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Abstract: This paper aims to explore a viable solution for a doubly-fed induction generator
(DFIG)-based wind farm to meet the reactive support requirement of the low voltage
ride-through (LVRT) grid code with safe grid-connected operation during asymmetrical grid
faults. First, the control scheme for the DFIG-based wind energy conversion system (WECS)
is designed. Then, the controllability issue is analyzed by means of an optimal method,
and the derived controllable regions indicate that the DFIG-based WECS can only remain
controllable under mild asymmetrical fault situations. Afterwards, the static synchronous
compensator (STATCOM) is introduced as extra equipment to ensure that the DFIG-based
wind farm remains controllable under severe asymmetrical fault situations. For this purpose,
a voltage compensation control scheme and a corresponding capacity matching method
for the STATCOM are proposed. The simulation results verify that, with the proposed
coordinated control between the DFIG-based wind farm and the STATCOM, the required
positive-sequence reactive current can be supplied to support the power grid. The oscillations
on the electromagnetic torque and direct current (DC)-link voltage of the DFIG-based
WECS can also be eliminated. Therefore, the control scheme can be helpful to improve
the reliability of both the wind farm and the power system during grid faults.
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1. Introduction

With the increasing penetration of wind power energy in the power system, the capability of low
voltage ride-through (LVRT) is becoming a requirement for grid-connected wind farms in the grid codes
of more countries to ensure the reliable operation of the power system during grid faults [1-3]. More
specifically, the wind generation systems need to remain connected to the power grid during grid faults,
while providing effective voltage support as the conventional generation systems. Among the different
types of wind energy conversion systems (WECSs), a wind turbine with doubly-fed induction generator
(DFIG) is used most commonly in commercial MW-class wind generation systems, since the needed
capacity of its converter is only 25%—-30% of the system rated power [4]. However, DFIG-based WECS
is very sensitive to grid disturbances; a sudden grid voltage dip may even destroy its converters [5—7].
Generally, the whole LVRT process for DFIG-based WECS can be divided into three continuous periods
according to the LVRT grid codes [8], the initial period after the grid fault occurs (the first period),
the low voltage-sustaining period (the second period) and the grid voltage recovery period after fault
clearance (the third period). To achieve complete LVRT, the control objectives for DFIG-based WECS
in each period are different.

In the initial period after a grid fault occurs, a large electromotive force (EMF) is induced in the rotor
circuit of the DFIG by the transient decay component of the stator flux, which results from the stator
voltage dip [5—7]. To ensure the safe operation of the rotor-side converter (RSC), the control objective
for DFIG-based WECS in this period is to restrain the rotor surge current caused by the large EMF [8].
The corresponding control schemes have been investigated thoroughly in references [5,9—-14]. The rotor
crowbar protection is a simple but effective measure, which is commonly used at present [15,16]. When
a grid fault occurs, the active crowbar is triggered to short the rotor circuit of the DFIG, which can
accelerate the decay of the transient stator flux while protecting the RSC [17,18]. The previous studies
for the first period of the DFIG’s LVRT are comprehensive; therefore, this paper will focus on the
second period.

When the transient stator flux is almost damped out, it enters the low voltage-sustaining period.
The crowbar is cut off, and the RSC recovers the control of the DFIG. The control objective for
DFIG-based WECS in this period is to support the grid voltage by injecting reactive current into the
network [8]. For symmetrical grid faults, the conventional vector control scheme can be applied here
with the reactive current reference set to follow the LVRT grid codes [19]. However, the control issue
becomes more complicated during asymmetrical grid faults.

Under asymmetrical grid fault conditions, the imbalance in the grid voltage has negative impacts
on the operation of the DFIG and the grid stability. Specifically, the existence of negative-sequence
voltage brings double grid frequency oscillations on the active and reactive powers, as well as on the
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electromagnetic torque [20,21]. To eliminate such oscillations, several control schemes with sequence
decomposition and advanced algorithms have been proposed to address small voltage imbalance
conditions [22-28]. In addition, the impact of the limited converter rating on the control of DFIG-based
WECS is analyzed in references [8,29]. Furthermore, the detailed power generation capability and
feasibility regions of the DFIG with limited RSC rating considered are derived in reference [30].
Consequently, for severe asymmetrical fault situations, the control targets proposed in references [22—28]
can hardly be achieved due to the converter capacity limitation.

The previous studies on the second period of the asymmetrical LVRT mainly focus on keeping the
DFIG-based WECS connected to the power grid with safe operation. However, the reactive support
requirement of the LVRT grid code during asymmetrical grid faults is already under discussion in
some countries. For example, as indicated in the German ordinance “SDLWindV”, at least a 2% rated
positive-sequence reactive current per percent positive-sequence voltage drop should be supplied by the
WECS when the positive-sequence voltage drop is more than 10% [3]. Therefore, the grid voltage
support requirement should be considered in the control scheme design of DFIG-based WECS.

As mentioned above, the effects of the control schemes in the second LVRT period are limited
by the converter capacity of the DFIG-based WECS when the grid fault is severe. To improve the
LVRT capability of a wind farm containing amounts of DFIG-based WECSs, the wind farm can be
equipped with some extra equipment to alleviate the voltage dip situations. Since the static synchronous
compensator (STATCOM) supports the voltage at the point of common coupling (PCC) by injecting
reactive current into the network, it is more suitable for a Chinese wind farm integrated into a weak power
grid with long transmission lines [31]. The control strategy of STATCOM during LVRT is reported in
references [32-34]; however, these studies focus on verifying the effectiveness of STATCOM under
symmetrical grid fault conditions. For asymmetrical grid faults, some critical problems lack theoretical
analyses, such as the necessity for a STATCOM, the control strategy and the capacity matching method
for the STATCOM, if it is needed.

Consequently, for the second period of an asymmetrical LVRT, there is a need for a viable solution
for the DFIG-based wind farm to meet the reactive support requirement of the LVRT grid code with safe
grid-connected operation.

Within that framework, this paper has been organized as follows. In Section 2, after reviewing the
DFIG and grid-side converter (GSC) modeling under unbalanced grid voltage conditions, the control
schemes for RSC and GSC in the second period of an asymmetrical LVRT are designed, taking the
LVRT grid code into consideration. Then, the controllability analysis of the whole DFIG-based WECS
is formulated as an optimization problem in Section 3. After solving the optimization problem, the
controllable regions represented by the unbalanced degree of grid voltage are given. These results
indicate that a DFIG-based WECS can only achieve its control objectives under mild asymmetrical fault
situations. In Section 4, the STATCOM is introduced to ensure that the DFIG-based WECSs in the wind
farm remain controllable under severe asymmetrical fault situations. To reduce the unbalanced degree of
fault voltage while mitigating the oscillations on the direct current (DC)-link voltage of the STATCOM,
a voltage compensation control scheme and corresponding capacity matching method for the STATCOM
are proposed. Section 5 gives the simulation verifications. Finally, the conclusions are summarized in
Section 6.
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2. Control Scheme for DFIG-Based WECS

Under unbalanced conditions, the positive- and negative-sequence currents of both RSC and GSC
should be controlled independently, so as to meet the reactive support requirement of the LVRT grid
code, while maintaining safe operation of the DFIG-based WECS. Based on the dynamic modeling
developed in references [22,24,27,28], control schemes for RSC and GSC will be designed respectively

in this section.

2.1. Control Scheme for RSC

When stator and rotor loop circuits both use the motor convention, the voltage and flux linkage
equations of DFIG in the stator-oriented reference frame, a3, can be expressed in space-vector form
as [22,27,28]:

Usocﬁ = Rszsoeﬁ + dJsoc,B/dt

- - » - (1)
vlraﬁ = R;'ilraﬁ + d¢/ra6/dt - jquv/}/raﬁ

75301/3’ = Ls;saﬁ + Lmi_;raﬁ

op = ey Lt @
w/raﬁ = Lmlsaﬁ + L;"Z/Taﬁ

where R, and R! are the stator and rotor resistances; Lg, L/ and L, are the stator inductance, rotor
inductance and mutual inductance; Uy, v rafs z:aﬁ, il raBs Vsap and 15’ - are the space vectors of voltage,

/9

current and flux linkage; w, is the rotor electrical angular speed; and superscript “”” indicates the quantity
referring to the stator side.

As the electromagnetic quantity under unbalanced conditions contains both positive- and
negative-sequence components, the above space vectors of voltage, current and flux linkage can be

decomposed as:

o P n [P pjwst | fn —jwst

Fop=Fog+ Fyg=Fy "+ Fy_e™ 3)
where F indicates the space vectors of voltage, current or flux linkage; superscripts “p and n” indicate the
positive- and negative-sequence components; subscripts “dg+ and dg—"" indicate the reference frames

rotating at the angular speeds of w, and —w,; and w; 1s the synchronous electrical angular speed.
In the positive- and negative-sequence stator voltage orientation, the d+ axis is fixed to ©*, 5 and the

n

s— = 0. The instantaneous active and reactive

d— axis is fixed to v, g, respectively; then Vi = U
powers of DFIG stator can be expressed as [22,27,28]:

A~
-

. 3 . > :
Ps + st = - Evsaﬁ(wsaﬁ - Lm’l;a/j)
:[PSO + Pssin2 Sin(Zwst) + Pscos2 COS(Qwst)] + j[QsO + stin? Sin(Qwst) + Qscos2 COS(2wst)]

“4)
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where:
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Pawa | _ 3 | 2t | 3La| 0 el 0 Wl ||,
P,ooso 2wgLg 0 2L, vl 0 v, N 0 i
stinZ 0 _Ugd— 0 ,Ugd—l— 0 Z‘/7?(1*
L Qscos? | | 0 | L 0 _U?d— 0 _U§d+ J
)
Similarly, the DFIG electromagnetic torque can be expressed as [22,27,28]:
3L, - 5 )
T. = —Enpfm[wsaﬁzmﬁ] = Too + Tsin2 sin(2wst) + Tecosz cOs(2wsst) (6)
where n,, is the DFIG pole pairs:
i/pd+
T, —P 0 v 0 "
0 3Lmnp sd+ ; sd— ) i/ﬁqu
TeSiTL? = - 2sts 0 “Vsq— 0 “Vsd+ i (7)
TecosZ U?df 0 _U§d+ 0 ~/:ld_

1 rq—

It is clear from Equations (4)—(7) that the unbalanced grid voltage can bring double grid frequency
oscillations on the power and electromagnetic torque of a DFIG. As the torque oscillations may damage
the drive train and result in tripping of the wind turbine [20,21], the RSC needs to be in charge of
eliminating it.

According to Equation (7), to force T.5n0 = Ticos2 = 0, the positive- and negative-sequence rotor

current references should satisfy the following relations:

Z.I:“Ld—* = (/U?d—//ugd—&-)i/fd—&-* (8)
Z./:“Lq—* = _(Ugd—/vé)d-i-)ilfq—i-*

in which v?, ., v, can be regarded as the known parameters, since they can be detected online with
phase-locked-loop (PLL) techniques [35,36].
Taking the German ordinance “SDLWindV” as an example, to meet the positive-sequence reactive

current injection requirement, the positive-sequence stator and rotor reactive current references should

be set as:
Z.p * _ 2(1 - U§d+/‘/spre>fsrate ) (0'5‘/817’!’6 S U§d+ < 0-9‘/spre) (9)
STt Is'r'ate 5 (0 < U§d+ < 0.5‘/527”5)
i/fq+* = _U§d+/<wsLm) - (LS/Lm)i€q+* (10)

where I, 1 the rated stator current; and V. is the stator voltage magnitude before gird faults.
Apart from the rotor reactive current, the remaining rotor current margin will be assigned between the

positive- and negative-sequence rotor active currents according to Equation (8), as in Equation (11):
P K Vedt I 2 P *Y2
t rd+ T <”§d++”?d7 rmax) - (Z rq+ )

. ,UTL —_ y
Zl:}d—* - \/(mlémax>2 - (2,?(1—*)2

(1)
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where I/ is the maximum rotor current, and it is supposed to be 1.5 pu.

Once the positive- and negative-sequence current references of RSC are calculated from
Equations (8)—(11), they must be controlled precisely to achieve the RSC’s control targets. The control

diagram of the RSC is shown in Figure 1. In the diagram, Aq?’qu . and AV :d

that intend to decouple the control of ﬁqu , and ﬁ:dq_ [8]. The control prioﬁity of RSC discussed in [37]
is implemented by designing the current limiter in Figure 1b. Specifically, eliminating the oscillations
on DFIG electromagnetic torque has a higher priority than meeting the reactive support requirement.
The PLL block in Figure 1a is performed by a dual second-order generalized integrator (SOGI)-based

PLL (DSOGI-PLL) [35].

_ are the feed-forward terms

Figure 1. Control diagram of the rotor-side converter (RSC) during asymmetrical grid faults.
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(b) Control Block of RSC

2.2. Control Scheme for GSC
The voltage equation of GSC in the stationary reference frame, a3, can be expressed as [24]:
Tsap = Ryigap + Lydigas/dt + Uz (12)

where Usap, Ugaps and Zgaﬁ are the space vectors of the grid voltage, GSC input terminal voltage
and alternating current (AC) input current, respectively; I, and L, are the GSC input resistance
and inductance.

In the positive- and negative-sequence grid voltage orientation, the instantaneous active and reactive
powers from GSC to the grid can be expressed as [24]:

~

. 3, 5
Py+jQy=— §Usaﬁzgaﬁ

=[Pyo + Pysinz SIn(2wst) + Pyeosa c08(2wst)] + 7@ g0 + Qgsinz SIn(2wst) + Q geos2 OS(2wit )]
(13)
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where: ) ) ) }
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Posinz | _ 3 0 —vg- 0 Uoqy igg+ (14)
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The DC-link voltage equation is:

dVy P. P P, —P) — P,
C d _ " _ g _ ( ) g (15)
dt VdC Vdc VdC
where P, is the electromagnetic power of DFIG, P, = T.w, /n,,.

According to Equations (4), (6) and (13), there are:

dVy. .
C"/dcd_td - [(PeO_Ps )_Pg0]+[(Pesin2_Pssin2)_PgsinQ] Sln<2wst)+[(Pec082_Pscos2)_PgCOSQ] COS(Qwst)
(16)
‘/dc = Vch + ‘/dcsinQ Sin(QWSt) + V;lccos2 COS(2wst) (17)
where:
_ 1 _ _
VdcsinQ T 2wsCVaeo [(Pecos2 PscosQ) chosﬂ (18)

VdccosQ = _m[(PesinZ - Pssin2> - PgsinZ]

It is clear from Equations (13)—(18) that the unbalanced grid voltage can bring double grid frequency
oscillations on the GSC power and DC-link voltage. As the DC-link voltage fluctuations may cause
harmonics in the converter output, as well as the over or under-voltage protection, resulting in tripping
of the converters [20,21], the GSC needs to be in charge of eliminating it.

According to Equation (18), to force Viesine = Vieeos2 = 0, the GSC powers should satisfy the

following relations:

PgsinZ = Prsin2 = PesinZ - PssinZ

(19)
chosQ = PrcosZ = PecosZ - PscosZ
Similar to the RSC, the positive-sequence GSC reactive current reference should be set as:
Z.p * 2(]— - U§d+/‘/tspre)jgrate ) (0~5‘/sp7‘e S USCH_ < 0‘9‘/;[77‘6) (20)
gat [grate ) (0 < U§d+ < 0-5‘/31)7“6)

where I, 4 18 the rated GSC current.
According to Equation (14), and making use of Equations (19) and (20), the other components of
GSC current references can be derived as shown below:

-1

o p n

Lgd+ 9 Vsgy Uga— 0 Fyo

nox _ _ - p o ) _3,m ;P *

ngf - 3 0 0 UsdJr (Pesan Pssan) 2U3d729q+ (21)

-n *

p
Loq— U?d— Vsd+ 0 Pecosz = Piscos2
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where P, is given by the output of the DC-link voltage regulator.
The control diagram of the GSC is shown in Figure 2. The control priority of GSC discussed in
reference [37] is implemented by designing the current limiter in Figure 2b. Specifically, eliminating the

oscillations on the DC-link voltage has a higher priority than meeting the reactive support requirement.

Figure 2. Control diagram of the grid-side converter (GSC) during asymmetrical grid faults.
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3. Controllable Regions of DFIG-Based WECS

In Section 2, the control scheme for DFIG-based WECS has been designed to meet the reactive
support requirement of LVRT grid code, while maintaining safe operation of the system. Obviously, the
above two control targets cannot be always achieved, due to the converter capacity limitation. In this
section, the controllability of DFIG-based WECS will be analyzed by the optimal method to explore its
controllable regions.

3.1. Controllable Regions with Limited RSC Rating Considered

Considering that R, and R/, in Equation (1) are small enough, so that their impacts can be neglected,
from Equations (1) and (2), the rotor voltage equation of DFIG can be expressed as:

dﬁroa Lm N . nd
2 + _(Usaﬁ - ]wrwsaﬁ) (22)

Vyap = —Jjwro Lt op + oL, 7 L.

Under the steady-state, Equation (22) can be represented by its positive- and negative-sequence
components, as in Equation (23):

—p

zi;dq-‘r = I[l,_ms sdg+ +]SWSULT rdq+ (23)
U/rdq— = L_m(2 - ‘9) Usdg— J(2 - S)WSULT qu—

where 0 = 1 — L2 /(L,L,) is the leakage factor; and s = 1 — w, /w; is the slip of DFIG.

According to Equation (23), the steady-state positive- and negative-sequence equivalent rotor circuits
of DFIG can be found as shown in Figure 3 [37]. Lmsﬁfdﬁ/Ls and L,,(2 — s)u7 Ultgg /L are the
positive- and negative-sequence EMFs in the rotor circuit; jswsoL! and —j(2 — s)wsoL! are the

positive- and negative-sequence equivalent rotor inductances.
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Figure 3. Steady-state equivalent rotor circuit of doubly-fed induction generator (DFIG).
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As shown in Figure 3, the equivalent rotor inductances present differently in the positive- and
negative-sequence circuits. As the slip range of DFIG is generally between —0.3 ~ +0.3, take s = —0.1
for example, the negative-sequence equivalent rotor inductance will be 21-times of the positive-sequence

—n
i/

one. As a result, to generate ﬁqu 4 and ¢ with the same magnitude, the negative-sequence voltage

rdq—
the RSC needs to supply will be much largeqr than the positive-sequence one. It is clear that the control
capability of RSC for the negative-sequence rotor current is much less than that for the positive-sequence
rotor current due to the DC-link voltage limitation.

Furthermore, it can be seen from Equation (8) that the negative-sequence rotor current references are
in proportion to the unbalanced degree of the grid voltage (6 = v7;_/v%, ). Consequently, the more
severe the grid fault is (i.e., the larger ¢ is), the larger the negative-sequence rotor current references
are, and then the less controllable the DFIG becomes. As a result, the derivation of DFIG’s controllable

regions can be formulated as a constrained optimization problem, as in Equation (24):
max 0 = vy /vb,,

W N < Ve
|U rdq+| + |U 'rdq—| = V3 (24)
oD* G
|erdq+| + |erdq—| S I;‘

max

1 1
(]. - E)‘/;pre S U.Is)d—i- < ‘/SpTea 0< U?d* S ﬁ‘/‘nge

where n represents the type of asymmetrical grid fault, for single-phase faults (¢ — g), n = 3; for
phase-to-phase faults (2¢), n = 2 [7,38,39].

Substituting Equations (8)—(11) and (23) into Equation (24), the constrained optimization problem
can be solved with an iterative solution by computer.

3.2. Controllable Regions with Limited RSC and GSC Rating Considered

To obtain the controllable regions of the whole DFIG-based WECS but not only the DFIG, the impact
of limited GSC rating should be also considered along with the RSC. Since the GSC is directly connected
to the grid via transformers, unlike the RSC, there is no limited voltage issue [29]. Therefore, the focus
can be placed on the impact of GSC’s current limitation on the realization of its control targets proposed

in Section 2.2.
According to Equation (16), there is Py = P,y — P under the steady-state; thus Zgzq n

be represented as functions of 7% g+ and Ug,, by solving Equation (21). As a result, Equation (24) can

and 75, can

be further improved as:
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P
max 0 = vy /vl

( —D* —N*
|v/rdq+| + |Ulrdq—| S ‘\/}ig

oD* e

|erdq+| + |Z,rdq—| S I7/‘
|+ ligaq-
)V;pre < U§d+ < ‘/sprea 0< U?d_ < %V;pre

(25)

max

e | < Iymax

|ngq+
\ (1 -

where /.« 1s the maximum GSC current, and it is supposed to be 1.5 pu.
With the DFIG-based WECS parameters given in Tables 1 and 2, Figure 4 shows the computation

results of the constrained optimization problems as in Equations (24) and (25). The controllable regions

1

n

associated with each case is the area below its corresponding line in Figure 4, and the tolerated 0.,y is
given in Table 3.

Table 1. Electric parameters of a 1.5 MW DFIG.

Parameter Value Parameter Value
Rated stator voltage 690 V Mutual inductance L, 2.9 pu
Pairs of poles n,, 2 Stator leakage inductance L;; 0.18 pu
Turn ratio 1:3 Rotor leakage inductance L),  0.16 pu
Stator resistance R, 0.023 pu Rated stator current I, 4z 1105 A
Rotor resistance R,  0.016 pu  Rated rotor current I/, 1359 A
Table 2. Grid-side converter parameters.
Parameter Value Parameter Value
Reactor inductance L, 1 mH Rated current Ig,q¢e 453 A

DC-link capacitor C

38,000 uF  Common DC-link voltage reference

1,200 V

Figure 4. Controllable regions of a DFIG-based wind energy conversion system (WECS)

through its operative slip range.

—8— Equation (24), n=3
Equation (25), n=3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Table 3. Tolerated d,,,, with different slips.

Slip s -0.3 —0.2 —0.1 0 0.1 0.2 0.3

Omax [Equation (24),n = 3] 0.0442 0.0938 0.1480 0.2075 0.1642 0.1157 0.0607
Omax [Equation (25),n = 3] 0.0351 0.0833 0.1337 0.1854 0.1485 0.1028 0.0485

Though the controllable regions of DFIG-based WECS with limited RSC rating considered have been
explored by means of various approaches and represented in different forms [30,37], it is worth pointing
out that, with regard to the proposed control scheme for DFIG-based WECS in Section 2, the limited
GSC rating is the primary factor, as shown in Figure 4.

Consequently, due to the converter capacity constraint, the control targets of DFIG-based WECS
can only be achieved under mild asymmetrical fault situations (i.e., small §). Therefore, to ensure
the DFIG-based WECS stay controllable even under severe asymmetrical fault situations (i.e., large ),
STATCOM with the function of reducing the unbalanced degree of fault voltage is necessary for a wind
farm containing amounts of DFIG-based WECSs.

4. Control Scheme and Capacity Matching of STATCOM

The typical diagram of the power system integrated with a wind farm [8,37] is shown in Figure 5.
Wind power is first exported to the medium voltage distribution network at the PCC through a
Y/Delta-configured step-up transformer, where the STATCOM is located to dynamically adjust the PCC
voltage. Afterwards, via a long transmission line, wind power is integrated into the power grid at the grid
connection point (GCP) through another Delta/Y-configured step-up transformer, at the medium voltage
side of which a grounding transformer is employed for short-circuit protection.

Figure 5. A grid-connected DFIG-based wind farm equipped with a static synchronous
compensator (STATCOM).

4TMVA/6% GCP
CB 25kV/120kV [ CB

transmission line

! 20kv:

120kV Fault

RSC Y GSC

—_— = —

DFIG-based wind farm

The equivalent circuit of the power system transmission network in Figure 5 can be given as
Figure 6 [40], and the voltage equation in the stationary reference frame, a3, can be expressed as:

Upccap = _RLZLaﬁ — LLd;Laﬂ /dt + Uacpagp (26)
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where Ugopas, Upccas and ZLQB are the space vectors of GCP voltage, PCC voltage and transmission
current, respectively; Ryand L are the equivalent resistance and inductance of the transmission network.

Figure 6. Equivalent circuit of the power system transmission network.

iLaﬂ RL LL

Since the resistive voltage drop can be neglected on the long transmission line [40] under the
steady-state in the positive- and negative-sequence U pc ¢ orientation, Equation (26) can be simplified to:

p _ -p D
Upccd+ = WSLLZLqu + Vaordt 27)

n _ n n
Vpocd— = —WsLiLif,— + VGopd—

It is clear from Equation (27) that the positive- and negative-sequence components of PCC voltage
can be controlled by correctly injecting positive- and negative-sequence reactive currents, respectively.
Therefore, under severe asymmetrical fault situations, STATCOM can reduce the unbalanced degree of
PCC voltage into the controllable regions of DFIG-based WECS by means of reactive current injection.

Similar to the GSC, the instantaneous active and reactive powers from STATCOM to the grid can be
expressed as:

~
—

Psrar + jQsrar = — §?7Pcca,6iSTATa,3
=[P Psrarsing sin(2wst) + P, Qwst) (28)
_[ STATO + L£STATSin2 Sll’l( Wst) + ST ATcos2 COS( Ws ]
+] [QSTATO + QSTATSZ'TLQ Sin(QWSt) + QSTATCOS2 COS(Qwst)]
where:
_ - - .
Pstaro Upccd+ 0 Vpood- 0
D n P
QsTAT0 0 —VUpccd+ 0 —Vpccd- VST AT+
n D -P
Psrarsinz | _ 3 0 —Upccd- 0 Upccd+ UST AT+ (29)
n D n
Pstarcos2 2| Vpcca 0 Upcod+ 0 LSTATd—
n D 1
QST ATsin2 —VUpccd— 0 Upccd+ 0 LSTATG—
D
| QsTATcos2 | 0 —Vpccd— 0 —Upcody |
The DC-link voltage of STATCOM is:
Vdc,STAT = Vdc,STATO + ‘/dc,STATsinQ Sin<2wst) + ‘/;lc,STATcos2 COS(Qwst) (30)
where:
- 1
‘/dc,STATsznZ - 20sCVae ST ATO PSTAT6082 (31)
1% ___ 1 p 4
dc_ST AT cos2 20sCVae STATO ST AT sin2
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It can be seen from Equations (28)—(31) that the unbalanced PCC voltage can also bring double
grid frequency oscillations on the DC-link voltage of STATCOM. As a result, the positive- and
negative-sequence STATCOM current references should be set as follows to mitigate its DC-link

voltage fluctuations:

-1

P * p n
israrar | _ _2| Ypccar VPccd- Psraro (32)
i * 3| vp vy 0
STATd— pccd— Ypcod+
vy
-D * PCCd+ :n *
USTATq+ = k—n Srarg— s (0<E<1) (33)
Vpocd-

where Psraro is given by the output of the DC-link voltage regulator; igp 47, " is given by the output of
the negative-sequence PCC voltage regulator; and k£ determines the oscillation magnitude on the DC-link
voltage of STATCOM, i.e., the larger £ is, the smaller the oscillation is.

The control diagram of STATCOM is shown in Figure 7. The control priority of STATCOM is
implemented by designing the current limiter in Figure 7b. Specifically, the control of active currents

has a higher priority than that of the reactive currents, as shown in Figure 8.

Figure 7. Voltage compensation control scheme of STATCOM.
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Figure 8. Calculation algorithm for the STATCOM current references.
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Neglecting the internal power dissipation of STATCOM, there is % 4y, = 74474 = 0 under the
steady-state; thus the current capacity of STATCOM is mainly used to compensate for the imbalance of
the PCC voltage. Since the STATCOM aims to reduce the unbalanced degree of PCC voltage into the
controllable regions of DFIG-based WECS under severe asymmetrical fault situations, it is necessary to
confirm the minimum capacity required for the STATCOM.

Suppose that the unbalanced degree of PCC voltage before compensation is:

0 < Gppay < —LCCI= < (34)
Ypccd+
where the 0y, is given by solving Equation (25).
To ensure the DFIG-based WECS stay controllable, the voltage compensation target of STATCOM
should be set as:

n T
Upoccd— — wSLLZSTATq—

0< < Omax (35)

D =P
Upccar T WslLigrargs

Combining Equation (33), the capacity minimization problem of STATCOM can be formulated as a
nonlinear programming problem, as in Equation (36):

. » ”
min  (igrargs + ra7q-)

( n
0< (5max < chﬁ S 1
PCCd+

n ST
0 Vpoca——WsLLiSr arg— <5 36
< g P max ( )
v +ws Ly —
PCCa+T@s VLIST AT+
VpocarTWsLLisrares n

D —
'STATq+ = Vpood—"WsLLigparg— STATq~
p "
(VST ATq+ > 0,8 ary— =0
The calculated results of the above problem is:
. k(v —Omaxv? )
D _ pPCCd— PCCd+ n D
tsTATq+ = (1K) dmaxws L1, = (i" n Ymin = (k + Omax) (Vpoca— — OmaxVpocas)
i _ Ybcca- —Omaxpocay STATq+ T ST ATg—/min (1 + &) Omaxws L
STATq— (I+k)wsLy,
(37)
P
3 3 (K + Omax) (Vpeca— — OmaxVpccar)
QSTATTate,min = §VPCCpre]STAT7“ate,min = EVPCC’pre : (1 T k’)(; wl (38)
maxWsd/L

where Vpcoopre 1s the PCC voltage magnitude before gird faults.

From Equation (38), it is easy to find out that the minimum capacity required for the STATCOM
increases monotonically with k. As a result, how to choose £ comes to be a trade-off between mitigating
oscillations on the DC-link voltage of STATCOM and reducing the needed capacity of STATCOM.
Consequently, in engineering applications, k can be selected according to the tolerated maximum voltage
fluctuation of the DC-link capacitor.

A numerical example is given for Equation (38) as follows. According to Figure 5, with the d,,.x
[Equation (25), n = 3] given in Table 3 and (v}rcqr = 2Vpocpre/3s Vpoca— = Veoopre/3, Li =
4.725 mH/km), the needed capacity of STATCOM with various k is the area above its corresponding

line in Figure 9, and the Q) s7A7rqte.min 1S given in Table 4 (capacity base value is 9 Mvar).
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Figure 9. Capacity matching of STATCOM through DFIG’s operative slip range.

QSTA Trate (pu)

Table 4. Minimum capacity required for the STATCOM with different slips.

Slip s -0.3 —0.2 —0.1 0 0.1 0.2 0.3

QST ATrate.min (pu) (k =0) 0.1208 0.1083 0.0952 0.0818 0.0914 0.1032 0.1173
QST ATrate.min (pu) (k =1) 1.7816 0.7042 0.4036 0.2614 0.3533 0.5537 1.2684

5. Simulation Verifications

The simulations are intended to verify the effectiveness of the proposed control schemes for
DFIG-based WECS and STATCOM during asymmetrical grid faults, as well as the accuracy of the
DFIG-based WECS’s controllable regions derived in Section 3 and the STATCOM'’s capacity matching
method derived in Section 4.

The typical diagram of the power system integrated with the wind farm presented in Figure 5
is implemented by MATLAB/SIMULINK. The wind farm is simulated as a lumped 9 MW DFIG
model containing six DFIGs, each rated at 1.5 MW. The parameters of the single DFIG system follow
Tables 1 and 2. Initially, the DFIG is under vector control in super-synchronous operation (s = —0.1),
while the stator output active power is 1 pu with the unity power factor. The grid fault occurs at the
GCP when t = 1 s. After that, the insulated gate bipolar transistors (IGBTs) of RSC are blocked, and
the rotor crowbar is used to ride-through the first period of LVRT, which lasts 20 ms, according to the
German grid code [2,3]; after ¢ = 1.02 s, it enters the second period of LVRT, the crowbar is cut off
and RSC recovers the control of DFIG. In this simulation, the STATCOM is modeled as a gate turn-off
thyristor (GTO) pulse-width modulation (PWM) converter with a DC-link capacitor. Since the whole
simulation model contains many modules, the RSC, GSC and STATCOM are all implemented by their
mathematical models instead of their circuit-based models, so as to achieve fast simulations. It needs to

be noted that the simulations are realized under the following assumptions:

(1) Assuming that the crowbar is triggered once the grid voltage drop occurs, since the interval between
the occurrence of the grid voltage drop and the crowbar cut-in is just a few milliseconds.
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(i1) Assuming that the DFIG speed does not change during the grid faults, since the inertia of a
MW-class wind turbine is very large and the time duration of the grid faults is very short.

Two different scenarios are examined in this section:

(i) Case 1: the proposed control schemes for RSC and GSC shown in Figures 1 and 2 are employed
to control the DFIG-based wind farm in the second period of LVRT without STATCOM compensation.
The simulation results in three situations are shown in Figure 10, and the following conclusions can be
drawn from this figure.

Figure 10. Simulation results of the DFIG-based wind farm without STATCOM
compensation during asymmetrical grid faults: (a) three-phase voltages at GCP (pu);
(b) magnitudes of positive- and negative-sequence stator voltages (pu); (¢) magnitude
of rotor current space vector \z’7m5\ (pu); (d) magnitude of rotor voltage space vector
|17’mg| (pu); (e) electromagnetic torque 7. (pu); (f) positive-sequence stator reactive
current (pu); (g) and (h): magnitudes of active power oscillations on both sides of the
DFIG system’s DC-bus (pu); and (i) the DC-link voltage of DFIG system V. (pu). (A)
single-phase resistance-grounded fault (grounding resistance R; = 6 (2); (B) single-phase
resistance-grounded fault (grounding resistance Ry = 3 (2); and (C) single-phase
solidly-grounded fault.
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(1) It can be seen from Figure 10c that, in the first period of LVRT (1 s~1.02 s), the rotor transient
surge current can be restrained below 2 pu with the help of a rotor crowbar, which achieves the safe
operation of the converter in this period.

(2) In situation (A), since the unbalanced degree of the stator voltage (Figure 10A:b) is within
the derived controllable region of DFIG-based WECS according to Table 3, ie., 6 = 0.1263 <
Omax = 0.1337 [Equation (25), n = 3, s = —0.1], the control targets of both RSC and GSC can be
achieved. Specifically, the oscillations on the electromagnetic torque can be eliminated (Figure 10A:e),
the positive-sequence stator reactive current can meet the LVRT grid code requirement (Figure 10A:f)
and there are no oscillations on the DC-link voltage of the DFIG system (Figure 10A:1).

(3) When the grid fault becomes more severe as in situation (B), there is 0., = 0.1337
[Equation (25), n = 3, s = —0.1]< § = 0.1419 <dpax = 0.1480 [Equation (24), n = 3, s = —0.1],
which means that the control target of GSC can no longer be achieved, but the DFIG is still controllable.
As aresult, the GSC has no sufficient current capacity to transfer the rotor-side active power oscillations
to the grid (Figure 10B:h), which results in the oscillations on the DC-link voltage of the DFIG system
(Figure 10B:i).

(4) Furthermore, when 6 = 0.1714 > . = 0.1480 [Equation (24), n = 3, s = —0.1] as
in situation (C), even the DFIG becomes uncontrollable. As a result, the output voltage of RSC
(Figure 10C:d) presents over-modulation, which results in the oscillations on electromagnetic torque

(Figure 10C:e) and the non-compliance of the positive-sequence stator reactive current (Figure 10C:f).

Consequently, the above simulation results can validate the accuracy of the DFIG-based WECS’s
controllable regions derived in Section 3 and the effectiveness of the proposed control scheme for
DFIG-based WECS within its controllable regions.

(i1) Case 2: the proposed control scheme shown in Figure 7 is employed to control the STATCOM
for the purpose of improving the asymmetrical LVRT capability of the DFIG-based wind farm.
The simulation results in three situations are shown in Figure 11, and the following conclusions can
be drawn from this figure.

(1) Comparing Figure 11A with Figure 10C, it can be seen that, with the help of voltage compensation
supplied by a STATCOM having sufficient capacity, i.e., Qsrarrate = 0.1 pu > QsraTrate.min =
0.0952 pu (k = 0,s = —0.1) according to Table 4, the unbalanced degree of the stator voltage can be
reduced from 0.1714 to 0.1011. This means that the DFIG-based WECS gets into its controllable regions
[0 = 0.1011 < dpax = 0.1337 (Equation (25), n = 3, s = —0.1)]. Therefore, the control targets of
both RSC and GSC can be achieved again in this situation. However, since all the current capacity of
STATCOM is used to compensate for the negative-sequence PCC voltage (Figure 11A:k-1), it may cause
large oscillations on the DC-link voltage of STATCOM (Figure 11A:m).
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Figure 11. Simulation results of the DFIG-based wind farm with STATCOM compensation
during asymmetrical grid faults: (a) three-phase voltages at GCP (pu); (b) magnitudes
of positive- and negative-sequence stator voltages (pu); (¢) magnitude of rotor current
space vector |@'7m5| (pu); (d) magnitude of rotor voltage space vector |?;;rozﬁ| (pw);
(e) electromagnetic torque 7. (pu); (f) positive-sequence stator reactive current (pu);
(g) and (h): magnitudes of active power oscillations on both sides of the DFIG system’s
DC-bus (pu); (i) DC-link voltage of DFIG system V. (pu); (j) magnitude of STATCOM
current space vector |fST ATas| (pu); (K) positive-sequence components of STATCOM current
(pu); (1) negative-sequence components of STATCOM current (pu); and (m) the DC-link
voltage of STATCOM V. srar (pu). (A) single-phase solidly-grounded fault (Qsrarrate =
0.1 pu, £ = 0); (B) single-phase solidly-grounded fault (Qs7a7rate = 0.1 pu, £ = 1); and

(C) single-phase solidly-grounded fault (Qsra7rate = 0.42 pu, k = 1).
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(2) Comparing Figure 11B with Figure 11A, as the capacity of STATCOM (0.1 pu) is assigned
between its positive- and negative-sequence reactive currents following Equation (33) in which
k = 1 (Figure 11B:k-1), the oscillations on the DC-link voltage of STATCOM can be eliminated
(Figure 11B:m). However, for £ = 1, it needs a STATCOM rated at least 0.4036 pu to ensure that
the DFIG-based wind farm stays controllable according to Table 4. As a result, a STATCOM rated
at 0.1 pu is insufficient to reduce the unbalanced degree of stator voltage into its controllable regions
[0 = 0.1589 > dax = 0.1480 (Equation (24), n = 3, s = —0.1)]; thus the control targets of both RSC
and GSC can no longer be achieved in this situation.

(3) Furthermore, comparing Figure 11C with Figure 11B, the capacity of STATCOM is increased to
0.42 pu, which is larger than 0.4036 pu. As a result, the STATCOM is sufficient to reduce the unbalanced
degree of the stator voltage into the controllable region of DFIG-based WECS [0 = 0.1276 < 0yax =
0.1337 (Equation (25), n = 3, s = —0.1)], while eliminating the oscillations on the DC-link voltage
itself. Thus, in this situation, the control targets of both RSC and GSC can be achieved again.

Consequently, the above simulation results can validate the effectiveness of the proposed control
scheme for STATCOM during asymmetrical LVRT and the accuracy of the corresponding capacity

matching method derived in Section 4.

6. Conclusions

This paper has discussed the coordinated control of a DFIG-based wind farm and a STATCOM for
LVRT grid code compliance during asymmetrical grid faults. Simulations on a 9 MW DFIG-based wind
farm are performed to validate the proposed control strategy. As a result, the following conclusions can
be drawn:

(1) The control scheme for a DFIG-based WECS is designed by taking the LVRT grid code into
consideration; the controllability of a DFIG-based WECS with the proposed control scheme is analyzed
by means of the optimal method. The derived controllable regions indicate that a DFIG-based WECS
can only remain controllable under mild asymmetrical fault situations, and the GSC rating is the primary
explanation for this limitation.

(2) A STATCOM is introduced as assistive equipment to ensure that the DFIG-based wind farm
remains controllable under severe asymmetrical fault situations. To reduce the unbalanced degree of
fault voltage while mitigating the oscillations on the DC-link voltage of the STATCOM, a voltage
compensation control scheme for the STATCOM is designed. In addition, the capacity matching method
of the STATCOM is given, which indicates that a trade-off exists between mitigating the oscillations on
the DC-link voltage of the STATCOM and reducing the needed capacity of the STATCOM.

The proposed coordinated control strategy can guarantee that a DFIG-based wind farm will supply the
positive-sequence reactive current defined by the LVRT grid code with safe grid-connected operation.
This improves the reliability of both the wind farm and the power system during grid faults. Moreover,
the outcome of the analysis in this paper may also be interesting for evaluating the asymmetrical
LVRT capability of DFIG-based WECS and for designing extra assistive equipment for the LVRT of a
DFIG-based wind farm.
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