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A novel transient rotor current control scheme is proposed in this paper for a doubly-fed induction generator (DFIG)
equipped with a superconducting magnetic energy storage (SMES) device to enhance its transient voltage and frequency
support capacity during grid faults. The SMES connected to the DC-link capacitor of the DFIG is controlled to regulate the
transient dc-link voltage so that the whole capacity of the grid side converter (GSC) is dedicated to injecting reactive power
to the grid for the transient voltage support. However, the rotor-side converter (RSC) has different control tasks for different
periods of the grid fault. Firstly, for Period I, the RSC injects the demagnetizing current to ensure the controllability of
the rotor voltage. Then, since the dc stator flux degenerates rapidly in Period II, the required demagnetizing current is low
in Period II and the RSC uses the spare capacity to additionally generate the reactive (priority) and active current so that
the transient voltage capability is corroborated and the DFIG also positively responds to the system frequency dynamic at
the earliest time. Finally, a small amount of demagnetizing current is provided after the fault clearance. Most of the RSC
capacity is used to inject the active current to further support the frequency recovery of the system. Simulations are carried
out on a simple power system with a wind farm. Comparisons with other commonly used control methods are performed
to validate the proposed control method.
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1. Introduction

The utilization of renewable sources for power systems
has experienced rapid growth in recent years.!!'=3l As one of
the most promising approaches to solving the energy crisis,
wind power harnessing techniques have been under exten-
sive study in this century.*'°! For many wind farms, doubly-
fed induction generator (DFIG) based wind turbines are used.
However, DFIG is very sensitive to grid disturbances, espe-
cially those causing a sudden drop of the DFIG terminal volt-
age. During such a fault, the DFIG may be disconnected from
the grid to protect its rotor-side converter (RSC) and dc-link
capacitor from damage because of the emergence of overcur-
rent in the rotor circuit and overvoltage in the dc-link capac-
itor. Hence, the conventional crowbar circuit which directly
short circuits the rotor during a grid fault via an external re-
sistor is commonly suggested to protect the DFIG.!'!! De-
spite the fact that the crowbar method is comparatively sim-
ple yet reliable, its weakness is also apparent, e.g., loss of
the controllability of the stator active power and consumption
of a large amount of reactive power during the fault period.
Many researchers have tried various advanced approaches im-
plemented on the RSC to solve this problem. Typically, a new
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low voltage ride through (LVRT) control strategy based on flux
linkage tracking was investigated in Ref. [12]. The rotor flux
linkage was controlled to track a reduced fraction of the vary-
ing stator flux linkage so as to decrease the rotor current during
the fault. Another solution to the LVRT issue is to deploy ad-
ditional hardware, such as energy storage devices (ESDs)!!3]
or a DC/DC chopper with a resistor across the dc bus of the
converter, attached to the DFIG to improve its LVRT capabil-
ity.

With the increased wind power penetration, modern grid
codes require that the DFIGs based wind farms can not only
survive during external faults, but also have the capability to
contribute to the network transient voltage and frequency sup-
port. Several control strategies focusing on the enhancement
of the transient behaviors of the DFIG have been proposed
in recent years. However, most of the existing literature only
solves either the transient voltage support issue or the fre-
quency support issue, and few present a control strategy which
fully exerts the capabilities of the ESD equipped to the DFIG
to simultaneously fulfill the two control objectives. Therefore,
based on a comprehensive review of relevant literature, this
paper proposes an elaborated transient rotor current scheme
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of the DFIG for upgrading both the transient voltage and fre-
quency support capabilities during grid faults by connecting a
SMES based ESD to the dc-link of the DFIG (DFIG-SMES).
In particular, the SMES is controlled to regulate the dc-link
voltage so that the grid side converter (GSC) can be free from
such tasks during the transient and it dedicates its entire capac-
ity to injecting reactive power to the grid for the initial voltage
support and also assistance of the terminal voltage recovery af-
ter the clearance of the grid fault. Moreover, different control
objectives for three different periods of the grid fault are de-
signed for the RSC. Firstly, the demagnetizing current control
is employed for the RSC in Period I to suppress the transient
surge of the rotor current and help the DFIG back to its control
region. Then, since the dc component of the stator flux decays
rapidly with the demagnetizing current control, the active and
reactive current is also added to the rotor current in Period II
to provide the initial grid frequency support and further en-
hance the transient voltage support. Finally, in Period III, the
RSC providing demagnetizing and active current and the GSC
injecting reactive current are coordinately controlled during a
short period after the fault clearance, which remarkably ben-
efits the system post-fault voltage recovery and also improves
the grid frequency response dynamics.

This paper is organized as follows: The literature review
is presented in Section 2. Section 3 introduces the structure of
the DFIG-SMES and the relevant dynamics during grid faults.
The overall energy management scheme of the DFIG-SMES
is presented in Section 4. Section 5 demonstrates the detailed
control design. In Section 6, simulations are carried out to
give comprehensive comparisons with other methods. Finally,
Section 7 concludes the paper.

2. Literature review
2.1. Transient voltage support

One common requirement of the grid codes for DFIGs
is the transient voltage support during the fault period, es-
pecially when the DFIG is connected to an electrically weak
power network. The grid-side converter (GSC) controlled as
a STATCOM to support local voltage during grid disturbance
was proposed in Ref. [14]. However, the GSC cannot provide
sufficient reactive power due to its limited capacity when the
stator voltage dip is severe, and there is still the risk of voltage
collapse. In Ref. [15], the RSC was temporarily connected to
the stator and it was in parallel with the GSC to deliver reac-
tive power to the grid for transient voltage support. However,
in such a manner, the DFIG will act as an induction genera-
tor and absorb a large amount of reactive power from the grid
which will impair the voltage support capability of the paral-
leled converters. A fuzzy controller of the DFIG for compen-
sating the PCC voltage sag is proposed in Ref. [16]. However,
only a moderate voltage drop of 30% is considered, and the ef-

fectiveness of the proposed fuzzy controller is necessarily fur-
ther verified under much more severe voltage sag conditions
due to the limited reactive power provision capability of the
DFIG itself. A method in Ref. [17] was proposed to temporar-
ily overload the RSC and GSC with normal capacities to fulfill
the transient reactive power control objectives. A multi-stage
coordinated reactive power control scheme between the RSC
and GSC is proposed in Ref. [18]. Nevertheless, this approach
may be limited due to the maximum allowable rotor speed and
may become less effective for the large capacity wind turbine
with a heavy rotor mass because the rotor acceleration in such
a case is slow.

2.2. Frequency voltage support

Network frequency support capability is also rather de-
sirable for the DFIG during grid faults. In the case of the
unavailability of conventional units, various control schemes
which control the wind turbines (WTs) to provide frequency
support via the inertia response and the active power vs. fre-
quency droop control have been reported in many articles. ']
However, these studies were only conducted under the quasi-
steady-state condition and the frequency support capabilities
were mostly evaluated based on the DFIG model that was
dominated by the rotor shaft dynamics. The active power reg-
ulation capability of the DFIG during the transient fault is un-
clear, which is also tightly coupled with its LVRT capability.
In Ref. [14], a decoupled-DFIG control strategy was proposed
to harness the inertia characteristics of the DFIG to support
the system frequency response during the grid fault. Refer-
ence [20] proposed coordinated control of a DFIG-based wind
farm and HVDC to regulate the system frequency response
during grid fault.

3. Structure of the DFIG-SMES system and
overall energy management scheme

3.1. Studied system

The structure of the DFIG-ESD system is shown in Fig. 1,
and it is readily noted that the only difference from a conven-
tional DFIG structure is that an additional ESD is connected
to the dc-link capacitor through a DC/DC converter.

The ESD installed with the DFIG is used to enhance the
transient voltage and frequency support capabilities. Thus, the
fundamental physical requirement on the ESD is that it can re-
act rapidly to absorb (or inject) power. Actually, several types
of ESDs which react fast enough can be utilized here. Super-
conducting magnetic energy storage (SMES) has received in-
creasing attention from world-wide power industries because
of its significant merits of large energy/power capacity, high
efficiency and fast response capability leading to great po-
tential for application in power systems, such as system sta-

L [21,22
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the SMES is higher than other types of ESDs such as the
supercapacitor'?3! and battery,!**! its annual cost (defined as
the total life-cycle cost divided by the lifetime) is much lower
because of its high efficiency.?>! Moreover, the expensive spe-
cialized energy conversion system which is generally required
by other ESDs is unnecessary for the SMES used here, and
only the DC-DC chopper converter is employed so that over-
all investment can be considerably reduced. [26] Therefore, the
SMES is recommended to play the role of the ESD in this pa-
per.
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Fig. 1. (color online) Structure of the DFIG-SMES. Here, P; and Q; are ro-
tor output active power and rotor reactive power, respectively; P and Qs are
stator output active power and rotor reactive power, respectively; Py and Qg
are the output active and reactive power of GSC, respectively; Pyig and Qgrig
are the total output active and reactive power of DFIF, respectively; Pesp is
the absorbed power by ESD; Uy, is dc-link capacitor voltage.

3.2. Analysis of DFIG during voltage sag

when the static stator and rotor are used as the reference
frames, using motor convention, the model of the DFIG can
be expressed as!!?!

. d
s = Ryt + Edjs»

y M
Uy = Ryi, + d*"/’r _jwwﬁ
t
'(ps :Lsi?‘FLm'frv (2)
Yr = Lints + Lyiy,

where 105 and 1), are the stator and rotor flux, respectively, 25
and 4, are the stator and rotor current, respectively, ® is the
slip frequency. v, and v, are the stator and rotor voltage, re-
spectively, and L, L;, and L, are the stator inductance, rotor
inductance, and mutual inductance, respectively.

According to Eq. (2), the rotor flux can be further de-
scribed as

L .
Py = i"/’s + oLy, 3)
m
where o is the linkage coefficient, and

o =(1-L}/LLy). 4)

Substituting Eq. (3) into Eq. (2), the following expression is
obtained:

Ly d

= ——Vy+ R+GLi i
T Lode S f Tdr )"

e+ <Rr+chd)i§, 4)
dr
where the superscript r means that the relevant variables are
expressed in the rotor reference frame. According to Eq. (5),
it is clear that the rotor current is decided by the output voltage
of the RSC (v}) and the induced electromotive force e; (EMF).
In normal operation, the amplitude of EMF is around
sVsLm/Ls which is proportional to the slip s usually ranging
between —0.3 to 0.3. Therefore, the EMF under normal con-
ditions is relatively small and the RSC can always output the
required voltage for the rotor current control. However, the
situation changes dramatically in the case of a sudden voltage
drop. When an event leading to the three-phase stator voltage
dip of depth p (0 < p < 1) occurs, the initial EMF induced by
the dc component of the stator flux is Vyge = Vsp(1 —s)Lin/Ls
which is proportional to factor (1 —s) close to 1. For in-
stance, if the DFIG works at the rated pre-fault condition with
s = —0.2 and the three-phase stator voltage dip is 100%, the
initial amplitude of Viqc is 1.2V5(1 — s)Ly, /Ls, which is nearly
six times V4. under normal conditions. Thus, the EMF will
be fairly large and far beyond the range of the voltage output
by the RSC. Consequently, the RSC working in the saturated
state (output the maximum voltage) will be incapable of con-
trolling the rotor current, which leads to dramatic overcurrent
in the rotor circuit. In particular, this rotor current surge car-
ries reasonably large active power flowing through the RSC
(via the diodes) to the dc-circuit. Moreover, since the GSC is
unable to completely deliver such large reactive power to the
grid due to its limited current rating and the low grid voltage,
most of the active power (energy) will cumulate in the dc-link
capacitor and thus raise the dc-link voltage significantly to an
unsecure level. In addition, the cumulative active power in the
capacitor will further deteriorate the transient dynamics of the
DFIG, and the variation of the dc-link voltage will also affect
the control of the rotor current in normal operation. ]

3.3. Demagnetizing control

As analyzed in the previous subsection, the quite large
EMF induced by the dc component of the stator flux during
the transient of a three-phase symmetrical grid fault is the es-
sential cause of the subsequent overcurrent and overvoltage
matter. If the dc stator flux component can be properly re-
duced, the EMF will be impaired and the voltage output of
the RSC will not offend its limits. Therefore, introducing one
current component to the rotor circuit which can produce the
stator flux in anti-phase of the original dc stator flux should
be an effective way to reduce the EMF. Specifically, when the
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DFIG is subject to the symmetrical dip of the stator voltage,
the rotor flux can be expressed as follows:

L .
17[;1f = Lis’l,bge_J(l_s)wstﬁ*GLril{
m

Q

i+ (Lso + Lio) 3
= (¢§p + 1/’£DC) + (Lscr +ch) iL (0)
where Ly and L,s are the leakage inductances of the sta-

sp and e are the positive
sequence- and dc (zero) sequence components of the stator

tor and the rotor, respectively;

flux respectively.

Since both the current and flux linkage are expressed as
the space vectors, according to Eq. (6) we can see that if the
rotor current component is just in anti-phase of the dc stator
flux, increase of such a rotor current component will decrease
the EMF. Hence, this rotor current component is termed the
demagnetizing current. Since the EMF component induced by
the positive sequence stator flux is small, it is unnecessary to
counteract this flux linkage. In consequence, if it is intended to
partially eliminate the dc stator flux so as to reduce the EMF,
the required demagnetizing current can be calculated based on
Eq. (6), as follows:

LAve
Lo+ Lis
where k4 € (0, 1) denotes the proportion to be eliminated. By

T

|irdemag | =

kg

; )

setting the control reference of the rotor current to this value,
the rotor flux will be as follows:

P =y, + (1 —kq) Yipe- (3)

In order to calculate the demagnetizing current control
reference, it is necessary to extract the dc, positive-sequence
and negative-sequence components from the stator flux. In this
paper, a second-order band-pass filter proposed in Ref. [13] is
adopted to fulfill such a goal. Figure 2 shows the block di-
agram of the second-order band-pass filter based stator flux
sequence decomposition algorithm. More explanations of the
algorithm can be found in Ref. [13].

7!p5al)c W &Dsa‘hc _t

~

bandpass integrator
_yfilter

Fig. 2. The second-order band-pass filter based stator flux component de-
composition algorithm. Here, R; is the stator resistance and 1/S presents the
integrator.

Once the dc and negative-sequence components of the
stator flux are detected, the control reference of the demag-
netizing current to reduce the transient EMF can be calculated
based on Eq. (7).

4. Proposed transient energy management
scheme of the DFIG-SMES

4.1. Grid code requirements of WTs regarding transient
voltage and frequency support

With the worldwide rapid increase of wind power pene-
tration in power systems in recent years, many countries have
reinforced their grid codes associated with the integration of
wind power generation. The common requirements among
these reinforced grid codes regarding the transient voltage and
frequency support capabilities of WTs are outlined as follows.

1) Provide transient reactive power to the grid and thus
benefit the system voltage stability.

2) Deliver active power to the grid during faults and thus
contribute to the improvement of initial frequency response
dynamics of the system.

3) Continue the voltage and frequency support after the
grid fault clearance. Specifically, the post-fault reactive power
support must be maintained for at least 500 ms; and the WTs
should supply the active power larger than or equal to 95% of
the pre-fault level for 200 ms after the fault clearance.

4.2. Transient power management design for DFIG-SMES

A novel transient power management scheme for the
DFIG-SMES is proposed to fulfill the voltage and frequency
support requirement. The evolution of the current control ref-
erence of the RSC and GSC with the proposed transient power
management scheme is shown in Fig. 3. In particular, for the
sake of presentation simplicity, the entire grid fault process is
assumed to consist of three specific periods according to the
transient characteristics of the dc stator flux. Thus, the control
objectives are different in these periods, which is discussed in
the following.

(1) Period I (ty — t): the first few cycles after the volt-
age drops As analyzed in Subsection 3.2, with the conven-
tional control strategy and configuration of DFIG, the quite
large EMF will be induced and will cause the saturation of the
RSC, finally resulting in the overcurrent and overvoltage is-
sues during severe grid faults. Obviously, it is impossible to
regulate the power output of the DFIG to comply with the grid
codes with the conventional configuration and control strat-
egy. With the proposed configuration of the DFIG-SMES, the
control objectives during Period I are to offer initial reactive
power support and help the DFIG back to its control region so
that it can strengthen the reactive power support and also par-
ticipate in the network frequency regulation in the next period.
Once the grid fault is detected, the SMES will be responsi-
ble for maintaining the dc-link voltage so that there is no risk
of overvoltage in the dc-link capacitor. Accordingly, the GSC
can be free from the dc-link voltage regulation. Therefore, the
GSC can act as an STATCOM and dedicate its whole capacity
to injecting reactive current to the grid for the initial reactive
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power support. Generally, the GSC is capable of carrying the
maximum transient current up to 2.0 p.u (with the DFIG ca-
pacity and the rated rotor voltage as the basis) during faults in
practice.!”) Hence, as shown in Fig. 3(c), the GSC will inject
maximum transient reactive current of 2.0 p.u. starting from
the occurrence of the fault. On the other hand, a demagnetiz-
ing current igemag Obtained in Eq. (7) is provided by the RSC
to impair the transient EMF so that the RSC can output suffi-
cient voltage for rotor current control and the rotor current will
not uncontrollably increase. Therefore, the amplitude control
references of the RSC and GSC current in Period I can be set

as
s C
T __|ar _ sD
|eref| = |*rdemag| = — ‘de , for 1<m,
so + Lo )
.S _|gs _
|Zsrrcf| = |Ysrqref| = 20p.u, for t <n.
1.0 | Us/Usrated
09— = - — - — =
I a
| I l (a)
to  t to ts
ir
2.0
1.0
0
to
3.0
! oo TEEEEE Tsrq
7Jsr/lsrr‘ated isrd
2.0}
1.0 —
0 | | (o)
tO tl t2 t3
Time/s

Fig. 3. (color online) Current control references during fault period: (a) sta-
tor voltage profile; (b) RSC current; (c) GSC current. Here, Us and Ugqteq
are the actual stator voltage and rated stator voltage of the DFIG, respec-
tively; iy is the rotor current, ixqq, irq1, and irgem are the active current com-
ponent, reactive current component, and demagnetizing current component
of ir, respectively; i and igareq are the actual current and rated current of
grid side converter, respectively; isq and isq are the d-axis component and
g-axis component of i, respectively.

The amplitude control reference of the demagnetizing
current obtained in Eq. (7) decays along with time due to the
degeneration of the dc stator flux. Moreover, it is favorably
noted that the injection of igemag can accelerate the decaying
process of the dc stator flux.!'3] Thus, the final evolution of
Idemag 18 shown in Fig. 3(b).

(2) Period II () —12): the voltage stabilizing stage The
DFIG will quickly return to its control region as the fast decay
of the dc stator flux during Period I with the demagnetizing
control. Thus, the required igemag is small in Period Il and there
is spare capacity of the RSC that can be further used for tran-
sient voltage and frequency support in this period. The RSC
works at the priority of transient voltage support. As shown
in Fig. 3(b), one reactive current component i;q; is added to
the rotor current to assist the GSC for the enhanced voltage
support effect. The amplitude of i.q; is increased gradually so
that the rotor current (including the demagnetizing and reac-
tive current) is constrained within the current limits of the RSC
(Jaf <2 pou).

no

fault detection

Period I

1) RSC: Calculate the required demagnetizing current idemag tO
suppress the EMF as Eq. (9);

2) GSC: Act as a STATCOM for initial reactive power support;

3) SMES: Response for dc-link voltage regulation.

if no

i S
tdemag<?rlimit

Period 1T yes

1) RSC : Calculate the required demagnetizing current igemag tO
suppress the EMF and inject reactive current i, for reactive power
support as Eqs. (10) and (11);

2) GSC : Act as a STATCOM for reactive power support ;

3) SMES : Response for dc -link voltage regulation .

if

|
|
|
|
|
|
|
|
: rdemag| 1| W
|
|
|
|
|
|
|
|
|

yes

y

1) RSC: Calculate the required demagnetizing current idemag tO|
suppress the EMF , inject reactive current i.q; for reactive power
support and inject active current i, to participate active power
support as Egs. (10) and (11);

2) GSC: Act as a STATCOM for reactive power support ;

3) SMES: Response for dc-link voltage regulation.

if
fault is cleared

no

Period III

1) RSC: Calculate the required demagnetizing current idemag tO
suppress the EMF and inject active current i.q; to participate active
power support as Eqgs. (12) and (13);

2) GSC: Act as a STATCOM for reactive power support ;

3) SMES: Response for dc-link voltage regulation.

Fig. 4. Flowchart of the proposed rotor current control strategy.
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As iy reaches 1.0 p.u., another active current compo-
nent iy is also added to the rotor current for grid frequency
support. Similarly, irq1 also increases gradually until reaches
1.0 p.u. and during this process the rotor current should never
violate the current limits of the RSC. Finally, the whole system
evolves to the new steady-state during the fault period. In par-
ticular, the SMES always regulates the dc-link voltage while
the GSC acts as the STATCOM during this period. Thus, the
current control references of the RSC and GSC can be calcu-
lated and set as follows:

|i§ref| = iidemangirl )
for 1 <t <1, (10)
’z:rref’ = ‘ngrref =2.0p.u.,
where
i;demag = |_kd ('lpgDc/(LsG +Lr0)) s
. 12 .
3=/ + {21 -
’i:dl| = ‘2_ i;demag ‘ € (O’ 1)’
7S . 2 .5 (2
qul‘: (‘2_ rdemag D _‘Zr(ﬂ’ €(0,1),
for 1 <t<t. (1)

(3) Period III (¢, — t3): the voltage recovery period af-
ter the fault clearance During this period, the control ob-
jectives of the proposed transient energy management are to
help the PCC voltage recovery and contribute to improving
the system frequency response dynamics after the fault clear-
ance, as described in Subsection 4.1. Transient EMF will also
be induced by the dc component in the stator flux because of
the sudden increase of the grid voltage. So the demagnetizing
current is also necessarily injected to the rotor circuit by the

RSC. Because the EMF here is much lower than that during
Period I, the RSC has much free capacity that can be used for
promoting the grid frequency recovery. As shown in Fig. 3(b),
irql INCreases as igemag decreases. Moreover, the GSC still acts
as the STATCOM to support the PCC voltage recovery and the
dc-link voltage is regulated by the SMES. The amplitude con-
trol references of the RSC and GSC current in Period III are
calculated as follows:

i ol =" + g1
f d ™
|':re ‘ tsemag ’ for p <t <1, (12)
‘lsrref‘ = ‘ldsrqref =20pu,
where
i = ke (e (Lso + Lig )
d d\¥spc/ \so T fra
i emag | ) s ' |7 for 1, <t <13, (13)
qul’ = ‘2— "'rdemag ‘ € (O,qumax) y

where irgmax is the optimal pre-fault active current correspond-
The flowchart
explaining the proposed rotor current control strategy of the

ing to the maximum captured wind power.

DFIG-SMES for the transient voltage and frequency support
is shown in Fig. 4.

5. Controller design for the DFIG-SMES

In this section, the detailed control design of the DFIG-
SMES to improve the reactive power and frequency support
capabilities during a serious voltage dip is outlined. The
scheme diagram of the proposed control strategy of the DFIG-
SMES during the grid fault is shown in Fig. 5. The proposed
control system consists of the fault detection module, normal
and transient controllers of the SMES module, normal and
transient controllers of the GSC module, and normal and tran-
sient controllers of the RSC module.

RSC DC-link capacitor DC-DC chopper )
Wiet 0% —»] normal vector . — e Uy
wref | controller transient and v X - - RIS ‘_q—
4 normal controller pwM " N PWM transient and j4—] _controller Ulene
Trdq —— LVRT switchi = “— normal controller
switching N - P
. controller switching “—normal vector lgm—
Irdg . « . - «— controller e—
Ve prv AL SMES foil L] Poaet
I:qu,RSC ¢ d‘q imm’]{sc 1
fault switch signal
L W " 1 lndq
fault switch signal PR i e *—( LVRT [e=—
encoder § b
i v transient and  «—, controller | &t
"4 | reactive and active current GSC normal controller )
) - deret gref
calculation PLL Viabe 1 WM le—l  switching normal vector <H_Qm
. V,
controller & <8
o+ + -+ -—
I rddmag T rdqmag . V. . l HS
idedqmag negative and DC sequence Fioc e faibe | it
o + stator flux abc gdg
demagnetization current '{/quz detection algorithm Vsabe .
calculation N dq —> Vsdq
Lsabe +
T 0 s filer Vsap positive voltage Vim fault fault switch signal
—AWN—— 3s/2s . S —
extraction algorithm identification

Fig. 5. (color online) Overall scheme diagram of the proposed control strategy. Here, wy and wys are real rotor speed and rotor speed references,
respectively, 6, 6;, and 6, are the stator, rotor and slip electrical angulars, respectively. ws and w; are stator and rotor angular speeds, respectively.
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5.1. Fault detection algorithm

In order to realize rapid switching from the normal con-
trollers to the LVRT controllers, precise and efficient detection
of the supply voltage dip is a crucial issue in the implementa-
tion of the proposed control strategy for the DFIG. %321 Var-
ious fast identification algorithms of the grid voltage dip have

been proposed so far.[?83%1 A sequence component decompo-
sition method in Ref. [30], where its accuracy and efficiency
in identifying the sequence components of three-phase voltage
under balance and unbalance conditions have been verified is
adopted in this paper. The block diagram of this method is

shown in Fig. 6.

0.5[7
abc T»DL

Vsa —
—> 1/siny (TP d,j/lzy
—»1/cosy
VUsh
—» 1/cosy
. delay
1/siny [+
Vso /sty v/w
= >
" vsr)

v = A ()24 (o)

Vs

afs 0.5H

Fig. 6. Block diagram of the fast identification algorithm of voltage sequence components. Here, 7 is the delay angular; @ is the grid frequency.
Vsa and vgg are the @-axis component and B-axis component of grid voltage in the stationary frame.

(a)

positive sequence estimation (V*)

Voltage/p.u.
o

AW

1.050

1.00

T

L

Fig. 7. (color online) Simulation results of the magnitude estimation of
the positive sequence voltage by the sequence component decomposi-
tion method. (a) 10 % voltage dip. (b) 85% voltage dip.

0

Voltage/p.u.

—0.50

—1.00

1.150

In order to show the excellent performance of this detec-
tion algorithm, the simulation results with three-phase short
circuit faults are shown in Fig. 7. It can be seen from Fig. 7
that the voltage identification of the 10% voltage dip and 85%
voltage dip can only cost the time of 2.37 ms and 4.1 ms, re-
spectively. Therefore, the employed method can quickly de-

tect variations in the amplitude of the grid voltage. Specifi-
cally, whenever v, < 0.9 p.u., the algorithm considers a fault
detected and thereby the proposed LVRT control strategy of
the DFIG-SMES will be activated to protect the DFIG and
support the grid voltage and frequency during a transient fault.

5.2. Controllers of SMES

The SMES is connected to the dc-link capacitor via the
two-quarter IGBT-based DC/DC chopper converter (Fig. 1).
During normal operation, the SMES could be utilized to
smooth the active power output of the DFIG. Here, the SMES
is controlled to maintain the dc-link voltage during the tran-
sient fault so that the GSC can act as the STATCOM for the

transient voltage support.

sm —-
CYd c|
—

A ol AN o
K S

(a) (b)
Fig. 8. (color online) Operating modes of the superconducting coil. (a)
Charging, (b) discharging. Here, Vi, and iy are the voltage and current
of SMES inductance, respectively.

Udc Udc

SMES

SMES
N coil

coil o

I
N
1zl

Cdc — ‘/sm sm Tsm
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Fig. 9. (color online) Controller of the DC-DC chopper.

The DC/DC chopper converter is used to regulate the
magnitude and the polarity of the voltage (Vsm) across the
superconducting coil to realize the charging or discharging
modes of the SMES (Fig. 8).13733 It is clearly observed that
the coil is charged (Vi is positive) as the IGBTs are turned
on and discharged (Vi is negative) as the IGBTs are turned
off. Over a control cycle, the average value Vinay of Vi de-
termining the charging (or discharging) power of the coil is
a function of the duty ratio defined as the ratio of the IGBT
on-time with respect to the cycle period. Normally, Vinay in-
creases as the duty ratio increases, and vice versa. If duty ratio
is 0.5, Vimay is zero. Hence, the charging (or discharging) of
the SMES can be smoothly controlled by adjusting the duty
ratio, as shown in Fig. 9. It is seen that the dc-link voltage is
managed by comparing it to the reference to generate the duty
ratio via a proportional-integral (PI) block. The duty ratio is
applied to the comparator to produce the modulated control
signal for the chopper.

5.3. Controllers of the RSC

In normal operation, the controllers of the RSC are used
to manage the stator active and reactive power in a decoupled

r.13*] During a transient period, the RSC is controlled

manne
to satisfy different control objectives at different fault peri-

ods as expected in the previous section. Figure 10 illustrates

the scheme to generate the rotor current (RSC) control ref-
erence. The rotor current reference module consists of three
calculation units: the demagnetizing current reference calcu-
lation unit for the three periods; the i;q; and iy calculation
unit for Period II; and the #,q; calculation unit in Period III.
Specifically, 75% of the dc component of the stator flux is rec-
ommended to be counteracted and the RSC operates at the re-
active current control priority, and the maximum reactive and
active current is constrained within 1.0 p.u., respectively.

In the positive-sequence (dq)+ synchronous reference
frame, the reactive and active current behaves as the dc com-
ponents while the demagnetizing current acts as the ac com-
ponent.

Consequently, the rotor current control reference contains
both dc and ac components with the proposed control strategy
during the grid fault. However, the conventional PI controller
can only regulate the dc component; it is ineffective in regu-
lating the ac component. In order to overcome this issue, a
proportional integral (PI) plus resonant (R) controller (PI-R)
based transient current controller is employed for RSC dur-
ing the abnormal grid voltage condition. Figure 11 shows the
block diagram of the PI-R controller.

With the PI-R controller, the dc current (reactive and ac-
tive current) is mainly controlled by the PI regulator while the
ac current (demagnetizing current) is fully regulated by the R
controller. Therefore, the PI-R current controller is capable of
regulating the reactive current, the active current, and the de-
magnetizing current simultaneously. In addition, a single inner
current control loop is designed for the RSC in order to obtain
a fast response from the demagnetizing and reactive current
during the transient period. Accordingly, the block diagrams
of the PI-R based RSC current controllers during the transient
are shown in Fig. 12.

ot
. 1 .
l//dSDC . k d WSdDC lrddemag ridemag :;h'ef
stator flux | ™| Frddemag = —
N LSG + Lr (s}
calculation and . -i(6-0;
decomposition Vaooc |, kalpc  frademae
+———»| Irqdemag =
A 4 LS(S + eri
Ivsabc I Isabc demagnetizing current calculation
. 24 l
ld1 lrd1 [ L rdl
equations (10) and (11) i ¢ 160 rdlmin Irqimaxg/ lrgTmin ~ [¢3(6-4 I, q1 |equations (12) and (13)
- ° 3+
24 /
. l . qul
period IT ql rq1min period III

reactive and active current calculation

active current calculation

Fig. 10. (color online) Rotor current reference calculation during the transient period.
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Fig. 11. (color online) Control block diagram of the PI-R controller. Here,
Kip and Kj; are the proportional and integral parameters of PI controller. Ky
is the resonant parameters of resonant controller.
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Fig. 12. (color online) Controllers of the RSC during normal and tran-

sient operation. Here, w:rlip is the slip angular speed, irthl 1of and i::] qoret Ar€

the rotor current references during normal operation and during transient
operation, respectively.

The DFIG rotor will temporarily accelerate as a result of
the proposed demagnetizing current control strategy during a
grid voltage dip. However, the generator under the rated power
production has almost no risk of over-speeding caused by the
proposed control strategy due to the two facts: 1) when the
rotor speed increases beyond the specific allowable value, the
pitch angle control will be triggered to lower the converted
wind power (accelerating power) so as to effectively prevent
the generator rotor from over-speeding; 2) the transient ro-
tor speed acceleration will be very limited because the grid
fault duration (accelerating period) is normally quite short. 3]
Moreover, it should be stressed that the emergent braking sys-
tem (mounted to the wind turbine by manufacturers) is def-
initely necessary to protect the mechanical part of the wind
turbine in case of the small probability of incidents occurring,
such as extreme wind conditions and serious control system

outage.

5.4. Controllers of the GSC

The control objectives of the GSC are to keep the dc-

[36-38] and regulate the reactive power ex-

link voltage constant
change between the GSC and grid during normal operation.
As mentioned in the previous section, the GSC will be
devoted to injecting reactive power to the grid for voltage sup-
port during the transient fault. To achieve such a goal, a PI-R
based current controller is employed for the GSC. The over-

all vector control scheme of GSC during normal operation and

transient operation is shown in Fig. 13. It is seen that the con-
trol reference iger Of the active current is set to be zero during
the transient period so as to ensure no active power is delivered
through the GSC, and then the reference iy s Of the reactive
current is set to the value that is equal to its capacity which
thus can be fully utilized.

+
srq

Uy + o, Li

< ) normal |i5-:dq1re l-+
dref
eref vector N _sr re

|

|

| Q_’ controller | | transient
| —p | and
|
|
|
|

normal
I+
LVRT controller | controller

-+
. . |l5‘dq2‘e switching
Lsrdoref = Lr max

tp

i srq2ref = 0 |

— ———— —— —

Fig. 13. (color online) Controllers of the GSC during normal and tran-
sient ope?ation. Here, istdquef and i:rdqzref are th.e current r(?ferences of
GSC during normal operation and during transient operation, respec-
tively.

6. Simulations

In this section, simulations are carried out on a single-
machine-infinite-bus system with a 1.5-MW DFIG based wind
farm to validate the proposed method of enhancing the reac-
tive power regulation capability as well as the frequency sup-
port capability of the DFIG during faults. Figure 14 shows a
schematic diagram of the simulated system with the parame-
ters given as follows.

690 V. 35 kV

Po+jQs

S

PCC coupling ¢ B A

wind farm transformer

short-circuit fault

Fig. 14. (color online) Schematic diagram of the tested system.

DFIG rated power = 1.5 MW, stator voltage =
575 V/50 Hz; stator resistance = 0.00736 p.u.; rotor resis-
tance = 0.00523 p.u.; stator leakage inductance = 0.171 p.u.;
rotor leakage inductance = 0.156 p.u.; magnetizing inductance
=2.97 p.u.; stator/rotor turns ratio = 0.335; rated rotor speed =
1.2 p.u.; DFIG inertia time constant = 4.5 s; grid-side resistant
= 0.003 p.u.; grid-side inductance = 0.3 p.u.; turbine inertia
time constant = 2 s; and time constant of pitch servo = 0.225 s.

SMES The inductance of the SMES coil is 5 H, and its
rated current is 400 A.

The DFIG-SMES based wind farm is coupled to the
35 kV network through a step-up transformer and integrated
to the external grid via 15-km cables. The short circuit ratio
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(SCR) and X/R ratio of the external grid are defined as 3 and
7, respectively, to simulate a weak external power network.

The DFIG operates at rated pre-fault conditions. At
t = 2 s, a three-phase short-circuit fault happens at Bus B of
the transmission line and it lasts for 625 ms and significantly
decreases the voltage of the wind farm PCC to about 0.15 p.u.
The conventional crowbar protection method (Method B) is
employed as a comparison to the control design (Method A)
proposed in this paper. The external resistance in the crowbar
protection is chosen to be 20 times the DFIG rotor resistance.
Selected transient waveforms of the DFIG forming the simula-
tion results are compared between the two different methods.

Figure 15 shows the variation of the output voltage of the
RSC and the rotor current. It can be seen that both methods can
suppress the rotor current quickly and its magnitude is con-
strained below the current limitation (2.0 p.u.) of the RSC (see
Fig. 15(b)). However, with Method B, the output voltage of
the RSC increases to a relatively high value because the RSC
is protected by the crowbar circuit and thus no demagnetizing
current can be injected to the rotor circuit to reduce the tran-
sient EMF. In contrast, with the proposed control strategy, the
magnitude of the RSC voltage output is obviously constrained
which can be observed in Fig. 15(a).

-~ Method B

- Method A

1.20

0.08}

Ursc/p-u.

0.04F

2.00

WMJ’\HWW\W\"]‘

1.001

I./p.u.

0 L L L L
1.50 2.00 2.50 3.00 3.50 4.00

Fig. 15. (color online) Variation of output voltage of the RSC and rotor current
with Methods A and B: (a) output voltage of RSC; (b) rotor current.

The voltage profiles at the PCC, the reactive power gen-
erated respectively by the stator and the GSC is compared
between Method A and Method B, and depicted in Fig. 16.
When the grid fault is detected at t = #y and the crowbar pro-
tection is employed, the GSC cannot participate in the reactive
power support (see Fig. 16(c)) due to the fact that the total
capacity of the GSC is used to regulate the dc-link voltage.
Moreover, the DFIG temporarily works as an induction gen-
erator and absorbs about 0.14 p.u. reactive power from the
grid, and the reactive power consumed by the DFIG further
exasperates the terminal voltage. Figure 16(a) shows that the

DFIG terminal voltage drops to 0.13 p.u. under such a case,
which may be unacceptable if considering the grid codes.
As a comparison, the proposed control design can drive the
GSC to inject 2.0 p.u. (see Fig. 16(d)) reactive current to
the grid for initial transient voltage support, which produces
about 0.1 p.u. reactive power (see Fig. 16(c)) to the grid.
At t = t1, the free capacity of the RSC is also employed to
provide reactive power support because the dc component of
the stator flux rapidly decays and the required demagnetizing
current decreases. Therefore, it can be found in Fig. 16(b)
that the stator of the DFIG outputs almost 0.2 p.u. reactive
power, which will further boost the voltage at the PCC from
0.16 p.u. to 0.18 p.u. (see Fig. 16(a)). In addition, when
the grid fault is cleared at t = t,, Method A continues con-
trolling the GSC to inject reactive power to help the voltage
recovery during the period #, —t3, while Method B causes
the DFIG to absorb a large amount of reactive power from
the grid during the voltage recovery period. Consequently,

190 to t1tps T2 t3
5 = Method ‘A —-©- Method B
8, O
2 0.08
S
bt
o
> 0.04
S
o (a)
- 0 L L \
to t1 t to t:
0.40 0 Ul Ups 2 U3
& Method A [ -5~ Method B
r Pt e/
: /
2 J
> 0 &
< D m
(b)
—0.40 1 1 |
to titps  to 3
0.20
= Method A 1’» —-©&-Method B
I I \%
= \\M
SR =T SN -SRI N o (Y~ T o = B
e
~0.20 - - . ©
to titps  to 13
3.00
- Method A -~ Method B
- \
& 1.00
&
o % o - ol Lo N g |
© © O~
(d)
7100 1 1 1
1.50 2.00 2.50 3.00 3.50 4.00
Time/s

Fig. 16. (color online) Selected transient waveforms: (a) PCC voltage;
(b) reactive power output by stator; (c) reactive power output by GSC;
(d) g-axis component of GSC current.
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the voltage of the PCC is found to recover quite rapidly with
the use of Method A, in comparison to the slow voltage recov-
ery process when Method B is employed (Fig. 16(a)).

Figure 17 shows the total active power generated by the
DFIG with the two methods.
Method B, the active power output by the DFIG is significantly

It can be observed that with

reduced during the entire fault period. However, with Method
A, the active current is added to the rotor circuit to control
the active power from # = f,,5 because of the significant reduc-
tion of the dc component of the stator flux during the time
period 7o — #,s and that there is free capacity of the RSC that
can be employed to control the active power output to partici-
pate in the system frequency regulation. Moreover, the active
power control cannot recover quickly after the fault clearance
because the crowbar action is also activated during 1, to #, to
suppress the transient rotor current. Apparently, with the pro-
posed configuration and associated control strategy, the active
power output of the DFIG can rapidly return to its pre-fault
level, which complies well with the grid code requirements.

t[) t1 tps to t3 tps2
1.00 = Method A —©-Method B
’ o
©
:E 0.50 F ”
S igw Cy
ot &)
—0.50 . L L
1.50 2.00 2.50 3.00 3.50 4.00
Time/s

Fig. 17. (color online) Active power output by the DFIG during a tran-
sient fault with Methods A and B.

It is noted that although the rotor current can be prop-
erly constrained by Method B, the maximum dc-link volt-
age excurses to almost 1.4 p.u. owing to the limited power
transmission capability of the GSC during the grid fault (see
Fig. 18(a)), which may cause the disconnection of the DFIG
from the grid. By comparison, with Method A, the SMES will
efficiently absorb the cumulative power (energy) in the dc-link
capacitor, and sometimes it can necessarily inject power to
supplement the dc-link voltage, as shown in Fig. 18(b). In con-
sequence, the dc-link voltage is consistently kept at the nomi-
nal value during the whole transient period.

Generally, there is no simple and direct analytical method
to calculate the energy capacity of the SMES required for car-
rying out the proposed control strategy. However, in the stud-
ied case it can be numerically estimated by simulating the sys-
tem dynamics stirred by the 85% voltage dip for 625 ms (the
fairly serious fault). By integrating the absorbed power of the
SMES over time, the energy stored in the SMES can be cal-
culated. The evolution of the energy is shown in Fig. 19, and
comparing the energy in the post-fault steady state and that

in the pre-fault steady state can estimate the required energy
capacity of the SMES to be around 147.25 kWs.
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Fig. 18. (color online) DC-link voltage control capabilities of Methods
A and B: (a) dc-link voltage; (b) active power absorbed by SMES.
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Fig. 19. (color online) The dynamic performance of energy stored in
the SMES during the whole grid fault period.

7. Conclusion

In this paper, a novel transient rotor control scheme for
a DFIG equipped with a SMES connected to the dc-link ca-
pacitor is proposed for upgrading its transient voltage and fre-
quency support capabilities. The SMES is controlled to regu-
late the dc-link voltage during the transient. Hence, the whole
capacity of the GSC is dedicated to injecting reactive power
to the grid for transient voltage support. According to the
transient characteristics of the dc stator flux, three specific pe-
riods are supposed to compose the whole grid fault process.
Therefore, for each period the control objective of the RSC is
specially designed. The common way to realize the control
objectives is to properly set the control references of the de-
magnetizing, active and reactive current in each period. Thus,
the proposed control strategy can guarantee that the rotor cur-
rent is always under control and no surge will occur during
the fault. Moreover, the DFIG-SMES can endeavor to fully
support the transient voltage and frequency dynamics at the
earliest time. The proposed control design is simulated on a
typical DFIG LVRT capability tested system. Furthermore, it
compares with the conventional crowbar protection and the re-
sults prove its obvious exclusive advantages.
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