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Abstract. This paper proposes a novel control strategy for doubly fed induction generator (DFIG) low voltage ride through (LVRT) under
asymmetrical grid voltage dip. The proposed strategy, named as direct power control based multi-objective control, enables the DFIG operating
under asymmetrical grid voltage dip and operating at different control objectives (the current distortion limitation mode, the power oscillation limitation
mode and the torque oscillation limitation mode) by adjusting only one parameter. Furthermore, the proposed method can achieve a smooth switch
between the steady state operation and the voltage dip operation with an improved dynamic performance. The simulation results verify the correction
and effectiveness of the proposed method.

Streszczenie. W artykule przedstawiono nowg metode sterowania generatorem DFIG, pracujgcym przy przej$ciowo niskim napieciu. Proponowany
algorytm umozliwia prace w takich warunkach, poprzez zmiane nastawy tylko jednego parametru. Osiggnieto ptynno$c¢ przejécia miedzy stanem
ustalonym a stanem zapadu napiecia. Przedstawiono wyniki badan symulacyjnych, potwierdzajgce skuteczno$¢ rozwigzania. (Sterowanie
wielokryteriowe maszyna DFIG przy asymetrycznych zapadach napiecia LVRT, bazujgce na bezposSrednim sterowaniu mocg).

Keywords: Doubly fed induction generator (DFIG), direct power control (DPC), multi-objective control, low voltage ride through (LVRT),
asymmetrical voltage dip.

Stowa kluczowe: DFIG, bezposrednie sterowanie moca, sterowanie wielokryteriowe, praca przy niskim napigciu, LVRT, asymetryczny
zapad napiecia.

Introduction separately. It benefits in understanding the control
Due to the merits in the reduced converter capacity, cost  structures but double the PI controllers for current loops.
and volume, the variable speed operation, reduced power
losses compared to other solutions such as fixed speed
induction generators or synchronous generators, the DFIG
acts as an important role in wind power system 2. A
typical DFIG-based wind power system is shown in Fig.1.
The DFIG control algorithms and the relative LVRT e

strategies gain an increasing attention in recent decades. - —

Varieties of control algorithms have been proposed in St £ 3 4;? i 4¢
literatures and the C|aSSIC control algorlthms are elther field- - T '
oriented vector control ! or direct control ! I The field- '
oriented vector control generall consists of the stator-  Fig.1. Typical DFIG-based wind power system
voltage-oriented vector control  * and the stator-flux-

Power on stator side
Transformer

Grid contactor

oriented vector control ® ®. The direct control consists of =~ Also, the control algorithm based on disturbance
direct torque control (DTC) 799 oy the direct power control rejection controllers is proposed to compensate the
(DPC In literatures, the dlrect torque control & 9 oscillations produced by the asymmetrical voltage dip, by
and the direct power control " " are verified to be a inserting a feed forward component to the current

suitable method for DFIG system. The direct controls are ~ controllers. Furthermore, an alternative DPC strategy for
demonstrated to obtain a significantly improved dynamic ~DFIG under asymmetrical voltage conditions are also
performance and high robust for DFIG system. Also, the Proposed with optimal control theory. Different control
direct controls do not need current regulators, the complex ~ objectives are considered during LVRT, but the calculation
rotational coordinate transformations and the specific ~quantities are large, which makes it complex in practical
modulations. Furthermore, the direct control algorithms also ~ @pplication. In normal operation, the objective of the DPC
reduce the complexity in practical application and minimize ~ algorithm for a DFIG system is to control the system output
the requirement of DFIG parameters. In a DFIG system, the ~ Power and a unit power factor. However, in asymmetrical
stator is directly connected to the power grid, which results ~ grid voltage dip conditions, the above control target
the system sensitive to the grid voltage disturbances. An ~ becomes less obvious because the stator current is no
abrupt grid voltage drop can lead to the over voltage and longer sinusoidal in asymmetrical voltage dip condition (],
over current at both DFIG rotor windings and the converter. ~ Considering the requirement of the DFIG, the different
Initially, the solution of the low voltage ride through is to ~ control objectives during LVRT can be:

short-circuit the rotor windings with the crowbar and © The constant stator active and reactive power;
disconnect the DFIG to the grid . Unfortunately, this e The constant electrical torque;

method may aggravate the grid voltage dip. Therefore, itis e The sinusoidal stator current and the constant reactive
important to enable the LVRT capability for the DFIG-based power;

wind power systems when grid voltage dips. Considering e A combination of the above three control objectives.
the LVRT acts as an important role in practical DFIG The proposed direct power control based multi-objective
system and the asymmetrical voltage dip occurs more  control has the following characteristics:

regularly than symmetrical voltage dip in practical e direct stator active and reactive power control without
applications, this paper focus on the direct power control inner current loops;

based multi-objective control for DFIG asymmetrical LVRT. o only two multi-frequency proportional integral resonant
Some authors decompose the DFIG model with both controllers (MFPIRs) are employed;

positive and negative sequence . multiply objectives are achieved by adjusting only one
models and apply the classic vector control for both models parameter A between 0 and 2;
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This paper is organized in following sections. In Section
Il, the characteristics of DFIG under asymmetrical voltage
dip is discussed. In Section lll, the direct power control
based multi-objective control for DFIG under asymmetrical
voltage dip is presented in detail. Simulation results are
provided to verify the proposed strategy in Section IV.
Conclusion is given in Section V.

Behavior of DFIG under asymmetrical voltage dip
According to the symmetrical components theory, any
three-phase sinusoidal system can be decomposed as
three separated and balanced sub-systems, which are the
positive, negative and zero sequences. It means any
electromagnetic quantity can be expressed in the form of:

(1) F=F+F +F

where: F -the target electromagnetic quantity, the subscripts
“0”, “+” and “—“ represent the zero, positive and negative
components respectively.

The positive and negative dq reference frames in the
vector space can be constructed as Fig.2. The positive
sequence dq’ frame rotates at the synchronous speed we
while the negative sequence dq frame rotates at the speed
of -we. Then the transformations between of, dq°, dq+ and
dq frame are given as

—=0 —aff —+ —af

(2) F=F",F =F =F7el

—jot T
e F

(3) F =F e F =Fe

where the superscripts “0”, “+” and “~” indicate the vector in
dqo, dq” and dq” frame respectively. Therefore, (1) can be
written as (4) in dg+ frame.

(4) F =F +F, e 4+F el

From (4), it can be found that an asymmetrical
electromagnetic quantity consists of dc, synchronous
frequency and double synchronous frequency components
in the view of dq” frame.

. d- W,
r
Fig.2. The relationship among the stationary, dq°, dq” and dq” frame

Using grid voltage as an example (Fig 3), the
symmetrical grid voltage is shown as the big circle in vector
space. When grid voltage becomes asymmetrical, it is
described as the ellipse and it can be composed as positive
sequence and the negative sequence as shown in Fig.3.

In this case, it is obvious that the control algorithm for
asymmetrical voltage dip is to restrain the effect of the
negative sequence component, which results in the system
oscillation at twice synchronous frequency.

The equivalent DFIG circuit in dq’ reference frame
rotating at synchronous speed is shown in Fig.4.
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Fig. 3 Positive and negative sequences of asymmetrical voltage
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Fig.4. Equivalent DFIG model in dq" frame

Under normal grid conditions, the DFIG can be

expressed as Park’s model.

(5) UT:RSD%H@E

(6) 0, =R +%% 4 jo, 00
dt

(7) o= LI+ L1,

(8) o =L 1 +L,1

©) P+jQ =0T,

(10) T, =n,p,xI,

When asymmetrical voltage dip occurs, the behavior of
DFIG can be studied by the method of symmetrical
components theory introduced previously. According to the
theory, the asymmetrical voltage on stator can be
expressed as a sum of three components: positive,
negative and zero sequences. Zero sequence voltage
usually does not affect the machine since they are typically
connected to delta-star transformers, therefore only the
positive and negative sequence components are necessary.
In this case, the stator voltage can be written as
(11) U, =0, +U, =U, +U, e

Under symmetrical grid voltage, the stator flux vector
rotates at the synchronous speed, which means the stator
flux only consists of positive component only. However, if
the asymmetrical voltage dip occurs, negative and zero
sequence components will be injected into the stator flux.
Assuming the voltage dip at time of to, from (5)-(8) and (11),
it can be obtained that the transient stator flux vector can be
rewritten as

(12) 0 =00 o

where:
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In (12), .., ¢,. and ¢ indicate the zero, positive and

negative sequence components of stator flux vector,
respectively. The symbol to. and to+ indicate the transition

before and after voltage dip respectively. U_"(t,-), U, (t,+)

and Uit(toju) are the original stator voltage before voltage

dip, the positive and negative sequence components of
stator voltage vector after voltage dip respectively. Among
the sequential components of stator flux vector, ES; is
determined by the constant flux linkage theory and it will be
damped with the stator transient time constant T . The

dynamic behavior of the stator flux under asymmetrical
voltage dip can be present in Fig.5.

... before voltageidip |

during voltage flip

stator flux, beta axis (p.u)
o

05 N R ........

-1 05 0 05 1
stator flux, alpha axis (p.u.)

Fig.5. Stator flux trajectory for an 50% single-phase voltage dip

The sequential components of DFIG stator flux will
induce the relative sequential flux components at the rotor
side. From (7) and (8), the sequential of rotor and stator flux
can lead to the unexpected components at stator and rotor
current, the electromagnetic torque and power. This
process can be presented in Fig.6 and derived in
mathematics as follows. From (4), (11) and Fig.2, the stator
current of DFIG under asymmetrical voltage dip can be
expressed as fO||OWS'

. —y
13) 1 I + I I =1, +1

0 . —_—— .
—jopt —j2mt
s o, Tl 87+ e
q+ —dq+

where | is caused by ¢ " shown in (11) and KE‘” is

also damped with the stator transient time constant T..

frequency of frequency of  rotation  frequency of
stator voltage stator currem speed of flux rotor currem

T 0
smmr side - —power oscillations™ ™
I rotor side - -constant torque

------ constant power - torque oscillations

Fig.6. Various components of electromagnetic quantities and their
interaction in DFIG under transient asymmetrical voltage dip

Substituting (11) and (13) into (9), it can be obtained
that:

(14) P UL =(U; +U e (T + e ™+ T e )

Then the stator power can be expressed as:

(15) Ps = Pscons + Psw + PsZw
(1 6) Qs = Qscons + ste + QSZ%
where:

Pscons + stcons :Us+ Is+ +Us: IS:

U 177 elet jort
S(u +JQS(u - S+|50e +U I e

i — 20t — 2wt
Poo, T1Qu, =U I, +U I e

Based on (15) and (16), it can be found that under the
asymmetrical voltage dip, the stator power includes not only
the constant average components (Pscons and Qscons), but
also the fundamental grid frequency oscillations (Psy. and
Qsw.) and double grid frequency oscillations (Pszy. and
Qs2w.).  Substituting (12) and (13) into (10), the
electromagnetic torque is given as

(A7) T, =n, 0, <1,
—0 —+ —_— i —+ —0 _; —
_ —jogt —j2a.t S [CA —j2am.t
—np(gosoe +o,, +o, e )x(ls++lsoe +1, e )

Then the electromagnetic torque can be expressed as

(18) Te Tecons +T +T92w
where
—0 —0
Tecons: (¢s+><| +¢)s I +¢SOXISO)

_ ](ol T jaot —0-  —+70
Tewe _np|: ((psols++(ps Is )+e ((psolsf+¢s+|so):|

_ -2t L YT 20t LT F
Tezwe_np(e ><gDSJrIS——i_e X¢57IS+)

From (18), it can be known that the fundamental and
double grid frequency oscillations also exist in
electromagnetic torque.

lll. DPC Based multi-objective control
From previous analysis, the DPC based multi-objective
control can be illustrated as Fig.7.

> When A=0, Psf1Qs are controlled as given constant
values, hence the power oscillation are control to zero;

»  When A=1, Ps+ and Qs+ are controlled to the desired
values, hence leads to best sinusoidal shaped stator
current;

» When A=2, the Pte and Qs are controlled to the
desired values, hence the torque and reactive power
ripple demonstrates the best performance;
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Fig.7. control diagram of DPC based multi-objective control
IV. Simulation results REFERENCES

To validate the theoretical
simulation are presented:
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Fig.8 Dynamic behaviour of multi-‘objective control (Asymmetrical
Factor = 15%)
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Fig.9 Dynamic behavior of ml;iti-objective control for LVRT

(Asymmetrical Factor = 20%)

In fig 8 and 9, the different A values are given and the
relative results, which include stator currents, torque, active
and reactive powers, are presented to validate the multi-
objective control algorithm.

Conclusion

The dynamic behaviour of the LVRT is firstly discussed
in this paper. The DPC based multi-objective control is
presented in this paper to achieve different control target
during LVRT for DFIG system. The simulation results are
given to demonstrate the validity of the DFIG system and
verify the proposed control algorithm.
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