0 0 1 0
0 0 0 c
—(R; + jw,Ly) —jow,M 0 -1
P 0 0 0 0
- 1 0 0 0
1 0 0 —jew,
A =E"F, B=Eo 1 0 0]

X = [is ir Xi VC]T, u=v (28)

where R, = (R; + R)) and L, = (Ls + L;).

To place the closed-loop poles of this system at desired
locations in the left half-plane (LHP), a vector of complex gains
k is defined such that

v, = —k(x — xz) (29)
where x4 is a vector of references, x4 = [Kf isref 00 0] T and
k = [K, K, K; K.]"

By plugging equation (29) in the open-loop state-space
model of (28), the following closed-loop state-space matrix is
obtained:

_(Rt +]weLt) _](L)EM 0 _1
-K -K, —-K; -K
— -1 p T i c
Ay =E 1 0 0 0 (30)
1 0 0 —jcw,

The feedback gains are chosen such that the eigenvalues of the
closed-loop matrix A, match the desired closed-loop poles of
the system

det(pl —A,) =0 31)

for p = ag1, Agz, Agz, Aga-

As the poles are functions of the complex feedback gains
Ky, K;, K, and K_, the following equation can be derived from
equation (31):
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k=w-'z (32)
where W is the coefficient matrix of the complex feedback
gains obtained from det( pl — A.;) and Z is a vector of the
closed-loop poles and system parameters. W and Z are
presented in Appendix I. The solution of equation (32) provides
the necessary gains to move the poles of the open-loop system
to desired locations in the LHP.

B. LOR controller

The complex gains of the control law in (25) can also be
obtained by using the Linear-Quadratic Regulator (LQR)
theory. The objective of this controller is to obtain an optimal
gain matrix, k, such that the closed-loop matrix, A, is stable
if the system is stabilizable. The A and B matrices of the open-
loop state-space system of equation (28) are used in the design
of the LQR controller. Although the LQR design is typically
applied with real matrices, the theory and the algorithm
implemented in MATLAB permit complex A and B matrices.
In the implementation, the Q and R matrices were defined such
that the state corresponding to the integrator had a larger gain
and was moved further into the left half-plane. The following
Q and R matrices were used in the design of the LQR controller:

0 0
0 0
10000 0
0 1

S O O
SO RO

IX. TEST-BED

The lab test bench includes the components of Fig. 1. This
model is comparable to the IEEE first benchmark model for
SSR studies [26] and was implemented with the following
elements: Motorsolver DFIG generator and DC motor as a
prime mover, dSPACE I/O box connected to dSPACE 1104
board in a PC host, Hirel Power Electronics Drive Board
(PEDB), Grid Connection Box (with transformer, relay, and
voltage sensing network), Current Sensor Board, Inductors (3),
and AC Capacitors (3). The RSC is implemented through the
PEDB and injects or absorbs power to/from the rotor through a
3-leg inverter under the control of the dSPACE board. The
inductors represent the inductance of the transmission line as
well as the transformer connecting the DFIG to the grid, and
the capacitors represent the capacitors placed in series with the
transmission line to compensate for the reactance of the line
and transformers. The proposed control schemes used in the
experiments are built in MATLAB/SIMULINK with
embedded RTI1104 real-time interface for running the models
on the dSPACE hardware.

Although the mechanical dynamics of the experimental
system do not emulate a specific wind turbine, the mechanical
system is not involved in a significant manner in the type of
SSR studied in this paper. The resonances are mostly an
electrical phenomenon [12], created by the interaction between
the converter controllers and the series-compensated line. The
DC motor with constant voltage imposes a speed that remains
mostly constant at the time scales of the resonance, similar to



the behavior of a wind turbine with large inertia.

The lab test-bed also has parameter values that are different
from a large-scale system (the estimated parameters of the test-
bed are given in Appendix II). However, the differential
equations describing the system are the same, and observations
made on the small-scale system are useful to understand
problems encountered in the larger system. Solutions can also
be developed without risks or high costs, and with many of the
real-world effects that limit the achievable performance in
practice. Finally, although a single machine is considered, it has
been argued that the collective behavior of a wind farm can be
represented by an equivalent lumped machine in [27]-[29].

X. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed controllers
in mitigating SSR, experiments were carried out on the
laboratory test-bed. The desired active and reactive powers
were set to 20 W and 10 VAR, respectively. Both controllers
were tested for a 70% compensation level. The results of the
experiments are shown in Figs. 8 to 9.

Root-locus plots are also included and show how the poles
move from the open-loop to the closed-loop values when the
feedback gains are multiplied by a gain ranging from O to 1.

In the design of the pole-placement controller, the desired
poles of the closed-loop system were specified in consideration
of the open-loop poles. This is illustrated in Fig. 8 (b), where
the imaginary parts of the closed-loop poles are the same as the
open-loop poles. However, the real parts are made more
negative to increase damping. As can be seen from the root-
locus plots, the proposed controllers move the integrator pole
from the origin further into the LHP. The DFIG system pole
that is closest to the jw-axis (approximately at -20 rad/s) is also
moved somewhat into the LHP. The other DFIG system pole
(at approximately -170 rad/s) is moved slightly in the LHP. The
pole that is added due to the series capacitor (at approximately
-60 rad/s) is only moved slightly to the left in the LHP. The
experimental results demonstrate the effectiveness of the
controllers in mitigating SSR oscillations.

Small magnitude oscillations are observed in the plots.
Investigations revealed that their frequencies were harmonics
of the slip frequency and were due to imperfections in the rotor
construction of the small-scale generator used to conduct the
experiments. These oscillations would be expected to be much
smaller in a larger machine.

Overall, the DFIG control system suppresses the SSR in two
ways:

1. by using a grid-aligned reference frame obtained without
actual grid measurements

2. by applying a state feedback control with integral action
that ensures a closed-loop response with good damping.

The importance of the first element was demonstrated in the
preliminary experiments. The combination of the two was
evaluated in the experiments of this section and is further
analyzed using frequency-response computations. Fig. 10
shows the frequency responses of the open-loop and closed-
loop systems using the representation in complex variables.
With the grid orientation, a zero frequency in these plots

corresponds to 60 Hz operation. In the complex representation,
a system is described by Bode plots for positive and negative
frequencies that are not symmetric. A positive frequency
corresponds to a rotation of the complex variables in the same
direction as the grid, while a negative frequency corresponds to
reverse rotation. Fig. 10 (b) shows a resonant peak of the open-
loop system at -16 Hz (corresponding to an SSR at 44 Hz). This
peak is much smaller than would be obtained with stator
alignment but is still present due to the series-compensation
line. The pole placement controller is effective in suppressing
the peak and associated SSR, while the integrator ensures a DC
gain of 1 (0 dB).

A. Pole-placement controller:

251 — Generated active power (W)
—Generated reactive power (VAR)
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Time (s)
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Fig. 8. Pole-placement controller for 70% compensation: (a) generated active
and reactive powers, (b) root-locus of the system



B. LOR controller:

25 — Generated active power (W)
—Generated reactive power (VAR)

L
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Fig. 9. LQR controller for 70% compensation: (a) generated active and
reactive powers, (b) root-locus of the system

Bode Plot: Magnitude Response (positive frgquency)
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Fig. 10. The frequency response of the open-loop system and system with a
pole-placement controller at 70% compensation

C. Effect of variable speed operation

The effectiveness of the proposed controllers in the presence
of variable rotor speed is also studied through experiments on
the laboratory test-bed. Steps of voltage are applied to the DC
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motor that is used as a prime mover. Over a period of 20
seconds, the slip changes from -30% to 30%. Both the pole-
placement and the LQR controllers are effective at damping
SSR oscillations in the generated active and reactive powers
despite speed changes, as observed in Fig. 11.

LQR Controller
—Generated active power (W)

30- ——Generated reactive power (VAR) -
—Slip (%) !———r—

.40 L I I I I L
0 2 4 6 8 10 12 14 16 18

Time (s)

(@
Pole-placement controller
——Generated active power (W)

30 —Generated reactive power (VAR)
—Slip (%) _{_.J_
20 L_”—r

10

40

0 2 4 6 8 10 12 14 16 18 20
Time (s)
(b)
Fig. 11. Variable speed operation of the DFIG with 70% compensation: (a)
LQR controller, (b) Pole-placement controller

XI. SIMULATION ON A LARGE-SCALE WIND FARM

The proposed scheme for mitigating SSR oscillations was
also validated on a simulation of a wind farm comprised of 6
DFIGs, each rated at 1.5 MW. The wind farm is connected to
the grid through step-up transformers and a 100 km line and is
compensated at 70%.

The simulation that was used to evaluate the solution
proposed in this paper originated from work done at the Institut
de Recherche d’Hydro-Québec for modeling and simulating
wind power plants for power system studies [30]. The turbine
and drive train of this model are derived from [31]. The RSC
of the original controller controls the speed and reactive power
of the generator and aligns the d axis of the reference frame
with the stator voltage.

The changes made to
summarized below:

- The length of the transmission line in the simulation is
increased from 30 km to 100 km so that, with 70%
compensation, the total reactance remains the same as
the uncompensated line in the original simulation. The
objective is to set-up conditions where the steady-state
operation is comparable without the series-
compensated line and with the line. In particular, the
active and reactive power levels and the stator and rotor
currents remain about the same. The nominal controller

the original simulation are



assuming direct grid connection can be used for
comparison to the methods proposed in the paper.
- A series capacitor is added.
- The dq reference frame is aligned with the grid voltage.
- The RSC is replaced with the control scheme presented
in section VIII without changing the PWM and voltage
limiting elements.
This system is shown in Fig. 12 and its parameters are
presented in Table II of Appendix I. All parameters are
expressed in the per unit system with a base of 10 MVA.

TL: ST5V-25KV 2:25kv-120kv  Grid

X
6% 1.5MW 100km ¢ g

Fig. 12. The power system of the series-compensated DFIG based wind farm

Various components of the DFIG system, including the
turbine, drive train, turbine controller, as well as the RSC and
GSC controllers, are included in the simulation.

The pole-placement controller, combined with the
alignment of the dq reference frame with the grid voltages, was
found to effectively mitigate the SSR oscillations. This is
illustrated in Fig. 13, where the response of the original system
with and without the 70% series-compensated line (SC line), as
well as the response using the proposed pole-placement
controller in the presence of the SC line are observed. As can
be seen from the figure, the response of the system with the
scheme proposed in this paper is comparable to the response of
the original controller without line compensation.

While other controllers in the literature (based on the design
of auxiliary damping controllers) [14]-[16], [22] provide a
damped response, results reported in the papers exhibit
oscillations that decay over a period of several seconds. In
contrast, the controllers presented in this paper produce a
response without SSR oscillations and converging within the
same time span as the system without the series-compensated
line.

—Pole-placement controller - with SC line
— Qriginal controller - with SC line
—Original controller - no 8C ling
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Fig. 13. Validation of the proposed scheme on a large-scale system in
Simulink

XII. CONCLUSIONS

It would be risky and costly to perform experiments
involving sub-synchronous resonances on a doubly-fed
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induction generator connected to the grid through a series-
compensated line. Such data is not available in the literature,
and the performance of control methods was previously
demonstrated using computations and simulations only. The
claims of this paper are supported by experiments on a physical
test-bed that exhibits the limitations of real-world systems,
although at a much smaller scale. The successful results from
the lab scale experiments were further validated on a large-
scale system in MATLAB/Simscape.

A main contribution of the paper was to show that the SSR
problem in a DFIG connected to a series-compensated line is
magnified when a stator alignment is used. Much trouble is
therefore avoided by designing an observer that emulates a
grid-alignment without requiring grid voltage measurements. A
novel two-step approach was proposed for this purpose. What
remained of the resonant behavior of the system was then
controlled by conventional state feedback design.

The results of the paper also showed that sub-synchronous
resonances could be suppressed without special hardware or
communication with the grid or a series-capacitor. The active
and reactive powers produced were well regulated at constant
and varying speeds, suppressing the effect of SSR. A complex
domain analysis reduced the 8" order series-compensated
DFIG system with integral compensation to a 4% order one.
Computations in the frequency-domain were consistent with the
results of the experiments.

XIII. APPENDIX I

—Mc L.c 0 0
—2jMcw, —Mc Ric+ 2jLicw, -M
Mcw,> —2jMcw, 1-—Licw,?+ jRicw, —jMw,
0 0 0 Mcw,?
7=
L.cR, —c(M? — L,L,)A; — 2jM?*cw, + L;L,cw,

Ly + M?cwy? — c(M? — L L,)A; — LiL,cw,? + jLR.cw,
c(M? — LL,)As
—c(M? — L,L)A,

where

Ay =aq; +agy +ags +ag,

Ay = ag1aq; + aga(aqr +agy + ag3) + ag3(ag + agz)
= ag4(g1aaz + Aq3(aq1 + ag2)) + Aq1Q42043

Ay = Ag1042043044

N
w
|

XIV. APPENDIX II

The following parameters
experimental test-bed:

were estimated for the

TABLE I

EXPERIMENTAL TEST-BED PARAMETERS
R, 0960 L, 0.0131H R, 170
R, 1040 L. 0.0098H L, 0.022 H
M 00097H n, 2 c(70%)  418uF

The following parameters were used for the simulation
model:



TABLE II
SIMULATION POWER SYSTEM PARAMETERS
R, 0.023 L, 3.08 R, 0.18
R, 0.016 L, 3.06 L, 0.63
M 2.9 n, 3 c (70%) 2
Rpy 00016 L, 0048 X, 0.023
R, 00011 1., 0006
where

Rri, Ry, Lpq, Lyt resistance and leakage inductances of
transformers 1 and 2, respectively

Xg: reactance of the grid
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