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Abstract: The DC-link voltage control (DVC) timescale (i.e., the frequency dynamics covering
converter outer controls) instabilities in wind generation have gained increased attention recently.
This paper presents DVC timescale modeling and stability analysis for multi doubly-fed induction
generators (DFIGs) connected to weak AC grids. A reduced-order, small-signal model of a grid-tied
multi-DFIG system, designed for DVC dynamics analysis, is firstly proposed. The model allows for
the dynamic interactions among the DC-link voltage control, active power control (APC), terminal
voltage control (TVC) and phase-locked loop (PLL). Eigenvalue and participation factor analyses are
conducted to explore the potential instabilities and correlated critical factors for such a multi-machine
system. The sensitivity studies find that instability can occur at high levels of power generations or
low short-circuit ratio (SCR) conditions. In addition, the dominant mode is identified to be highly
related to the PLL, and its modal damping is decreased when the bandwidths of PLLs in different
generators are close. Detailed model-based time domain simulations verified the analysis above.
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1. Introduction

The last few decades have witnessed the rapid development of wind power generation around
the world. As one of the state-of-art wind power generation facilities, doubly-fed induction generator
(DFIG)-based wind turbines (WTs) have occupied a large market share, owing to the advantages
of optimized power capture, variable speed operation with reduced mechanical stress, decreased
rating grid-connected voltage source converters (VSCs), and lower costs [1]. With large numbers of
DFIG-based WTs integrated into the power grid, the impact of wind generation on power system
stability has drawn considerable attention from engineers and researchers. In particular, the stability
of wind turbines during weak grid operation is one of the critical concerns.

In a WT, there exist different categories of energy storage elements with different time constants,
such as the rotor mass of the generator, the DC-link capacitor and the AC filter inductor. Accordingly,
hierarchical control is adopted to regulate the states of these storage elements within a certain level.
Owing to this multi-timescale control feature, the control dynamics of a WT can be classified into three
layers: rotor speed control timescale (1 Hz), DC-link voltage control (DVC) timescale (10 Hz), and AC
current control timescale (100 Hz) [2]. Previous studies have primarily focused on the impact of DFIGs’
dynamics on the stability of power systems in the rotor speed control timescale [3,4], considering that
the rotor speed and drive chain control bandwidths of DFIG wind turbines are close to the synchronous
generator’s rotor swing mode. However, with the rapidly increasing penetration of wind power into
the grid, more electromagnetic oscillations of power systems begin to occur in the range of the DVC
timescale [5-9].
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As indicated in [5], an active power oscillation of 15 Hz happens in offshore wind farms connected
to VSC-HVDC in the North Sea. Furthermore, the authors in [6] prove that interactions between
the wind farm and VSC-HVDC will contribute to generating electrical oscillations of around 10 Hz.
Meanwhile, the oscillations of wind farms in DVC timescale have led to some serious accidents
around the world. In December 2009, oscillations of around 20 Hz occurred in wind farms in Texas,
which resulted in a great numbers of wind turbines tripping off the grid [7]. In December 2012, 6-8 Hz
oscillations were observed in the northern area of China [8], causing many wind generators to trip.
Additionally, as reported in [9], the wind farm in the Guyuan area, located in the northwest part of
Hebei Province, China, also witnessed an oscillation of 8.1 Hz in March 2013, causing a loss of 66%
of the wind power. These practical cases indicate that the DVC timescale stability of wind turbines
deserves great attention.

Recently, some researchers have begun to focus on DVC timescale modeling and the stability
analysis of various power converter-based devices, especially under the weak grid condition [10-15].
With respect to modeling, the authors in the literature [10] have proposed a small-signal model for
a weak-grid-connected VSC, dedicated to DVC stability analysis. The model considers the DVC
timescale dynamics, including the DVC, terminal voltage control (TVC) and phase-locked loop (PLL),
while neglecting the fast inner current control dynamics. Likewise, a reduced small-signal model
of a grid-connected DFIG, for DVC timescale stability analyses, is proposed in [11], and eigenvalue
analysis implies that the PLL-related mode increases the risk of instability under a weak grid condition.
Lately, a frequency-domain, small-signal model of multi-terminal high-voltage direct current (MTDC)
systems in the DVC timescale has also been proposed in the literature [12]. In terms of dynamics
analysis, the motion equation concept is extended to describe VSC DVC dynamics in [13,14], where the
damping and synchronizing powers of a VSC are computed for quantified evaluation. Similarly,
the DVC timescale stability for a DFIG is formally put forward in [15], and based on the concept
of motion equation, the equivalent inertia, damping and synchronization coefficients are derived to
characterize the DFIG DVC’s dynamic properties. However, for multi DFIGs, to the knowledge of
the authors, modeling and stability analysis considering DVC timescale dynamics have not yet been
deeply investigated.

The work presented herein is an extension of [16], where a system comprised of two DFIGs in
parallel connection to a weak grid is investigated. The root locus analysis in [16] showed that the
interactions of the two DFIGs can lead to instability when the AC grid strength is weak to a certain extent.
Differently from [16], a comprehensive small-signal modeling process of multi DFIGs, covering DVC
timescale dynamics, will be presented in detail herin. The model can count the dynamic interactions
between the rotor side converter (RSC) active power control (APC), the TVC and the grid side converter
(GSC) DVC, and the PLL of different DFIGs. Besides, in terms of analysis, except for eigenvalue locus
sensitivity studies, the participation factor curves are also drawn for comparative study, which can
reveal the relative impact of different controls on the system’s dominant mode in a transparent way,
as well as providing guidance on controller parameter tunings for stability improvement.

This paper is organized as follows. The problem setup is given in Section 2, where the DVC
timescale dynamics of grid-tied DFIGs are introduced, and a preliminarily analysis of the interaction
relations of multi DFIGs in weak grids is also offered. Then in Section 3, a reduced-order, small-signal
model of multi DFIGs for DVC timescale dynamics analysis is proposed. In Section 4, the eigenvalue
locus and participation factor curves of multi control loops are illustrated to reveal the stability
characteristics of multi DFIGs, considering different grid strengths, operating points and different
bandwidths of PLL. In Section 5, detailed model-based time domain simulations are conducted to
validate the analysis above. Conclusions are drawn in Section 6.
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2. Dynamic Interactions for Multi-DFIGs in DC-Link Voltage Control Timescale

This section first gives an introduction to the multi timescale dynamics in DFIGs, in which DVC
timescale dynamics will be clarified. Then, a preliminary analysis is offered to illustrate the interactions
between control loops in a DVC timescale among multi DFIGs, under weak grid conditions.

2.1. DC-Link Voltage Control Timescale Dynamics of DFIGs

Figure 1 depicts the diagram of a grid-tied wind farm, where the DFIG-based wind turbines are
radially connected to the common point bus. Though there exist many control strategies for power
converters in different applications, such as the model predictive control [17], power synchronization
control [18] and virtual inertia control [19], the vector control is still the most-commonly utilized
strategy in the wind power industry [20], and will be considered herein.

1s 0.1s 0.01s
Rotor speed  DC-link voltage ~ AC current
control timescale control timescale control timescale

Figure 1. Multi timescale dynamics in DFIGs.

As depicted in Figure 1, the vector control of a DFIG is hierarchically formulated, and referring
to [15], the associated dynamics can be classified into three layers, namely, the rotor speed control
timescale (1 s), the DC-link voltage control timescale (0.1 s) and the AC current control timescale
(0.01 s). The dynamics of the rotor speed control timescale are close to the electromechanical dynamics
of the power systems, since its time constant is close to the synchronous generator’s inertia constant.
For the typical vector-controlled VSCs in wind turbine applications, the control bandwidths of the
inner current control loops of the RSC and GSC are around 100 Hz, while the outer control loops
are usually designed to a decade slower [21], around 10 Hz. Generally, the RSC controls the total
active power sent to the grid, as well as regulating the reactive power to maintain the terminal voltage
around the nominal value. By contrast, the GSC is responsible for controlling the DC-link voltage,
keeping it around the rated value. Besides, unity power factor control is normally adopted by GSC.
The frequency range of dynamics covering the outer control loops, such as the GSC DVC, the PLL,
the RSC active power control and the terminal voltage control, are defined as the DC-link voltage
control timescale dynamics [15].
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2.2. DC-Link Voltage Control Timescale Interactions of Multi DFIGs in Weak Grid Condition

In China, as well as many other places in the world, large numbers of wind plants are located far
from the load center, resulting in power delivery through a long AC transmission line [3]. Meanwhile,
a wind plant usually contains many identical machines parallel-connected to the point of common
connection (PCC) [9,22]. Therefore, the stability study of the system configured as depicted in Figure 2
is of practical significance.

Figure 2. Diagram of multi DFIGs interactions in the DC-link voltage control timescale.

The IEEE Task Force suggests the use of a short-circuit ratio (SCR) to prescribe the relative strength
of the AC grid to a DC terminal [23]. Quantitatively, this index is calculated as SCR = Vv?/ (ZgPrated),
in which Zg is the grid impedance and Py4¢eq is the rated power of the DC terminal. So, the strength of
the AC grid tends to be weaker for longer transmission lines. In the field, some wind plants can be
confronted with very weak grid situations (SCR < 2) [24].

The interactions of multi DFIGs in the DVC timescale under weak grid conditions can be
complicated. As shown in Figure 2, when the AC transmission line is long, the bus voltage at the
PCC, as well as the DFIGs’ terminal voltages, will become sensitive to disturbances from both the
wind turbine side and the grid side. On the one hand, the DC-link voltage control, the PLL, the active
power control and the terminal voltage control will interact with each other through the coupling of
terminal voltage dynamics in a single DFIG, due to their close control bandwidths. On the other hand,
the variations of the output powers of each DFIG will affect the PCC voltage and the terminal voltage
of other DFIGs, considering the circuit power flows; in turn, a change of terminal voltage can drive the
DVC control actions of other DFIGs, as well as altering their output powers. Consequently, multi DFIGs
also interact with each other in the DVC timescale. Under weak grid conditions, the terminal voltage
of a DFIG and the PCC’s voltage are more sensitive to the wind turbine’s power variations; therefore,
the weaker grid condition will aggravate the DVC timescale interactions among multiple DFIGs.

3. Modeling of Multi DFIGs Connected to Grid

In this section, a detailed modeling process for multi DFIGs parallel-connected to an AC grid is
presented. Since this paper mainly studies the dynamic characteristics in the DVC timescale, referring to
the modeling consideration for a single DFIG in [15], the following assumptions are made:

(1) Both the stator and rotor windings of the generator adopt the motor convention. The fast flux
dynamics are ignored, and an algebraic generator model is utilized;

(2) The fast dynamic processes of the RSC and GSC’s inner current loops are neglected;

(3) As the mechanical rotor speed control of wind turbines is much slower than the converter control
dynamics, its output power reference (see Figure 1) is assumed to be constant;
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(4) The system is lossless.

There exist various types of PLLs for the synchronization of power converters in different
applications [25,26], and the synchronous reference frame (SRF) PLL is the most widely used
technique [20] in three-phase power systems. Assuming the terminal voltage angle and the PLL output
angle of the DFIG at the synchronous speed coordinate are 6t and 0 respectively, referring to [15],
the SRF PLL model for DFIG1 can be expressed as

1 .
qul = Uy sin(0y — Opim ) @
pl 1
u kP
_ _talgpl, g1
qul U <kp1 + S )S 2)

Combining Equations (1) and (2), the linearized PLL model can be deduced as

N kPl
tql pll i1 1
AO = ——(k —)- 3
pill Uy (P1+ s )s )

The voltage phase angle relations between the PLL coordinate and the synchronous rotating
coordinate are shown in Figure 3. In a steady state, the PLL coordinate coincides with the synchronous
rotating coordinate, i.e., Op1 = 0, and the d-axis of the PLL coordinate is oriented to the terminal
voltage U;. When subjected to a disturbance, the PLL cannot immediately locate the terminal voltage
phase angle, and the angle error between the terminal voltage and the d-axis of the phase-locked loop
coordinate system becomes 01—6p11- Therefore, in the dynamic process, the relationship of the dg
components of a variable projected in the two coordinates can be expressed as

{ M = cos Oplim f§m —sin Opiim fclf m @
T gm = sin Gpumfgm =+ cos Qpllmfg o

where m denotes the number of DFIG, which canbe 1,2,3 ... n.

U,
@
Figure 3. Vector diagram representing DFIG1 control dynamics in (a) a steady state and (b) a
dynamic process.

Taking the synchronous rotation coordinate of DFIG1 as the global common reference,
and assuming that the steady-state phase angle difference between the terminal bus voltage of
the DFIGm and that of DFIG1 is Oy, the dg components of the variables of the DFIGm projected to this
common coordinate can be written as

d

sl o3 sm sm
q = sinOmfi™ + cos Omfg

©)

sl __ sm : sm
{ = 08 Om fi™ — sin O f3

in which f can represent the components of voltages and currents, and the superscripts s1 and sm
denote the local synchronous coordinates of DFIG1 and DFIGm, respectively.
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The circuit equations of the power network (See Figure 2) are

-

Uim — Upee = JXemItm , m = 1,2,..., n

Based on Equation (5), Equations (6)—(8) can be manipulated as

1 . sl . 51 ..
fdm + ]ufqm = ]Xtm(lfdm + ]Ziqm ]Xg Z ledi T ]ltql + ugd + ]”gq
i=1

u

Dividing the real and imaginary components of (9), we get

sl
Uidm = Xtm( sqm + lcqm B gZ sql qu + ugd
i=1

s _ sl
Uigm = Xtm( fodm T cdm +Xg 2 sch + lCdl T Ugq
i=1

Linearizing Equations (10) and (11) gives

p p 51
AUy = —Xom (A + Aith) = Xg ) (AEL +AEL)
i=1

n
1 1 1
Au’fqm Xtm(Alzdm + Alcdm + Xg Z Algdl + AlCdl)

i=1
The stator and rotor circuit equations of the m-th DFIG can be expressed as

Um = —jo1LmmIrm — jo1Lsm I'sm — Rs Ism

Um = —RimI'm + j(wl - C‘)rm) (_er I'im = Lnm Ism)
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(15)

Ignoring the stator resistance and giving the slip ratio of DFIGm the value sry, = (w1 — @m)/w1,

the dg components of the stator and rotor voltages can be further deduced as

1
AMfdm - XmmAqum + XsmAlsqm
sl
Autqm = XmmAzrdm XsmAlsdm
Auiém - _erAl +SrmemAlsqm+SrermAqum
1 _
Ay = erAqum srmemAzs dm srermAzr m

Synthesizing Equations (12), (13), (16) and (17), it can be derived that

n

sl _ utd sl utd A :sl
AMtdm - Z km 2i— Aqul Z km ZZAqul
i=1 i=1

(16)

(17)
(18)

(19)

(20)
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The output variables of the m-th DFIG can be obtained as
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n
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The equations related to DC-link voltage control dynamics are

dau
Pim —Pem = udcmOCm$
kUdc
.pm i
ledm = (udcm udcm) (kgrﬁc + 1rsn )

The RSC active power control- and terminal voltage control-related equations are

KPe
m *
fdm = (Pem —Pem)(kgin + %)
Ut
pm + i
Zlr)qm = (utm - utm)<kgr§1 + %)
Linearizing Equations (29)-(32) gives
dAU,
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L kU
m
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KUt
Aifgm = (AU = AUm) (kg + =) (36)

Combining all the linearized equations regarding the DFIG and grid subsystems, the overall
small-signal model can be visually formulated by a diagram representation, as given in Figure 4.
Here, each DFIG’s control system is independently described as a block, containing the DC-link
voltage control, terminal voltage control, active power control and phase-locked loop. The power
flow equations of the power grid act as the linkage for the interactions of multi-DFIGs. As is shown,
each DFIG outputs its currents to the grid block, while the grid block feeds back its power and voltage
information for each DFIG’s control systems.

| AP+ o Aifs 'Ai%2 |” “coordinate || Ay
| h ! | | transformation || i
: AP, ,_“‘1,: : ¥ Coupled with Grid
. Loy Eq(4 ;
IAUu + pIut AIVZ}, IAIcpdll | q( ) | A;'{ciil
I ! o | Eq® | ulr T a7
| AUy | I g
| | e .
DR~ [T ] ol e e e I Al
N ey 1
| AR, :Apel AR, kll,:le kll‘:ze b kll,nan Aqull
I AyP A6 .
IAum+ pirit| 1 pm: DFIG1 AU AU [k K e kY| (AN
N I | A2,
L T e e L. 7
| AP, + PP Al A | coordinate Aif,|
I _? " o transformation A-sf A,
| Al i )
T . = =3{1aR,| ks kgees K (i
| AUm + PIUI AIrqn IAchdn EC[(4) | Alcdn A-sl
e " | BB [ [PV [k K [
| AUm hgplln q | AIc n AIcsqn
| AU Aipnl—’l »
T den cdn L |
|AP"'+ wd_ !
- n [o1] -
| AP, 0 : AP
[ AuP" 1 ]A6,
| tqn PIP g | DFIGn ‘AUm
| <

-
b

Figure 4. Diagram representation of small-signal model for multi DFIGs integrated into a weak grid.
The small-signal model in Figure 4 can also be expressed in the canonical state-space form as

Ax = AAx+ BAu

37
Ay = CAx+ DAu 7
pl , pl ,.pl
Ax = [Aipy Aip AL AUga Awpi A+ Awpiin ABpin] " (38)
* * * 1+ * n*
Au = [APel Autl Auclcl Aufql ”'Audcn Aufqn ]T (39)

in which Ax represents the state variables associated with the control dynamics of each DFIG, Au are
the reference signals and Ay is the output vector. The eigenvalues and eigenvectors can be calculated
from the state matrix A, which will be used to study the small-signal stability of this system.

4. Stability Analysis of Multi DFIGs Connected to Weak Grids

Based on the proposed small-signal model, this section will investigate the stability of the
multi-DFIG system. The commonly-used eigenvalue locus and associated participation factor analysis
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will be utilized as the analysis tools. Various operating conditions, such as different grid strengths,
operating points and controller tunings, will be examined to identify the potential unstable conditions,
and explore the impact of these parameters.

4.1. Eigenvalue and Participation Factor Analysis

Eigenvalues and eigenvectors can be readily calculated from the state matrix as given in Equation
(37), and are commonly used to determine system modal characteristics and stability. The participation
factor is one of the useful tools in eigenvalue analysis, which is defined as [27]

Pri = Prilik (40)

in which ¢y; and j are the kth entry of the right and left eigenvectors, respectively. The participation
factor, as expressed in Equation (40), is an index which can weigh the relative participation level of the
kth state variable in the ith mode. For a normalized eigenvector, the sum of the participation factors to
a mode for each state variable is equal to unity. Besides, the dynamics of a state variable corresponding
to a mode are usually linked to the associated controls, for instance, DC-link voltage greatly affects
the dynamic of DC-link voltage. Therefore, different controls’ relative impacts on one mode can
also be quantified by the participation factor. In addition, as the participation factor is calculated
from eigenvalues and eigenvectors, its value also changes with system operating condition variations.
So, in the following, along with the eigenvalue locus, the participation factor curves under different
conditions will be drawn to determine the closely-related controls of the system dominant mode.

4.2. Effect of Grid Strengths

For brevity, a system composed of two DFIGs in parallel with an AC grid is considered.
The parameters of the two DFIGs are assigned as identical, and given in Appendix A, whereinthe
proportional-integral (PI) control parameters primarily refer to the model in Matlab [28].

The effect of grid strengths on stability of this system is studied first. Grid strength is measured
by SCR. The active power outputs of DFIG1 and DFIG2 are set to 1.5 MW and 2 MW, respectively.
The eigenvalue locus for SCR changing from 4 to 1.1 is given in Figure 5a, and the participation
factor curves on system dominant mode for different controls in DFIG1 and DFIG2 are depicted in
Figure 5b,c. It can be observed that, when SCR > 1.4, the real part of A; ; lies closest to the imaginary
axis; therefore, A; ; is dominant when grid strength is relatively stiff. This mode hardly changes
with SCR variations. The participation factor curves for SCR > 1.4 reveal that this mode is mainly
participated in by the DVC-related state variables. Since the output power of DFIG2 is larger than that
of DFIG1, the participation level of DFIG2 is also relatively higher.

However, with the SCR reduced to a certain low level, i.e., SCR < 1.4, another pair of complex
modes, A5 ¢, sharply moves towards the right half of the plane and becomes the dominant mode,
even crossing the imaginary axis when the SCR approaches 1.1. The participation factor curves in
Figure 5b,c show that this mode is mainly participated in by the PLLs of the two DFIGs. Therefore,
it can be concluded that the interactions of the PLLs of the two generators play a leading role in the
stability of weak-grid tied multi-DFIG systems. Additionally, when the SCR is around 1.4, the locations
of A1 2 and A5 ¢ are very close in the complex plane, and it can be found that both the DVC and PLL
have high levels of participation in the two modes; by contrast, when A; , and A5 ¢ are separated in
comparably high or low SCR conditions, the participation degree of the PLL in A; ; and that of the
DVC in A5 ¢ become smaller. This result implies that the close interaction between the PLL and the
DVC comes under the condition that their related modes are locate close together in the complex plane.
Indeed, this phenomenon is known as near modal resonance [29,30], where two eigenvalues located
close together in the complex plane will significantly interact with each other, and a slight change
of the system parameters could possibly induce a large damping variation in one of the two modes,
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as well as enlarging the risk of instability. The results of the eigenvalue locus and related participation
factor curves in Figure 5 confirm this general phenomenon.

30 . . . . . . .
*
Pl A4 ‘Bj’l,Z
201 : "\\—'\'\ iy ]
SCR=4 \ 6
i SCR=1.4 ]
Im Qf /1113 ﬂ*i * * * *ﬂﬂ}ﬂg g
* ( Ao
-10f L -
) :
20} g = i
o
40 35 30 25 20 -15 10 5 0 5
Re
a,
06 " bvc
0.5 — — APC - Ao
------- TVC RN
0.4
IS S o,
03 RN
02 ‘
/4_./ -

12 11

Figure 5. Stability analysis of the multi DFIGs system with varied grid strengths. (a) Eigenvalue
locus. (b) Participation factor curves for dominant mode in DFIG1. (c) Participation factor curves for
dominant mode in DFIG2.

4.3. Effect of Operating Points

In this subsection, the effect of the operating points on the stability of multi DFIGs is studied.
In this case, active power outputs of DFIG2 are set to 2 MW, and the SCR is fixed at 1.1. The eigenvalue
locus for DFIG1’s output powers varying from 0.5 p.u. to 1.0 p.u. is depicted in Figure 6a. As the active
power output of DFIGI increases, similarly, the dominant eigenvalues A5 ¢ move toward the right half
of the plane, and migrate into the unstable region, until P¢; = 1.0 p.u. Likewise, participation factor
analyses in Figure 6b,c imply that the PLLs occupy the largest participation share of this mode. Besides,
the participation level of the RSC APC and the TVC also grow with P,;’s increase. The analysis shows
that heavy loading is detrimental to the stability of a multi-DFIG system with weak grid connection.



Energies 2020, 13, 3689 11 of 18

30 . . ’ ; ; ; ;
iy Toi®®
20F 8 / ¥ i
Pe;=0.5p.u. ., j’sve
101 Pe;=0.7p.u. - ]
| Jn Ay » Pe1=1,0p.u.
m Qf = KK K i / * * *  * ok 210 *29 g
-10f A
* *
*
-20 o * * * 1
04 35 30 25 20 15 10 5 05
Re
05 @ e
DFIG1 — Et/f """"" .
0.4 — — APC { | -
------- TVC
03} _commi =i N .
02

065 06 07 08 09 105 06 07 08 09 1
Active power(g)f DFIG1(p.u.) Active power(g)f DFIG1(p.u.)

Figure 6. Stability analysis of a multi DFIGs system with different operating points. (a) Eigenvalue
locus. (b) Participation factor curves for the dominant mode in DFIG1. (c) Participation factor curves
for the dominant mode in DFIG2.

4.4. Effect of PLL Bandwidths

According to the aforementioned analysis, the dominant mode under weak grid conditions is
largely related to the PLLs of the two DFIGs. This section checks the impact of PLL controller tuning.
In this case, the active power outputs of DFIG1 and DFIG2 are both set to 2 MW, and the SCR is given as
1.1. The bandwidth of the PLL in DFIG2 is assigned as 14 Hz, and the eigenvalue locus for the variations
of the PLL bandwidth of DFIG1 ranging from 2 Hz to 20 Hz is depicted in Figure 7a. The result shows
that with the bandwidth of the PLL in DFIG1 approaching that of DFIG2, the dominant mode moves
to the right and becomes unstable; however, when the bandwidths of the two PLLs diverge, the system
resumes stability. Similar to the case mentioned in Section 4.2, the close bandwidths of the PLLs in the
two DFIGs will generate a near modal resonance condition [29,30], which is detrimental to closed-loop
stability. Besides, with the increase of the PLL bandwidth in DFIG1, participation factor analysis shows
that the participation degree of the PLL in DFIG1 gradually decreases, while the participation of the PLL
in DFIG2 gets enlarged. This means that the effectiveness of enhancing the damping of the dominant
mode by increasing the PLL bandwidth of one generator is limited, because the modal damping will be
governed by the other generator. The case study implies that separating the bandwidths of the PLLs in
the two DFIGs is beneficial for system stability.



Energies 2020, 13, 3689 12 of 18

40 T T T T T T T !
or ﬂq’é*\ﬁi‘:s@ 0Hz
' * % . \ i
20F L ™ \/ N
10t 2Hz\§} ZY
Im of j%l ’fﬂf% : * * Ok Xk * % * *¥ B
. Ao
10k * / Ao 8 i
L * * K ; u
-20 T * *
-30f " = P
40— 3 5 —'20Re 5 0 5 0 5
a)
06 Y
05| ™. -
0.4
03 I '
02 :tf_':-.-_;\,_{ ,,,,,,,,,,,,,,, _,,g:f:.’f.f ..................
0 =TT T T T _,:-‘:, ———— T T T T

2 4 6 8 10 12 14 16 18 202 4 6 8 10 12 14 16 18 20
(b) ©
Figure 7. Stability analysis of a multi DFIGs system with different bandwidths of PLL. (a) Eigenvalue
locus. (b) Participation factor curves for dominant mode in DFIG1. (c) Participation factor curves for
dominant mode in DFIG2.

5. Simulation Validations

In this section, detailed model-based time domain simulations are carried out to verify the
analysis given in Section 4. A two-DFIG system in connection with a weak grid system model is
built in Matlab/Simulink. The main structure of the DFIG model is inherited from the demo model in
Simulink [28], and as this paper focuses on converter electromagnetic dynamics, the mechanical part,
including the turbine and related controls, in the demo model is abandoned, and constant power/voltage
references as converter control inputs are assumed (See Figure 1). Additionally, compared to the
proposed reduced-order model, the detailed simulation model includes the dynamics of current
controls, the generator and the network circuit. The model’s parameters and operating conditions are
set to be the same as those in the case studies given in Section 4 for comparison. For all the simulation
scenarios, the system reaches a steady state before t = 13 s; then, a small disturbance, i.e., a 0.5% step-up
increase of the active power reference in DFIG1, is enacted at t = 13 s, and the responses of DC-link
voltages and the active powers of the two DFIGs are captured.

Figure 8 shows the simulation results for different grid strength conditions. The DC voltages
and active powers of the two generators oscillate with the decrease of SCR, which indicates that the
system stability deteriorates with the reduction of grid strength. This tendency is in accord with the
eigenvalue locus given in Figure 5a. In addition, Figure 8 shows that sustained oscillation happens at
SCR = 1.1, and this also strongly agrees with the analysis given in Figure 5a, where the poles move
to the right-half of the plane at SCR = 1.1. Figure 9 gives the simulation results for different output
powers of DFIG1. Similarly, it reveals that system stability is reduced with the increase of the loading
level, and a loss of stability even happens when the power outputs of DFIG reach 1 p.u. This result is
also in good agreement with the analysis given in Figure 6a. Figure 10 shows the simulation results for
different PLL bandwidths. As analyzed in Section 4.4, the worst stability condition comes when the
bandwidths of the PLLs in the two DFIGs are close. This conclusion is also validated in the simulation
results given in Figure 10; with the increase of the PLL bandwidth in DFIGI, the system first becomes
unstable after DFIG1’s PLL bandwidth reaches 8 Hz, then it restores stability when DFIG1’s PLL
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bandwidth further increases to 20 Hz. This is because the difference between the bandwidths of the
two PLLs first decreased, then grew, during this process. Overall, the simulation studies verify the
correctness of the eigenvalue analysis given in Section 4.
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Figure 8. Active power outputs and DC-link voltages of the two-DFIG system with varied grid strengths.
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Figure 10. Active power outputs and DC-link voltages of the two-DFIG system for different bandwidths

of PLL in DFIG1.

6. Conclusions

In this paper, small-signal modeling and stability analysis for multi DFIGs tied to weak grids in
the DC-link voltage control timescale are studied. The proposed model neglects the dynamics of the
converter current’s controls, which significantly reduced the order of the studied multi-DFIG system.
Besides, the model can suitably allow for the possible interactions of multi DFIGs, covering the DVC
timescale dynamics. In terms of sensitivity analysis, except for eigenvalue locus, the participation factor
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curves are also drawn to reveal the weight of the effect of different controls on the system dominant
modes for various conditions. The impact of grid strengths, operating points and the bandwidths of
PLL are mainly examined, and the major conclusions are drawn, as follows:

e For arelatively strong grid, the system’s dominant mode is highly participated in by the DVC,
and this mode is hardly affected by other controls and grid strength variations. However, in very
weak grids, the PLL-related mode becomes dominant, and has the risk of instability;

e The damping of the dominant mode for a multi-DFIG system under weak grid condition is
reduced with the decline of the grid’s strength or the increase of the DFIG’s power outputs.

e Inultra-weak grid conditions, the stability of a two-DFIG system gets worse when the bandwidths
of the PLLs of the two DFIGs are close, reaching a condition of near modal resonance. In contrast,
to improve system stability, the bandwidths of the PLLs in different wind generators should
be separated.

The current work is limited to investigating possible instabilities and identify critical factors;
the countermeasure regarding the stability enhancement will be carried out in the near future.
In addition, the interactions among DFIGs with different control strategies, e.g., virtual synchronous
control and vector control, also deserve attention, since these controls are foreseen to coexist in the
power systems of the future.
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Nomenclature
Pe Active power output of a DFIG
DVC DC-link voltage control

APC, TVC Active power control, terminal voltage control
RSC, GSC Rotor side converter and grid side converter

Py, P. DFIG RSC and GSC active power outputs

U, O6c VSC internal voltage (the voltage behind the filter) magnitude and phase
Uy, 6¢ DFIG terminal voltage magnitude and phase angle

wllt Mechanical rotor angular frequency

Wy, W1 Electrical rotor angular frequency, synchronous angular frequency
sr =(w1 — wr)/wq, Slip ratio

U, Infinite bus voltage magnitude

Ic Current of the gird side converter

Is, I, Stator current and rotor current

Opl1 PLL output angle

Uge DC-link voltage

C DC-link capacitance

Xg Transmission line impedance

Xs, Xi, Xm The equivalent reactance of stator winding and rotor winding and their mutual inductance
kUOlC,k;;'Tdc Proportion coefficient and integral coefficient of DC-link voltage controller
kgn,kf’u Proportion coefficient and integral coefficient of PLL

KUt kUt Proportion coefficient and integral coefficient of terminal voltage controller

1
kge,kipe Proportion coefficient and integral coefficient of active power controller
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Subscripts:

* Reference value

pm Phase-locked loop coordinate system for the m-th DFIG
sm Synchronous rotating coordinate system for the m-th DFIG
Subscripts:

d,q Rotating reference frame d-axis and g-axis components

n The total number of wind turbines

m The sequence number of DFIGs

Appendix A

Table Al. 2 MW DFIG parameters.

Ppise =2 MW Upase = Ustator_pase = 690 V (Line to line rms value)

Whase = 2 T pase fase =50 Hz Rs=0.022 p.u. R; =0.009 p.u.
L;;=0171p.u. Ly =0.156 p.u. Ly =39p.u L.=03p.u.
Useres = 1200 V C=0.047F Ug=1pu Re=01wp Lg

Note: The rotor circuit parameters are transformed to the stator side.

Table A2. Controllers parameters values (p.u.).

RSC active power control kge = 04 kiPe = 40
RSC terminal voltage control kEIt = 024 kiUt: 24
DC-link voltage control kp de — 076 kiUdC: 25.35
Phase-locked loop kgLL: 60 kiPLL: 1400
Parameters kffl 91 and kfz ,; are shown as follows
is _ 1 Xi—Xg o
km,Zi—l T X+ Xsm ( a Xg th) (l - m)
L v
7 T
is _ 1 —Xi—Xg X P
km,2i—1 T X+ Xom ( n Xg + th) (l - 1)
1+X X+ Xa7
7 T
is _ 1 Xi— X, ;
km,Zi—l Xt Xsm L Xg (1 # m)
1+2, X+ %o
AR AR
is  _ 1 X _ . P
km,21 Xem+Xsm z Xg Xml) (Z - m)
W s
- .
is 1 —Xomi . C_
koo = Xk (@ g T Xmi) (0 =1)
1+Z Xt/+X5/
]
is  _ 1 Xi :
m,2i Xem+Xsm ( n Xg (l # m)
(AR s
- :
t t
Parameters k9. k"4 k' andk 1. areshown as follows
utd _
km,gi—l = Xemky i 4 (i#m
uti _ is _
Kpicy = Xsmky, o g+ Xmm (i = m)
utd __ is
km 2i T Xsmkm,Zi
k”{q _ _kutd
m,2i—1 m,2i—1
utq  __ _qutd
km,2i - km,2i
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Parameters kP¢ KPe KPe and ksle 4; are shown as follows

m,4i—-3" “mA4i-2" “m,4i—

pe _ is utq sl
km,4i—3 =1 5(km 2i— uS Jrkm 2i-1 tqu)
pe — 1551 kutd
m,4i—2 tdmO0" m,2i-1 ;
pe _ is utq i1 :
{ km,4i—1 =1 S(km 211’[S + km 2i tqu) (l #m
pe _ is “t‘? 81 P
km,4i—l =1 S(km 21us + km 2i tqu +Us) (i = m)
pe _ s1 utd
km 4i = L.5i tdmOkm 2i

Parameters kPS KPe kb€ and kgf 4; are shown as follows

m,4i—-3" “mAi-2" “m,4i—

kfn}z ;=1 5ka‘721 1 i(llmo
e
m,4i—1 m,2i cqu
{ CkfncAi—l =1 S(kitqh iclimO + US) (i = m)
kSL41 L 5k;'1{1tg1 iglmO
Parameters k' i kfnr i kfnr i and kﬁlr 4 are shown as follows
k;;;zys = _Srmemkm 2i-1P5dm0 (l: #m)
K aics = —srmem(k;; 2i-1 i3m0 icllmo) 130~ Remily g (F = m)
krP;rAi—Z = Srmemkm 2i rqu (i #m
klrgnr,4i—2 = S'mXmm (kz 2i 15’(11m0 iglmo) + ”fémo - erlrtllmo (i = m)
kg{Ai—l = srmekafl 2i-1E5dmo
km 4i srmemkm 2i
Parameters kw4 3 k%’;z ki’””41 1 and ki’n[/t4i are shown as follows
k’ﬁ;}z N : k%%l in0 '
m,A4i m,2i m
Parameters kzzli—s’ k:’zi_z, k:;ﬁl,_l and k;ﬂi are shown as follows

S k:;tqzl c0sOyy,
S k“t‘él sin6h,
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