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An Improved Flux Magnitude and Angle Control
With LVRT Capability for DFIGs

Xiao-ming Li, Xiu-yu Zhang, Zhong-wei Lin, Yu-guang Niu

Abstract—An improved flux magnitude and angle control Essentially, rotor current control strategies are exercised
(IFMAC) with low voltage ride-through (LVRT) capability is  py controlling the characteristics (magnitude and angle) of
investigated for doubly fed induction generators (DFIGs). It the rotor flux vector, which can be achieved in a variety

exercises control over the generator output power and terminal f h Sj that int | volt It behind
voltage via employing adjustment of dq internal voltages. The ©' @PProaches. oince that internal voitage (voltage behin

major difference from traditional FMAC (TFMAC) strategy  transient reactance) is directly related to rotor flux, a new
is that the proposed IFMAC strategy is designed based on a control strategy the FMAC is proposed, where the terminal
rectangular dq coordinates, which provides a decoupling control yoltage and output power are controlled by the respective
for active and reactive power via using orientation technlque. manipulation of the magnitude and angle of internal voltage.

As an improvement of traditional FMAC scheme, the proposed .
IFMAC strategy not only improves system damping, but also The results show that the FMAC provides better system

considerably enhances LVRT capability by limiting DFIG power ~damping and terminal voltage recovery than that achieved with
angle jump during faults, which is achieved with the proposed the rotor current control strategies[9], [10].
auxiliary power angle compensation (PAC) loop. Dominant eigen-  Since DFIGs have been the dominant type used in the WFs,
value analysis and dynamic S|mulat|_qr_ls are presented and dis- ji5 L VRT capability has been deeply concerned by engineering
cussed, that demonstrates the capabilities of the proposed control field nd r nt arid codes hav ified r ired contri
strategy to enhance DFIG damping and LVRT performances and e _S' a ecent grid codes ha _e speciie e_qu ed contri-
its contributions to power system transient stability. butions from DFIG based WFs with LVRT requirement[11].

. . . Terminal undervoltage and rotor overcurrent are considered

Index Terms—double fed induction generator, flux magnitude L .
and angle control, interal voltage vector, low voltage ride- @S the major limitations of the LVRT improvement of DFIG,
through. which have been discussed in open literatures and a few
strategies are proposed to improve the LVRT capability of
|. INTRODUCTION DFIG[12], [13], [14], [15]. Literature [14], [16], [17] point out

Ewable power generation such as wind power shovRat the DFI_G rotor overcurrent i§ caused by the electromotive
Rworld’s fast growing rate of electric power generatior{or?e jump mduceq by the transient compon.ent of stator flux
that causes the share of wind power to be reached a considéich is an immediate consequence of terminal voltage drop.
able level. For low investment, maximizing wind power conl! indicates that reducing the terminal voltage drop is an
version and network support capability, double fed inductidiffective method to improve the LVRT capability of DFIG.
generator (DFIG) is becoming the dominant type used in theF&W FMAC strategy with LVRT improvement can be found
wind farms (WFs)[1]. The use of a DFIG on a wind turbind? OP€n article[18]. It is also designed based on the polar
not only improves the efficiency of energy conversion, but algpordinations an_d needs two additional tr_ansformat_lons from
provides WFs with the capability of contributing significantyP@/ar to Xy coordinates and xy to dg coordinates, which brings
to network support. more interactions the_m that (_)f rotor current control strategies.

Extensive research has been conducted on design of DFIIS léads to a great interaction between the power and voltage
control system, and several strategies can be found in Rl loops and reduces LVRT and terminal voltage recovery
open literature[2], [3], [4]. In the reported strategies, moS@pabilities, Whlch shows that the traditional FMAC strategy
methodologies are based on current mode control, where §#& e further improved.

dq rotor currents are adjusted to regulate the terminal voltage! NS Paper discusses the FMAC control in a rectangular dq
(reactive power) and output active power of DFIG[S]. ,Coordinates for the first time, and proposes an improved FMAC

widely used way to control the rotor current is vector contrd|/MAC) strategy for DFIGs. The IFMAC strategy combines

techniques, and several techniques have been employed fg?_eamerlts of current vector control and FMAC strategies and

decoupling control of active power and reactive power, su@mS t0 improve LVRT capability of DFIG without degradation

as stator flux orientation[6], stator current orientation[7] an@l €minal voltage regulation. More concretely, its main

stator voltage orientation[g]. contribution consists of the following aspects: .
o The proposed control strategy employs dq internal volt-
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injected into the power loop, which allows a decoupling Assumption that a three-phase ground fault is applied in the
control for power angle and terminal voltage duringransmission line of the single DFIG infinite bus system, the
faults. This provides a better LVRT capability withoutfollowing equations can be obtained.

degradation of voltage regulation.

The rest part of this paper is arranged as follows. The Us —Uf = janis ()

mathematical model of DFIG and its dynamic are described o L

and analysed in Section II. In Section Il -V, the control strat- o7 Y g (8)

egy is proposed and results of dominant eigenvalue analysis JTi2 JTg

and simulation are presented and discussed, which show the

contribution of the proposed control strategy to power system E =, + X, (9)

transient stability. Finally, the conclusions are drawn in Section

V1. wherex;; and z;; are transmission line impedances respec-
tively, z, is ground resistance, and the rotor resistafges

Il. M ATHEMATICAL MODEL OF DEIG neglected, and only stator current is considered as the injection

current.

In this paper, a second order model of induction generator
with respect to rectangular dq coordinates is used as foIIowiRngn
form, where the electromagnetic transients of the stator are
neglected for a good compromise between simplicity and

ccording (7)-(9), the terminal voltage vector can be ob-
ed as following form.

accuracy[19] T = ol + b7 (10)
. : . ’ P 1
Dynamic equations: where ¢ = {1 n fﬁ (1 _ ﬁ)} and b —
dEZi —sw E, W ﬂv X; 11—21 xgl 12 791
R e R Q (zﬁl+zgl+z;1) (1 + xal+xf;+x51) '
1., Then, the terminal voltage magnitufle| can be written as
- F[Ed + (X — X0)igs]
0 — —
- , v = /@[ 72 + 20b[F7[6p1, + b2 (11)
q / m
— = — swoly + wo—"dr N . -
T wheredqr;, shown in Fig. 2 is identified as the power angle
dt L (2) Wheredg, sh Fig. 2 is identified as the p |
_ i[E’ — (X — X )igs) of DFIG as that has been defined for synchronous generators
CFA o (SGs).
where
Xs =wolLlss = s + X ‘}‘
X! = wo(Lss — L2,/ Ly) M q
Té =Lyr/Ry 5
Electrical Equations: i
Py = —Elias — Eligs ©) -
9.
Qs - Eiﬂqs - E;ids (4) Ys
Eél = 7R57;ds + X;iqs + Vgs (5) d
E, = —Ryigs — X{igs + vgs (6) Fig. 2: Vector diagram representation of the operating condi

The proposed IFMAC strategy in this paper employs tht('eons of a DFIG.

adjustment of dq internal voltages to control output active

power and terminal voltage. The operating characteristics and=d- (11) shows that in fault conditions terminal voltage drop
the benefits of the proposed IFMAC can be readily appreciaté@ be reduced via limiting internal voltage magnitude drop
by considering DFIG behaviors in a single DFIG infinite bugnd power angle jump. Since internal voltage magnitude is
system shown in Fig. 1 mainly determined by fault conditions, limiting power angle
jump is a feasible way to reduce terminal voltage drop.
However,dqriq = dig + 05, and it involves the positiond()
control between the dqg coordinates and xy coordinates, which
has not been considered in the traditional FMAC scheme.
BI-2 As opposed to the traditional FMAC scheme, this paper
proposes an improved FMAC strategy with a power angle
compensation (PAC) loop which limits the power angle jump
to reduce terminal voltage drop during fault conditions.

Vb

s

V.
(@i

1-1

Fig. 1: A single DFIG infinite bus system.
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a0 , Ly (B}  dE]
‘ £ g According (19)-(20), thevy, and vy, can be respectively
Pobo Ag. AR Eyy " el produced by a pair of proportional plus integral (PI) controller-
ey K,,ﬁ% - K, + = [ s, whereE!; and E/, represent the errors from their reference
%- -~ ~ Power Regalator, &8 MOl T values to process values. The reference values of dq internal
¢ AP, ra B2 e I voltages E),.. . and E, . can be produced via respective
Pt —’%—’Kpﬁs"’—‘ Kot = PI controllers (automatic voltage regulator (AVR) and power
Pt - |- - regulator). Thus, theé® and Q loops are both of cascade
E, PAC = A A control loops, where the outer-loop controllers are comprised
L by AVR and power regulator to produce reference values of dq
El 00 by internal voltages according the tracking errors, and the inner-

loop controllers are the dq internal voltage regulators of which
parameters can be obtained according the following plant.

B, By LT

E Vgr  Lee(1+T3s)

The proposed IFMAC strategy presented in Fig. 3 is comhere symbols$ denotes the Laplace operator. Since the plant
posed with three distinct loops, the power control lo® (is linear, a traditional Pl controller can provide a satisfactory

loop), the voltage or reactive power control lodp Ipbop) and tracking performance with good robustness.
PAC loop.

Fig. 3: Block diagram of the IFMAC strategy

F(s) (21)

Ill. PROPOSED CONTROL STRATEGY

B. PAC loop design

A. P & Q-loop design According the above analysis, it is seen that Ehand Q
According (3) and (4), it is seen that the decoupling contréops only provide an effective control of anglg, (which is
for active and reactive power can be achieved by employig§own in Fig. 2) as that achieved with the traditional FMAC
stator current orientation technique[7]. By orientating the $frategy. For giving a complete control of power anglg, to
axis in the direction of stator current vector, we have reduce terminal voltage drop in fault conditions (whegge, =
dig + 0s), the PAC loop is proposed as an auxiliary loop.

E == ids + jiqs = ids == |Z| (12)
Substituting (12) into (1)-(4), a‘[iﬁgo 9£ ) Varisble Gain E,
Py = —Eligs = —E}is] (13) ” ’q()% w
) _ , Polar | xy/ 7 ‘ 1
Qs = —Ejias = —Eqlis| (14) £ /xy d}; e L ey
E'y R —doj|
L’rﬂr Etl] dE(’] ¥ doi E;U \
Vdr = - T it
L, \T} dt . .
(X, — X") (15) Fig. 4: Block diagram of PAC loop.
+ == [son&Jr L |Z|] ) o _
Ly, 15 By respectively fixingdqri, and 6, at their stable values
L. (E, dE, L. ) dqrigo andéy, the stat_JIe values of dq internal voltagg§,
Vgr =7 | 7 - swo kg (16) and E’, can be obtained from polar to xy and xy to dq
L7n TO dt LTn q

. _ . transformations. Since the power angle is determined by the
Eq. (13)—(16) show that active power is proportional tgroportion of £, and E!, the desired values of dq internal
E}, and can be regulated by using,., and reactive power is yoltages can be obtained from
proportional tok; and can be regulated by using.. Thus, the , ,
. . - E Ed, f
decoupling control for active power and reactive power can be do _ _—are (22)

obtained. To ensure a good tracking of dq internal voltages, Eq E;ref

compensation terms are addedug and v, to obtain the hich shows that either power loop or voltage loop can be

reference voltages according to used to compensate power angle jump. In order to ensure the

(X, — X)) — terminal voltage performance, the PAC signal is injected into
: |Zs|:| (17)  the power loop. Thus, according (22), the reference value of

L
Var = V. + L_TT swoEl +
m

Tl
0 d internal voltage is computed as shown in Fig. 4
o =y Ly, swnE! (18) In fault conditions, the power control loop is switched
LR Pt to power angle control model, where the PAC computes
where £}, according the variation of; and its gain is computed
, L. (E, dE, adaptively according the pre-fault conditions. Meanwhile, the
Yar = L, \T, " dt (19)  avr outputs the reference value of q internal voltagg,. ,
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according the error of terminal voltage. Thus, a decouplinthe SG2 is also an equivalent model to represent the main
control for terminal voltage and power angle is achieved system (of which capacity is 450MW). The Bus B3-2 is
fault conditions, which provides the proposed IFMAC strategsonfigured as the grid terminal, which is connected to the
with a lower terminal voltage drop and a better termindbad center Bus B1-2 via the transmission line L5 with a long
voltage recovery capability in comparison with the traditionalistance of 120km. In this situation, the local grid is weak
FMAC strategy. for the WFs, which provides little support to the WFs during
It should be noted that the PAC only depends on the stalféeilts. On the contrary, it requires DFIGs with improved LVRT
values of §4r;4 and 6,, which reduces the requirement ofcapability to support the grid.
real time measurement. In engineering practidgg,,o can From Fig. 15, it is seen that in normal conditions, the tradi-
be measured as that of SGs[20], afid can be measuredtional FMAC with power angle control (FMACP) strategy[18]
by using phasor measurement unit (PMU) in stable operatiizg quite equivalent to the TFMAC strategy[9] faf,, =
conditions. There is no difficult to obtain them. darig — 0. Thus, dominant eigenvalue location of DFIG with
According above analyses, it is seen that the IFMA@e IFMAC strategy is only compared with the TFMAC
strategy provides two types of decoupling control, one faase. The location of dominant eigenvalue for various rotor
output power and voltage in normal conditions, and the othgpeed values of WF1 is shown in Fig. 6. It is seen that
one for power angle and voltage in fault conditions. Thus, thier the rotor speeds considered, the eigenvalues cluster in
complete decoupling control for power angle, active power agdgroup having real part mainly in the range -0.4 to -1.4,
terminal voltage has been achieved in all operating conditiors, which corresponding damping factors are 0.042 to 0.137
which dramatically reduces the interactions between differempproximately. As a rotor speed value af., ;i = 0.8
loops and considerably improves the performances, especialyresponding the lowest operating condition, the dominant
for voltage regulation. Moreover, for its explicit decouplingeigenvalue pair is-0.4233 + 59.108 of which corresponding
mechanism, tuning the parameters of the PID controllers @hmping factor is 0.0464 when the proposed IFMAC strategy
the IMFAC is more convenient for removing those complicais installed. While, the dominant eigenvalue pair with the
ed lead-lag corrections existed in traditional FMAC stratedgyaditional FMAC strategy is—0.3783 + ;8.943, of which

(which are shown in Fig. 15). corresponding damping factor is 0.0423.
IV. DOMINANT EIGENVALUE ANALYSIS ; ‘ ‘
A generic and simplified multi-machine power system - dw'_o'gg
(MMPS) model shown in Fig.5 is modeled to assess the pro- g o Mukx Xa
posed IFMAC capabilities. A single DFIG with the capacity E V W
of 9MW is used to represent the aggregated behaviour of § o we12 U
the individual generators of a DFIG-based WF. The WF1 is g v
operated as PV model to evaluate the capabilities of DFIG with g’
the proposed IFMAC schemes to network support. In order to § o ©=1.03
further show the benefits of DFIG with the improved LVRT g
capability to the WFs without network support capability, the g, . X KX x=
WF2 with the widely used PVdq control scheme[5] is operated
as PQ model where the reference value of reactive power -1 71“:*":1'711212 )
Qe’r‘ef — —Olpu Real part (damping)
Fig. 6: Influence of WF1 with different rotor-side controber
Loadl Load3 on the location of dominant eigenvalue: a)with TFMAR)(
‘E&Z ; B3-1 b)with IFMAC (x)

. T3 The damping performance with those strategies are very
Conventiona| e " close, and the IFMAC strategy sh light advant f
thermal power , gy shows a slight advantage o

plant Load2 B2 B4 damping performance. The similar result can be obtained when
2 T4 WF1 operates at the highest level (wherg, ;1 = 1.2). It is
seen that the TFMAC strategy even shows a slight advantage at
PV PQ the neighborhood of synchronous condition, e.g., when WF1 is

operated at the condition af.., 1 = 1.03, the damping factor

Fig. 5: Configuration of multi-machine power system modeWith the TFMAC strategy is 0.1283 which is slightly larger
than that with the IFMAC strategy (of which the damping

A Var compensator (VC) is installed in the common couactor is 0.1242).

pling point(CCP) Bus B3-2 to compensate reactive power losslt can be summarized that the damping performance pro-

for normal conditions. A thermal power plant of 120MWided by those two strategies are similar over the full oper-

(SG1) consisted of a drum boiler and a steam turbine and #ing range. It is known that dominant eigenvalue analysis is

governor is used to represent conventional power generatidpgsed on the small signal linearization at certain operating
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Fig. 7. WF1 responses to step change in terminal voltag#y. 8: WF1 responses to step change in terminal voltage
reference.w,,r1 = 0.8pu: a)with TFMAC (Dashed line). reference.w,,y1 = 1.2pu: a)with TFMAC (Dashed line).
b)with IFMAC (Solid line) b)with IFMAC (Solid line)

conditions, which involves approximation error, especially fafvs| of IFMAC in Fig. 7 and Fig. 8). For the decoupling
the plants with strong-nonlinearity, e.g., DFIGs flux angleontrol provided by the IFMAC strategy, the oscillation of
can be greatly changed in a very short time for its purebctive power during terminal voltage regulation is also small
electromagnetic characteristic, showing a stronger nonlineand decays very quickly. of IFMAC of Fig. 7 and Fig.

ity. This approximation neglects the interactions between ti8¢. However, the interaction between the active power and
coordinates transformations. Thus, to some degree, the IFMAGItage control loop is noticeable when the TFMAC strategy
strategy is equivalent to the traditional FMAC strategy at stahik installed. In this situation, the terminal voltage of WF1 is
states. In addition, the proposed PAC loop only works isignificantly affected by the power regulatdvd of TFMAC
fault conditions (For normal conditions, it servers as tracking Fig. 7 and Fig. 8).

model to provide a bumpless switching), and it can not beFig. 7 and Fig. 8 show that the interaction between the
considered in the eigenvalue analysis. Those are the reaspm&er and voltage loops is smaller when the IFMAC strategy
of the similarity between the IFMAC and TFMAC strategiess used, which improves the terminal voltage regulation at both
in dominant eigenvalue analysis. subsynchronous and super synchronous conditions.

V. DYNAMIC SIMULATIONS B. Fault studies on SMIB

In this section, the proposed IFMAC capability is investi- A yhree phase ground fault with duration of 0.1s is applied
gated by small disturbance and large disturbance. The small o igdie of transmission line of the SMIB systems (which
disturbance is step change in the reference value of Dngshown in Fig. 1) to investigate the behaviours of DFIG with

terminal voltage, and the large disturbance is three-phqﬁ proposed control strategy at the operation condition of

ground faults. For comparison purpose, the performances of _ 0.8pu corresponding to the lowest operation condition.

the TFMAC and FMACP are also presented. The FMACE, ,,serying the DFIG behaviors during the fault, the ground
strategy shown in Fig. 15 is based on the polar Coord'natesr@§istance iS00 which is big enough to avoid triggering the

well as the TFMAC strategy, but it introduces a synchronoygqo tion system. The responses of WF with the different
xy coordinates for controlling DFIGs power angle. Thusg, ..o strategies are shown in Fig. 9.

the FMACP needs an additional coordinates transformatlonIt is seen that the difference of damping performances

from polar to xy coordinates in comparison with the TFMACbetween those three FMAC strategies is small since all of
strategy. them provide effective control of internal voltage magnitude

(Fig. 15). However, the IFMAC strategy damps the oscillation
A. Sep response of terminal voltage reference better (P. of Fig. 9) for its decoupling control provided. The

A step change of 4% is applied in terminal voltage referen@9Wer regulator of the IFMAC achieves a tracking control of
for a period of 2s. The WF1 responses with the propos@§tive power, and its behaviors can be described as
IFMAC are shown in Fig. 7 and Fig. 8. The responses shown o )
are the generator output activé’.j and terminal voltage Jp Z/ (Perer — Pe)™ dt (23)
magnitude {v;|). 0

It is seen that when the AVR drives the WF1 termindrrom (13),
voltage to the newly desired value, the performances of the o0 PN
terminal voltage and output power of DFIG with the TFMAC Jp = /O [(Edo - Ed)usﬂ dt (24)
and the IFMAC satisfy the engineering requirement, and the .
dynamic performance of WF1 with the IFMAC is better. [Similarly, the voltage regulator can be described as
is seen that during terminal voltage regulation, the voltage o0 — 9
overshoot with the IFMAC strategy is too small to be noticed Jy = /0 [(Eqo — Eq)|Ls|] " dt (25)
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Fig. 9: Fault response of WF in SMIBv,, = 0.8pu: a)with Fig. 10: Fault responses of WF in SMIB,. = 1.2pu: a)with
TFMAC (Dashed line), b)with FMACP(Dotted line), c)with TFMAC (Dashed line), b)with FMACP(Dotted line), c)with
IFMAC (Solid line) IFMAC (Solid line)

From (24) and (25), it can be seen that the IFMAC controller 1) Faultl near SG1: The faultl with duration of 0.1s is
can be regarded as an equivalent stator regulator by usiiplied in the middle of Line L1 when the WF1 is operated
small signal analysis, which further improves system damping subsynchronous conditions,(,;1 = 0.99). When the
performance. resistance of faultl decreases to{R2WF1 with the tradi-
In comparison with traditional FMAC strategy, the FMAGtional FMAC strategy is tripped for triggering undervoltage
strategies with the power angle compensations provide tection. The response is shown in Fig. 11.
effective control of DFIG power angle (where the power angle |t js seen that the terminal voltage drop of WF1 with the
jumps are smaller|Qdqyig| of Fig. 9), which lead to lower TEMAC scheme is larger, and it triggers the terminal under
terminal voltage drops during the fault according (1[|( voltage protection to trip WF1 at = 0.12s and drops the
of Fig. 9), which smoothes the dc-link voltagd/f. of Fig. output active power and reactive power to zeRo ¢f WF1 in
9). The lower terminal voltage drop also reduces the interr}aqb_ 11). The tripping of WF1 leads to surplus reactive power
voltage drop from (5) and (6), which leads to a smallejnd raises the terminal voltage of WF2,( of WF2 in Fig. 11)
peak value of rotor currenji¢| of Fig. 9)[14]-[17]. It can be \hich triggers the terminal over voltage protection to trip the
summarized that the LVRT capability has been improved Ryr2 att = 0.24s. The tripping of WFs leads to the imbalance
using the FMAC strategies with the power angle control.  f active power, that drops the rotor speed of SG1 from 1.0pu
Although the FMACP strategy has power angle compensg-the lowest 0.99pu.,. of SG1 in Fig. 11, where the nominal
tion, for its unsolved decoupling control in a rectangular dgg|ye of system frequency is 50Hz), of which corresponding
coordinates, its power angle control capability is reduced %quency is 49.5Hz. In physical system, this may cause SG1
the voltage controller during voltage regulation (the power agy pe tripped and leads to frequency collapse.
gle jump with the FMACP is Iarggr). Benefiting its decoupling However, under the same fault condition, WF1 with the
for voltage and power angle during faults, the IFMAC showigspective IFMAC and FMACP strategies is still capable of
a more effective control of power angle jump during the faulgonnecting to the grid. This demonstrates that the LVRT
which consequently ensures the probability of LVRT. Aftegapapility of DFIG has been significantly improved via control
the faults, the IFMAC also provides a better voltage recove wer angle of DFIG, which allows that subsequent large-scale
capability with a smaller overshoot. It is seen that the LVRJind turbine tripping can be avoided. Thus, system frequency
and voltage control capabilities with the IFMAC strategy argzn, pe operated within an acceptable range ¢f SG1 in

better in comparison with the FMACP strategy. Fig. 11). In comparison with the FMACP strategy, the IFMAC
The IFMAC capabiliies are also investigated when thgrateqy shows a better LVRT capability.

WEF operates at super synchronous conditionopf=1.2pu 2 Faut2 near WF1: The fault2 is applied in the middle
corresponding its highest operating condition, and the rgf | jne |3 when the WF1 is operated at supper synchronous
sponses are shown in Fig. 10. Fig. 9 and Fig. 10 show tgngition. The duration of fault2 is 0.05s, thus undervoltage
contributions of the IFMAC strategy on system damping angstection will not be triggered (where the protection delay of
LVRT capability. It is noticeable that compared with thesgngeryoltage protection is 0.1s). The fault2 resistance i(D.01
polar coordinates based FMAC strategies, the IFMAC strategy jnyestigating the IFMAC performance in a large transient
provides an improved LVRT capability without degradation Gfjistyrbance, and the responses of WF1 with different FMAC
terminal voltage regulation. strategies are shown in Fig. 12.

] It is seen that the dc-link voltage of WF1 with the TFMAC
C. LVRT studies on MMPS strategy raises very quickly and reaches the maximum value of

In this subsection, the LVRT capability of the proposed900U att = 0.01s (vq. of WF1 of Fig. 11), which triggers dc-

IFMAC and its contribution to network transient stability ardink overvoltage protection to trip the WF1. The WFL1 tripping
evaluated in the MMPS model shown in Fig. 5. also raises the voltage of CCP (Bus B3-2), which triggers a
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Fig. 11: LVRT capability of WF1 at subsynchronous condiFig. 12: LVRT capability of WF1 at supper synchronous
tion. w1 = 0.99pu: a)with TFMAC (Dashed line), b)with condition. w,, ;1 = 1.03pu: a)with TFMAC (Dashed line),
FMACP(Dotted line), c)with IFMAC (Solid line) b)with FMACP(Dotted line), c)with IFMAC (Solid line)

chain tripping of WF2 and drop the system frequency ¢f 15 :
SG1 of Fig. 12). Under such a large disturbance, the IFMA g wtv,‘,
and FMACP strategies can still control the terminal voltag = ° o
maintained in an acceptable range, which ensures the pro o o1 o0z o3 > o1 o7 03 o7 0 5 10
bility of LVRT capability. Although both the two strategies car )
provide a successful ride-through control, the IFMAC strate¢ 2 H\f g U“’*‘; vl
is better, especially for the significant improvement of termini = oo \_ =7 ' ‘

voltage regulation after faults. o o1 0z o3 0 0102 03 04 0 5 10

Fig. 11 and Fig. 12 confirm the results obtained from th_ e
SMIB system, which further shows the contributions of th% “®

IFMAC strategy to network support. - ‘ mjb“‘*—“ ossll’

3
> 12
02 03 0 01 02 03 04 0

3) Var support case: When the TFMAC is used, a VC is Time(s) Time(® Time(s)
installed in the Bus B3-1 to restore the terminal voltage of .
WF1 during the fault2. The action delay of the VC is 0.02&19- 13: Var support casev,,,s1 = 1.12pu: a)with TEMAC
and the system responses are shown in Fig. 13. plus_, Var support (_Dashed line), b)with FMACP(Dotted line),

The capacity of the VC is 15MVar, which allows that th&With IFMAC (Solid line)

TFMAC with the VC provides an acceptable LVRT control.

It is seen that since the terminal voltage has been risen by

the the Var support during the fault, the TFMAC strategig Shown in Fig. 14. It is seen that when DFIG oscillates from
provides an similar LVRT performance with that achievegubsynchronous condition to supper synchronous condition,
with the other two strategies. After the fault, however, thihe variation of rotor voltage magnitude,| is very small,
combined strategy (the TFMAC plus Var support) leads while its angled,. is oscillated dramatically. It indicates that
a larger overshoot of the terminal voltage of WF1 (wherée angle of rotor voltage vector is more sensitive at the neigh-
the VC is installed) due to the switching delay of the VChorhood of synchronous condition. From Fig. 15, it is seen
Moreover, the VC can not provide a continuing regulatiorihat the voltage control loop of the traditional FMAC strategy
and its sudden switching introduces disturbances to powattputs the rotor voltage magnitude according the error of
systems. It is seen that after the fault, the system dampifigernal voltage magnitude. In this case, its voltage regulation
performance is reduced, especially for those conventional Weapability can be considerably reduced at the neighborhood of
without voltage regulation capability, such as WH2 6f WF2 ~ synchronous operating condition (whetg| ~ 0).

of Fig. 13). However, according Fig. 4, the proposed PAC depends

It should be pointed out that for some more serious faultn the proportion of £, and E; which gives the angel
s, only depending the IFMAC is inadequate to ensure tipesition essentially and is more sensitive at the neighborhood
probability of LVRT control. However, the IFMAC schemeof synchronous condition. In addition, the proposed PAC
reduces the dependence on protective equipments (which bas be considered as a variable gain control, and its gain
been proved from the results of Fig. 13), and provides DFIGan be adjusted adaptively according the pre-fault conditions.
with the capability of continuing network operation supporfEurthermore, the IFMAC provides the complete decoupling
during faults. control both in normal and fault conditions. Thus, the proposed

4) IFMAC behavior analysis. For evaluating the controller IFMAC strategy can still be capable of providing desired
behavior, rotor voltage vector with various rotor speed valué¥RT performances without degradation of terminal voltage,

@ (pu)

o ?
VedU)
[
5 R @
S & 8
8 & 8
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o L.,, L., stator and rotor self-inductances
Ly, mutual inductance
S rotor slip
“ wo synchronous rotor speed
s T3 transient open-circuit time constant
R d, q subscript for component of d and g axis
X, Y subscript for component of x and y axis
APPENDIXB
] ‘ o ‘ ‘ ‘ PARAMETERS OFDFIG AND CONTROLLERS
T R B1. Parameter of DFIG (per unit: Sb=10WM, Vb=575V):
Fig. 14: Rotor voltage vector diagram when the rotor spegtf :HOBOE)?((;?L' Ls = 0171, Ry = 0.005, Ly = 0.156, L =

wrws1 1S increased from 0.8 to 1.2 B2. Parameters of FMAC and FMACP:

The FMAC and FMACP have the same parameters: \oltage

even though the values of dq rotor voltages are relatively [0lQOP: Kpy = 4.5, Kip = 0.4, Kpm = 1.2, Ky, = 0.01

Fig. 11 and Fig. 12 demonstrate the LVRT capability of thBOWer 100p:Ky, = 0.4, K;j = 0.05, Kpa = 1.2, Kio = 0.01
proposed IFMAC strategy at the neighborhood of synchronok@ad-Lag correctionsy, (p) = Joi<m45 116,055 » gm(p) =
operation condition included both subsynchronous conditiqﬁ%i’j, 9a(p) = m

and supper synchronous condition.

v 11

VI. CONCLUSION - B X v
X . IVeref K +£ ] 2.(0) [l K +K— - 2.(p) ] :i

An improved flux magnitude and angle control (IFMAC) ) & S Polar/
strategy is proposed to improve system damping and enhal ) xy/dq
the LVRT capability of DFIG. The proposed control strateg' »... K+ K Lol o) o G
employs the adjustment of dqg internal voltages to contr P e 15 =50 -

. . | Gig— Odfig=Us

the output active power and terminal voltage. The strate: P i i b e control
is designed based on a rectangular dq coordinates, wh Ll I
allows the decoupling control of active power and reactiv I L
power can be obtained in normal conditions. The PAC loops Fig. 15: The FMACP scheme[18]

is also proposed to limit the power angle jump to reduce
terminal voltage drop. The PACs signal is injected into power B3. Parameter of IFMAC:
control loop. Thus, a decoupling control for terminal voltagéVR: K, = 1.25, K;, = 290;
and power angle can be achieved in fault conditions, whigpwer regulatork,, = 1.1, K;, = 110;
not only enhances LVRT capability during faults, but alséner loop controllerk,; = K, = 0.35, Kig = K;q = 7.5.
improves voltage recovery capability after faults.
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