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Abstract — Research into doubly-fed induction generator
(DFIG) technology has yet to solve the instability that arises
when DFIGs are connected to weak grids. To investigate this
problem, this work used the modal analysis technique to study
the impact of the phase-locked loop (PLL) control on the small-
signal stability of wind-driven DFIGsand examine the
sensitivity to the grid-impedance. Using a highly-detailed model,
this study explains how stability can be guaranteed in terms of
the ratio between the bandwidth of generator current
controllers and the bandwidth of the phase-locked loop
controller.  Finally, the study provides practical
recommendations for PLL design, based on the research
findings.

Keywords—Wind generators, doubly fed induction
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. INTRODUCTION

Wind generation is a mature technology representing a
significant part of the generation portfolio in a number of
countries, such as Denmark, Germany, Spain, United States
and United Kingdom. Wind-driven Doubly Fed Induction
Generators (DFIGs) (type-3 wind turbines) are currently the
dominant technology for on-shore wind generation, due to the
good compromise between performance and cost. Although
DFIG technology is quite mature, stability problems continue
to arise when DFIGs are connected to weak grids. The stability
of the interaction of Phase Locked Loop (PLL) control with
the rest of the system is particularly troublesome.

DFIGs are controlled using two Voltage Source
Converters (VSCs) [1] (one connected to the rotor or rotor side
converter, RSC, and another one connected to the grid and the
stator or grid-side converter, GSC) that partially decouple the
induction generator from the grid. The most extended way of
controlling the GSC is the so-called vector control, where
mobile d-g axes are aligned with the voltage of the grid-stator
Point of Common Coupling (PCC). The GSC is synchronized
to the grid using a PLL to calculate the grid angle at the PCC.
One implementation of the PLL consists in making the g
component of the voltage equal to zero by using a
Proportional-Integral  (P1) controller, which wuses a
synchronous reference frame (SRF) to estimate the phase
angle [1]. However, more advanced PLL schemes have been
proposed with the purpose of improving aspects such as the
dynamic performance of the system, the performance during
faults or the robustness in the presence of harmonic distortion

3], [4].

Vector control of VSCs exhibits a satisfactory
performance when connected to a strong grid, but stability
issues are known to arise when the VSC is connected to a
weak grid. Those stability problems can be present in all
applications of VSC technology: in wind turbines (either
DFIG or full converter), in solar photovoltaic (PV) generators,
in Flexible Alternating Current Transmission Systems

(FACTS) and in VSC-based High-Voltage Direct Current
systems (VSC-HVDC).

The study in [5] used small-signal stability techniques to
analyse the impact of the gains of the PLL controller on the
stability of a VSC-HVDC system connected to a weak grid,
concluding that high gains of the PLL can produce
instabilities, which is more critical for low short-circuit ratios
(SCRs). The stability of a VSC-HVDC connected to a weak
grid was also analysed in [6], revealing stability issues when
using traditional vector control. To tackle this problem, the
researchers proposed an effective control technique by using
adaptive gains (gain scheduling) in the outer controllers of the
VSC. Research discussed in [7] and [8] studied the dynamic
behaviour of VSCs connected to weak grids using a small
signal model and proposed guidelines for the selection of a
proper PLL bandwidth to improve VSC system stability. The
study in [9] performed small-signal analysis of a wind farm
based on DFIG-type wind turbines connected to a weak grid,
to study the impact of the parameters of PLL controllers. The
study showed that the PLL can produce instabilities and
proposes a damping controller to stabilize the system. A recent
study [10] analysed the impact of PLLs on the stability of a
wind farm based on full-converter-based wind turbines
connected to a weak grid, showing that low SCRs can produce
instabilities. The authors also proposed an indicator to assess
the small-signal stability limit caused by the system strength.
The study in [11] also analysed the impact of PLL control on
the stability of full-converter-based wind turbines. The work
identified oscillations of order 4 Hz and 30 Hz and it showed
that the dominant mode depends on the PLL bandwidth.
Another study [12] performed small-signal analysis of a PV
generator connected to a weak grid and proposed including a
compensation filter in the PLL to improve stability. The
research described in [13] studied the design of the PLLs of a
microgrid with VSC-based generation connected to a weak
grid, concluding that slower bandwidths of the PLLs can
improve stability margins.

Although these previous studies have shown that the
interaction of vector control, the PLL controller and the grid
is involved in the stability issues of VSCs connected to weak
grids, the mechanisms that drive the system to instability
(namely, the modes that are destabilized and the parameters
that have more impact on stability) are still not fully
understood. In response to this problem, this study
investigates the small-signal stability of DFIGs using a highly
detailed model that includes the detailed electromagnetic
representation of the induction machine and the grid and the
current controllers of the converters. Modal analysis technique
is used for this purpose. Eigenvalues and participation factors
are obtained and discussed in detail.

The specific contributions of this study are as follows:

e Itexplains how stability conditions are obtained in



terms of the ratio between the bandwidth of generator
current controllers and the bandwidth of PLL control.

e It analyses the modes that can be destabilized and
their participation factors.

o It analyses the effects of the sensitivity to the grid-
impedance on the small signal stability.

e |t offers some recommendations for PLL controller
design.

This paper is an extension of preliminary results published
in PES General Meeting [14].

The rest of the paper is organized as follows. Section 1l
describes the DFIG model and the Modal Analysis Technique
used in this work. Section 11 explains the results of the modal
analysis of the DFIG model. Section IV provides the
conclusions.

Il. MODEL

A. DFIG-based wind turbines

Fig. 1 displays the control scheme of a wind-driven DFIG.
The rotor windings are fed by a three-phase VSC with pulse
width modulation that provides a three-phase voltage system
of variable frequency. The variation of the frequency of rotor
currents results in a variation of the rotor speed. Assuming that
the stator frequency f, is constant, a variation of the rotor

frequency f, resultsinachange of rotor speed N according
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Fig. 1. Single-line diagram of a wind DFIG.

The electronic interface consists of two converters coupled
through a DC link capacitor. The rotor-side converter (RSC)
is used to control either the torque or the rotor speed and the
rotor reactive power by means of the rotor current (see Fig. 2).
The rotor current is expressed in a rotating reference frame
aligned with the stator flux space vector. The component in
the direct axis of the rotor current (excitation current) controls
the generator reactive power. The usual strategy is to set it to
zero. The component in the quadrature axis (torque current)
controls the electromagnetic torque of the generator.
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Fig. 2. Controllers of the rotor-side converter.
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The stator- or grid-side converter (GSC) is used to control
the overall generator reactive power and the DC capacitor
voltage (see Fig. 3). The latter is controlled by the direct axis
component of the GSC current while the former is controlled
by quadrature axis component of this current.

A test system has been developed to investigate the
interaction of Phase-Locked Loop (PLL) control with the
wind-driven DFIG. The equivalent circuit of this test system
is shown in Fig. 4. It includes a detailed model of the induction
machine, the filter of the grid side converter, a harmonic RC
filter, and the grid Thévenin’s equivalent. Equations of the
grid Thévenin’s equivalent are written in a synchronous
rotating reference frame whereas the DFIG equations are
written in the dq rotating reference frame of the DFIG itself.
The two reference frames are related through the PLL
controller show in Fig. 5.
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Fig. 5. PLL control loop.

The DFIG model is described by a set of non-linear
differential and algebraic equations that can be written in
compact form (see [15] for details) as

x=f(x,z,u)

0=g(xz,u) @)

where the state variables x, the algebraic variables z , and
the input variables U are (see Appendix B, for an explanation
of these symbols):
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B. Small-signal model of a DFIG
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Linearizing the set of non-linear differential and algebraic
equations in (1), we have:

0| |A,A,llaz| B, @
AX
Ay = [CI CZ]{A2:|

The explicit linear model of the wind DFIG is obtained
eliminating the algebraic variables from (2).

AX = AAX+BAuU

3
Ay = CAx+DAu ®)

As the number of state variables is 20, the state matrix is
20x20.

C. Modal Analysis

Modal analysis has been used to assess the small-signal
stability of the DFIG. Modal analysis calculates not only the
eigenvalues but also the right and left eigenvectors of the state

matrix A . From the right and left eigenvectors, participation
factors can easily be calculated to find the relationships
between eigenvalues and state variables.

The right and left eigenvectors (v, and w;, respectively)

corresponding to the eigenvalue A, of the state matrix A
are defined according to

Av, =V, A
:—/I VI i § (4)
w; A = Aw,
The participation factor of the j-th variable in the i-th mode
is defined as [16]

Py =Wy, 5)

e

The participation factor p;; is a dimensionless measure of the
participation of the j-th variable in mode i-th and it is useful

to assess the impact of control parameters on the eigenvalues
of the system.

I1l. RESULTS

The test system consists of a 100 MVVA DFIG connected to
an infinite grid, as shown in Fig. 6. The DFIG is connected to
the point of common coupling (bus 2) through a 220/0.69 kV
transformer. The initial operating point of the DFIG is
presented in TABLE | and system data are provided in
TABLE VI in Appendix A.

TABLE I. INITIAL VALUES OF OPERATION POINT

P1 (MW) Q1 (MVAR) V1 (pu) s (%)
100.00 0.00 1.0137 -4.25%
DFIG
100 MVA .
1 2 Grid

Fig. 6. DFIG connected to an infinite grid.

The short-circuit ratio (SCR) at the connection point of the
DFIG (at bus 1, before the transformer) will be used to assess
the strength of the grid. The SCR is defined as [17]:

SCR = i (6)
Zth

where Zth is the magnitude of the equivalent impedance of
the grid, written in pu with respect to the nominal bases of the

DFIG. Since the SCR is calculated at bus 1, the equivalent
impedance includes the impedance of the transformer and

that of the line (Z; =Z 1, +Z,,). When the SCR is changed,

the criterion used in this work is to maintain the relative value
between the inductive and resistive parts of the impedance
(X/R) constant. In this case study, X/R=10.

This study analyses the effect of grid impedance variation
on small signal system stability. The grid impedance
corresponds to the impedance of line 2-3 of Fig. 6. Two cases
will be considered:

e The impact of the PLL bandwidth (wnpLL) on small-
signal stability, while the current controller
bandwidth (wnc) and SCR values remain fixed.

e The impact of SCR values on small-signal stability,
while the bandwidth of the current and PLL
controllers remain fixed.

A. Impact of the PLL bandwidth:
Two scenarios are considered:

e DFIG connected to a strong grid: SCR=10
e DFIG connected to a weak grid: SCR=2

The bandwidth values employed in this study broadly
correspond to current practice in industry [18]. The current
controller bandwidth is set at 2000 rad/s and the bandwidth
of the outer controllers are set at a tenth of this value. The
PLL bandwidth tested was changed from 10-100% of the
current controller bandwidth (i.e. from 200-2000 rad/s).

In the case of a DFIG connected to a strong grid (low grid
impedance), a SCR at the PCC of 10 is assumed (grid
impedance of 0.1 pu). The bandwidth of the PLL controller
was set at 1200 rad/s (60% of wnc). This case will be referred
to as the base case of Fig. 7, marked with a red square.

TABLE |1 presents the modes of the system of the base
case, while TABLE I11 presents the participation factors. All



modes are stable. Modes 1 and 8 are the ones with the lowest
damping ratio. Mode 1 relates to the interaction of the stator
flux, the grid current and voltage at the PCC as shown by the
participation factors in TABLE Ill. The PLL state variables
have significant participation factors in the mode 7. Mode 8
belongs to stator variables and has the lowest damping ratio,
but it is always stable for all values of the bandwidth of the
PLL controller.

TABLE Il. Low GRID IMPEDANCE CASE. MODES.

Number [Real Imaginary |Damping(%) Frequency (Hz)
1 -284.80 4138.28| 6.87 660.19
2 -528.94 3492.78 14.97 562.23
3 -1010.48 1898.10 46.99 342.23
4 -970.61 1468.35] 55.14 280.14
5 -1400.00) 1428.29 70.00) 31831
6 -1170.70 1302.66] 66.84 278.75
7 -868.36 863.63 70.90 194.92]
8 -0.20 311.93 0.06 49.64
9 -141.31 143.22 70.23 32.02

10] -133.93 132.66 71.05 30.00

TABLE Ill. LOw GRID IMPEDANCE CASE. PARTICIPATION FACTORS.

Mode
1 2 [ 3 [ 4 [ s 6 | 7 | 8 [ o [ 10

Psi_sd 0.5544] 0.5843] 0.6286] 0.6416] o 03006] _ o4sos]  o4ssi 00043  0.0047

Psi_sq 0.0770) 0.0747] 0.0466) 0.1988} 0| 0.0353} 0.4948| 0.0018] __0.0009)

Psi_rd 0.4562] 0.6130) 0.1575| 0.3540) o 05024 oo026a] _ oooas| _ 00031]  o.0087

Psi_rq 0.1259) 0.1493] 0.0804] 0.4436] o 00077] __ 02157] __0.000¢] o o

Psi_ad 00162 0.0176] 0.5089) 0.15£| 0 0.3786] 0.0014] 0 0.0030]  0.0095]

Psi_aq 9 o 9 o[ _o7001] o 9 u o [
s 0.0037 0.0083 0.0710] 00080 _o|

v 0.0157] 0.0159) 0.2287] 0.0635) o

x_al 9 o [ o[ o700

00585] 00013 0.0050] 05741 0.1274]
00%00]  00017]  00047] 01525 0.5034]

0| 0| of 0 0
04131 00019 00001 00017 0.008]
0.0077] 0.0002] 0.1521] _ 0.5409)
01595]  00460]  00006] 00001  0.0002]

2

x_a2 0.0055| 0.0071] 0.3813] 0.1444]
x_a3 0.0005] 0.0008] 0.0157| 0.0054]
x_rl 0.0164] 0.0327] 0.0856| 0.7589)

0
0
0
xr2 00141 0.0428] 0.4075) 0.0520] 0 03857 00075 00005 0.0023]__0.0070]
xs 0.0001] 0.0003] 0.0049) 0.0007 0 00050 0.0002 00021] 055725]  0.1369]
vcd 0.2489)| 0.3150] 0.0604] 0.0067] 0 00135] 0,001 0 o o.0001
v_cq 0.2942] 0.2738) 0.0407] 0.1542) 0| 0.0146] 0| 0| 0|
Psi_tr 0.2097] 0.2363 0.1501] 0.0078 0 00544]  00086] 00188  0.0699]  0.0949|
Psi_ti 0.2150 0.2181] 0.0573] 02750 0 00203]  003%]  00476] 00092  0.0074]
*_bw_pll 0.0041] 0.0125] 0.0366 0.0563 3 0.0324] 07083 0 o o0.0003
x_th_pll 0.1480] 0.1855 0.116—1‘ 0.6432] 0| 00556] 00553  0.0388]  0.0729]  0.0622]

Fig. 7 shows the evolution of the modes when the PLL
bandwidth is changed from 200 rad/s to 2000 rad/s. The base
case corresponds to a 1200-rad/s PLL bandwidth (60% of the
current controller bandwidth) and it is marked with a red
square. The system is always stable, even if the PLL
bandwidth is high. Mode 1 in TABLE Il tends to move to the
right-hand side of the complex plane as the PLL bandwidth
increases. This mode is related to the interaction of the stator
flux, the rotor flux, the grid current, voltage at the PCC and
the state variables of the PLL, as shown by the participation
factors of TABLE IIl. The rest of the modes are not
problematic.

In the case of a DFIG connected to a weak grid (high grid
reactance), a SCR of 2 is assumed (equivalent impedance of
0.5 pu). The PLL bandwidth was made equal to 600 rad/s. This
case will be referred to as the base case of the Fig. 8 and it is
marked with a red square.

TABLE 1V presents the base case modes, while TABLE
V presents the participation factors. All modes are stable.
Mode 8 has the lowest damping ratio. This mode is related to
the interaction of the stator flux, the grid current and the PLL
state variables, as shown by the participation factors in
TABLE V. The state variables of the PLL have significant
participation factors in modes 6 and 7 and also have a relevant
participation in modes 1 and 3.

Fig. 8 shows the evolution of the modes when the PLL
bandwidth changed from 200 rad/s to 2000 rad/s. The base
case corresponds to a 600-rad/s PLL bandwidth (30% of the

current controller bandwidth) and it is marked with a red
square. The system becomes unstable if the PLL bandwidth
is too fast in comparison with the bandwidth of the inner
current controller. For example, unlike in the case of
SCR=10, for a SCR of 2 the system becomes unstable if the
PLL bandwidth is 1200 rad/s (60% of the bandwidth of the
inner current controller). Mode 6 in TABLE IV moves to the
right-hand side of the complex plane as the bandwidth of the
PLL controller increases, producing the instability. This
mode is related to the interaction of the stator flux, rotor flux,
the grid current, voltage at the PCC and the PLL state
variables, as shown by the participation factors in TABLE V.
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Fig. 7. Low grid impedance. Evolution of the modes as the bandwidth of
PLL control is changed from 200 rad/s to 2000 rad/s. The bandwidth of PLL
control in the base case is 1200 rad/s (marked with a red square).

TABLE IV. HIGH GRID IMPEDANCE. MODES.

Number [Real Imaginary  |Damping (%) |Frequency (Hz)
1 -1369.34 2541.02 47.44 459.40
2 -1077.61 2539.37] 39.06 439.04
3 -460.34 1903.82 23.50] 311.74
4 -1400.00 1428.29 70.00 318.31
5 -1002.79 1203.30 64.02 249.30|
6) -75.44 861.53 8.72 137.64
7 -447.56 459.28| 69.79 102.06
8| -2.79 304.28 0.92 48.43
9 -150.05 143.61 72.25 33.06

10 -92.50 104.23 66.38 22.18

HIGH GRID IMPEDANCE. PARTICIPATION FACTORS.

s | 6 | 7 [ 8 [ o [ 10 |

Psi_sd
Psi_sq
Psi_rd

Psi_rq
Psi_ad

Psi_aq

s 0052 00319 o.0711] of o.0683 002aa|  oooaa| o071  oae| 02055
v 2 0.1068 0.1202] 0.3886 0] 0.2262 0.0870 0.0064| 0.0247| 0.2898 0.2475
x_al 0] 0) 0) 0.7001 0] 0] 0] 0] 0| 0|
x_a2 0.1139] 01114 02746} of _05084] 0.0152] 0.0012] 0.0006| X

0.0219| 0.0144f
x_rl 0.0452 0.0643 0.1898
x_r2 0.2837| 0.4077| 0.0595

x_a3 0.0054]
x_s 0.0026| . . 0.0066| 0.0040)

<
sl
S
°
E
°
8
°
g
g

v_cq 0.0615
Psi_tr 0.0485
Psi_ti 0.0548)

x_bw_pll 0.0154]

x_th_pll 0.0264]

The analysis concludes that, when the impedance of the
grid is low, a bandwidth of 60% or lower (i.e. 10-60%) is
normally required to allow the PLL controller to maintain an
acceptable stability margin. However, when the impedance
of the grid is high, a bandwidth of 30% or lower (i.e. 10-30%)
is normally required, especially if the current controller
bandwidth is high (2000 rad/s).



B. Impact of the value of the SCR:
Two cases have been considered in this section:

e A 1200-rad/s PLL bandwidth (60% of the current
controller bandwidth)

e A 600 rad/s bandwidth(30% of the current controller

bandwidth)
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Fig. 8. High grid impedance. Evolution of the modes as the bandwidth of
PLL control is changed from 200 rad/s to 2000 rad/s. The bandwidth of PLL
control in the base case is 600 rad/s (marked with a red square).

Fig. 9 shows how system modes change when the SCR
decreased from 10 to 2. The figure shows the same system
when two cases of PLL bandwidth are considered. In the first
case (in blue) with a 1200 rad/s PLL bandwidth (60% of the
current controller bandwidth), the system is stable up to
certain values of SCR. In the second case (in red) with a 600
rad/s PLL bandwidth (30% of the current controller
bandwidth), the system is always stable, even if the SCR at
the PCC is very low. Modes 4 and 6, in TABLE Il and
TABLE IV respectively, move to the right-hand side of the
complex plane as the SCR decreases. These modes are related
to the interaction of the stator flux, rotor flux, the grid current,
voltage at the PCC and the PLL state variables as shown by
the participation factors of TABLE Ill and TABLE V. The
rest of the modes are not problematic.
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Fig. 9. Evolution of the modes as the SCR connection is changing from 10
to 2. The current controller bandwidth is 2000 rad/s. The bandwidth of the
PLL control is 1200 rad/s (blue) and 600 rad/s (red).

Finally, Fig. 10 shows the time response of the g component
of the GSC current (iaq) of @ DFIG connected to a weak grid
(SCR = 2), using a non-linear model. A step of 0.01 pu is
applied to the set point of ia at t=1s. Fig. 10 shows the
response of the system when two cases of PLL bandwidth are

considered. In the first case (in blue) with a 1200 rad/s PLL
bandwidth, the system is unstable. In the second case (in red)
with a 600 rad/s PLL bandwidth, the system is stable. Results
confirm the conclusions obtained by modal analysis.
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Fig. 10. Time simulation of the g component of the GSC current (iaq) of a
DFIG connecte to a weak grid (SCR = 2) when a step of 0.01 pu is applied
at 1 second. The current controller bandwidth is 2000 rad/s. The bandwidth
of the PLL control is 1200 rad/s (blue) and 600 rad/s (red).

Two conclusions can be drawn from this analysis: on the
one hand, if the PLL bandwidth is 60% of the current
controller bandwidth, the system becomes unstable when it is
connected to a weak grid; on the other hand, the system is
always stable when a lower PLL bandwidth is considered
(30% of the current controller bandwidth).

IVV. CONCLUSION

This study uses the Modal Analysis Technique to
investigate the impact of the PLL on small-signal stability in
a highly detailed wind-driven DFIG model. There are two
main findings. Firstly, if the DFIG is connected to a strong
grid (low grid impedance) and the current controller
bandwidth is high (e.g. 2000 rad/s), the system is stable if the
PLL bandwidth is smaller than the current controller
bandwidth (e.g. 60%). This means that the PLL bandwidth can
be 60% and even greater than the current controller
bandwidth. Secondly, if the DFIG is connected to a weak grid
(high grid impedance) and the current controller bandwidth is
high, the PLL bandwidth must be less than 30% of the current
controller bandwidth in order to maintain system stability.
Hence, a reasonable design of the PLL bandwidth would be
10-30% of the current controller bandwidth.

In summary, the stability of a DFIG connected to a grid
using a PLL in the GSC will depend on the strength of the grid
and on the design of the bandwidth of both current and PLL
controllers.
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APPENDIX A:

V, =V + Jv,, ! stator voltage.

V, =V, + jv,, ! rotor voltage.

V, =V, + jv,, | stator converter voltage.

i, =iy + Jiy, : stator current.

i, =iy + Ji, : rotor current.

i, =i, + Jiy, - Stator converter current.

Y, =y, + jy,, - stator flux.

W, =W, + Jy,, - rotor flux.

W, =V, + jv,,: stator converter flux.

R, R, : stator and rotor resistances.

L., L, : stator and rotor leakage inductance.
L, : magnetizing reactance.

R, . L, : resistance and inductance of stator converter

connecting filter.
R, ., L,: resistance and inductance of the connection

transformer.

, : speed base @, =27 f,

w, : synchronous speed @, =1.

S :slip.

t., : mechanical torque.

t,: electromagnetic torque.

R, ., L, : resistance and inductance of grid Thévenin

equivalent.
R, , C, : resistance and capacitance of filter.

i, =ig + ji, : grid current.

W, =W, + jw,, - grid flux.

V, =V, + jV, : Thévenin voltage.

i, =g + jig,: filter currrent.

Ver = Ve + Ve - filter capacitor voltage.
g, - PLL speed.

O,,, - PLL angle.

APPENDIX B:
Data of the system are provided in TABLE VI.

TABLE VI.  SYSTEM DATA

Parameters (pu)
R, 0.01
L, 0.15
R, 0.01
L, 0.15
|_m 0.5
R, 0.06
|_a 0.6
R, 0.01
C, 0.085
R 0.001
L 0.15
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