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ABSTRACT Aiming at the problem of high voltage disconnection when doubly-fed wind farms are merged
into weak power grids, this paper researches the theory of rotor excitation control and proposed an additional
control model of DFIG grid-connected rotor flux based on structure decentralization theory. In this model,
the high voltage ride-through capability for grid-connected wind farms is enhanced by designing the d-axis
and g-axis adaptive terminal sliding mode controllers of the synchronous rotating coordinate system. Using
the simulation software of MATLAB/Simulink, this paper established a simulation model of wind farm high
voltage ride through composed of 2MW doubly fed wind turbines and carried out the off-line simulation of
the whole process of high voltage traversing. Real-time simulation experiment of high voltage ride-through
was also conducted on a self-developed real-time simulation platform for grid-connected doubly-fed wind
farms. Real-time simulation results prove the accuracy of theoretical and offline simulation analysis and the
feasibility of control strategy.

INDEX TERMS Doubly-fed wind farm, high voltage ride through, structure decentralization, terminal

sliding mode control.

I. INTRODUCTION

Most of China’s large wind farms are located in remote
areas, away from the load center of the power system, and
they are typical weak grid [1], [2]. The grid connection
of high proportion wind farms raises questions about the
safe and stable operation of power systems [3]-[6]. In order
to deal with these problems, many countries such as the
United States and China have introduced strict wind power
grid-connected regulations [7], [8],they are also required
that during grid faults and voltage fluctuations, the wind
farm must quickly emit a certain amount of dynamic reac-
tive power to enhance its low voltage or high voltage ride
through capability. Regarding the low voltage ride-through
problem of wind power grid-connected, domestic and foreign
scholars have carried out a lot of theoretical research and
practice work, and made great progress [9]-[14], and the
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low voltage ride-through technology is improving day by
day. However, after wind farm achieves low voltage ride
through, due to the limitation of the switching speed of the
reactive power compensation device in the power system
and the local reactive power is excessive, which causes the
instantaneous high voltage fault of the system and the wind
turbine to be disconnected again, this directly affects the
safe and stable operation of the power system. Therefore,
in order to meet the requirements of wind power connection
to the grid, wind turbines not only require low voltage ride
through capability, but also require high voltage ride through
capability.

At present, although some progress has been made in the
research on high voltage traversal of wind farms, these results
show their effectiveness in some aspects of wind power grid-
connected voltage and high voltage traversal, and it is dif-
ficult to guarantee its versatility. Literature [15] discusses
methods to overcome the challenges of real-time simula-
tion of wind systems, characterized by their complexity and
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high-frequency switching. A hybrid flow-battery supercapac-
itor energy storage system (ESS) is studied by real-time HIL
simulation. The simulation results of the detailed wind system
model show that the hybrid ESS has a lower battery cost,
higher battery longevity, and improved overall efficiency
over its reference ESS. Literature [16] presents an energy
function-based optimal control strategy for output stabiliza-
tion of integrated doubly fed induction generator (DFIG)-
flywheel energy storage architecture. It can keep the grid
power isolated from wind power output and voltage fluctua-
tions and thus enabling increased penetration of wind energy
resources. This control strategy is proposed for maximum
energy transfer from wind farm during normal operation and
to improve DFIG low voltage ride through characteristics.
Literature [17] examines the impact of an LVRT scheme on
grid-integrated doubly fed induction generator (DFIG)-based
wind turbines which are represented with new stator-damping
resistor unit (SDRU) and rotor current control (RCC). The
results show that the system became stable in a short time
when the SDRU and RCC were incorporated with the sta-
tor and rotor electro-motor-force models. Literature [18]
presents dynamic behavior and simulation results in a stand-
alone hybrid power generation system of wind turbine, micro-
turbine, solar arrayand battery storage.The integration of a
wind turbine, a solar array, a microturbine, and a battery
storage which work together in order to provide sufficient
electric energy supply to satisfy the stand-alone load demands
at all times was proposed and considered. Comparison of
proposed method with fuzzy logic and PID controllers indi-
cates that operation of the proposed adaptive controller is the
best. Literature [19] discusses the Low Voltage Ride Through
(LVRT) capability was enhanced by a Demagnetization Cur-
rent Controller (DCC) for the purpose of transient analysis.
Parameters for the DFIG including output voltage, speed,
electrical torque variations and d—q axis rotor—stator current
variations in addition to a 34.5kV bus voltage were examined.
It was found that in the DFIG model the system became stable
in a short time when using the DCC. Literature [20] deals with
the coordinated control of rotor- and grid-side converters in
wind turbines with doubly fed induction generators (DFIGs)
to improve the low-voltage ride-through capability. A non-
linear control scheme applied to the grid-side converter is
proposed, which stabilizes the internal dynamics and limits
the dc-link voltage fluctuations during the fault. The proposed
ride-through approaches limit the peak values of rotor current
and dc-link voltage at the instants of occurring and clearing
the fault. They also limit the oscillations of electromagnetic
torque, and consequently, improve the DFIG voltage dip
behavior. In the literature [21], the passive Low voltage Ride
Through (LVRT) capability method as well as the active
LVRT capability method were developed for the purpose of
transient analysis of the DFIG. Simulation analysis found
that the system became stable in a short time when the
active LVRT was incorporated into the reduced order DFIG
model. Literature [22] proposes a competent and effective
scheme to enhance the ride-through capability of DFIG-based
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wind turbines under unbalanced voltage dip conditions.
The proposed method is realized through joint use of the
rotor-side converter control and a three-phase stator damping
resistor (SDR) placed in series with the stator windings. The
proposed ride-through approach limits the peak values of
the rotor inrush current, electromagnetic torque and DFIG
transient response at the times of occurrence and clearing
the fault. It also suppresses fluctuation of the electromagnetic
torque and DFIG transient response appeared during unbal-
anced voltage dips due to negative sequence component.
Literature [23] discusses the transient stability analyses of the
DFIG with and without supercapacitor as well as positive—
negative-sequence dynamic modeling (PNSDM). It was
found that the DFIG-based wind farm became stable within
a short time using the PNSDM and supercapacitor. Litera-
ture [24] proposes the use of doubly-fed induction generator
based low-voltage-ride-through scheme including crowbar,
rotor-side converter, grid-side converter and power system
stabilizers. The simulation results that the proposed control
scheme improves the operation of doubly-fed induction gen-
erator during faults. The transient stability and damping of the
electro-mechanical oscillations of a grid-connected doubly-
fed induction generator is obtained. Literature [25] proposes
a novel scheme for enhancing the fault ride-through (FRT)
capability of Doubly Fed Induction Generator (DFIG). This
coordinated control aids rapid recovery of terminal voltage at
the clearance of severe grid fault. Literature [26] proposes a
control system, for crowbar protection and voltage support,
for wind turbines equipped with doubly fed induction gener-
ator. The simulation results highlights that the proposed con-
trol improves the coordination between grid side converter,
rotor side converter, and crowbar protection. Literature [27]
presents a control strategy for wind turbines to enhance their
fault ride-through capability. The controller design is based
on pitch controlled variable speed wind turbine equipped
with doubly-fed induction generator (DFIG). It is shown that
the combined mechanical and electrical controller design
significantly improves the wind turbine fault ride-through
capability.

According to the analysis of the above literature,
the domestic and foreign scholars have proposed many con-
trol strategies and control algorithms for the high voltage ride-
through of wind turbines. However, there are few mentions on
the rapidity of reactive power regulation when an overvoltage
fault occurs, and the millisecond-level reactive power control
technology is the key to solving the system over-voltage prob-
lem. This paper focuses on the basic grid-connected operation
model of DFIG, fully exploits the dynamic characteristics of
the rotor flux linkage and its effect on the reactive power
of the DFIG output, an adaptive terminal sliding mode addi-
tional control strategy for the rotor flux linkage is proposed,
which enables the wind farm to quickly absorb excess reac-
tive power during the grid fault to reduce the instantaneous
high voltage at the grid bus and improve the quality and
stability of the grid-connected voltage of the doubly-fed wind
farm.
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Il. DFIG STRUCTURE DECENTRALIZED DYNAMIC
MATHEMATICAL MODEL.
The equivalent mathematical model of DFIG in the syn-
chronous rotation d, q coordinate system is as follows.

The stator and rotor voltage equation are as follows,

ugs = —Rylgs + Qas — W1 Pgs
ugs = —Rysiar + Qg5 + w1945

. . (1
ugr = Ryigr + Qar — 0s@ar
Ugr = Rriqr + (;bqr + Ws@gr
The stator and rotor flux equation are as follows,
@ds = —Lglgs + Liiqr
Pgs = _Lsiqs + Lmiqr 2)

Pdr = _Lridr + Lmidx
Dqr = _Lriqr + Lmiqs

The power output equation of the stator end is as follows,

3

Ps = ugsigs + ugsigs
Os = Ugsids — Udsigs

where L, is the mutual inductance; L and L, are the stator
and rotor inductance; Ry and R, are the stator and rotor
inductance; w; and ws are the synchronous and rotor angular
speed; ugs, Ugs, Ugr and ug, are the d, q components of the
stator and rotor voltage respectively; igs, iqs, igr and ig, are the
d, q components of the stator and rotor current respectively;
@ds» Pgs» Pdr> Pqr are the d, q components of the stator and rotor
flux respectively; Ps and Qg are the stator active and reactive
power.

When the grid voltage is symmetrically operated, orienting
the stator flux ¢ on the d-axis of the synchronously rotating
d-q coordinate system, and the magnetic fluxes on the d and
q axes are: @ds = ¢s, ¢gs = 0. The induced electromotive
force of DFIG is approximately equal to the stator voltage,
that is, ugs = 0, ugs = us; ugs is the amplitude of the
vector of the stator voltage. When the stator is incorporated
into the ideal grid, ugs is equal in amplitude to the grid
voltage. The resistance of stator winding is much smaller than
the reactance of stator winding, so the influence of stator
resistance can be ignored. At this point the stator flux and
current equation are obtained,

= Yas _ Hs
Pds = o1 = o1 @)
(»bds =0
ige = Liigr — Pds
qs Ly

When the grid fluctuates, DFIG is in an unstable state,
and the DFIG stator voltage and stator flux linkage are not
constant. Therefore, when the DFIG transient operation is
analyzed, the change of the flux linkage cannot be ignored.
The flux linkage change cannot be abruptly changed, and the
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stator flux linkage change causes the stator excitation current
to also change. At this time, ¢g4; 7 0 in the formula (4) takes
the above into consideration.

Substituting equation (5) into equations (2) and (1) to
obtain,

. R, L Ry Liug
Pdr Z_L’%l "L L, Ydr + OsPgr — —wl(L,%, "L Ly + uar
. R/ L,
Ygqr = —qur — Ws@dr + Ugr
(6)

Substituting equation (5) into equations (3) and (2) to
obtain the active power and reactive power equation,

ugLy, .

e
L2 —L.L

" usL,,: ’ Ug N
Qs =

i — —
L dr I Dds

S
i usly Oar + (Lyzn — LgL,y, + LrLSZ)”s
L2 — L. L " Ly(L2 — L,Ly)

Pds

The grid side converter is a converter near the grid side of
the back-to-back converter, which functions to regulate the
power factor and maintain the constant voltage of the bus.
The formula is as follows,

E, = Uy, cos (wt)

2
Ep, = U, cos|wt — ES (8)

2
E. = U,cos|wt + 3

where Ex(k = a,b,c) is power voltage, Uy, is peak voltage.

In a three-phase synchronous rotating coordinate system,
the mathematical model of the grid-side converter can be
described as,

digq . .
Lgd_i = Ea — Rgiga + wgLgioq — Wgaltde
di
Lgf = Eq — Rglgq — wglgiga — [Lgqltde )
dug. . . . . .
# dtc = ide — i = (gaiga + Hgqizq) — iL

where Ry is the resistance, Ly is the inductance, ugq and
ugq are d, g-axis components of grid electromotive force, igq
and igq are active current and reactive current of grid-side
converter, i, is load current on the DC side, wg is angular
velocity of the grid voltage, igc is q-axis component of three-
phase VSR input current vector.

Orienting the d-axis of the synchronous rotating coordinate
system in the direction of the grid voltage vector, ugg = ug,
ugg = 0.
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RLU,
o(LL~L)

udr - Ler _ LIZH Wdr
— R > —F
+[ (Ler - Lm)S+ Ler

OV, ——

COSW dr
u T Ler — l’fn qu'

qr
(LL - L)s+ LR

FIGURE 1. Diagram of the relationship between applied voltage and flux
linkage of DFIG rotor.

The active power and reactive power output from the grid-
side converter to the grid are shown in the following equation,

Py = —=ugigq
32 (10)
Qg = Eug’gq

where Py is active power, Qg is reactive power; ug is power
voltage.

Ill. DFIG ADDITIONAL ROTOR MAGNETIC LINKAGE
CONTROL DESIGN
During the voltage surge caused by a grid failure, the wind
farm emits reactive power to reduce the fluctuation of the
grid voltage. The feasibility of this approach must have two
prerequisites: One is the rapidity of the reactive power of
the wind farm, and the other is whether the rotor will over-
current when the wind farm emits reactive power. For the first
precondition, it is known from equations (6) and (7) that the
reactive power of the doubly-fed wind farm depends on the
d-axis component of the rotor flux linkage, while the d-axis
component of the rotor flux linkage is controlled by the d-axis
.. . . L2—L, Ly .

exciting voltage. Its time constantis T = === the time is
generally 8~15ms.Therefore, the reactive power adjustment
time of the doubly-fed wind farm is in milliseconds, which
is almost equal to the reactive power compensation speed
of the static var compensator. For the second precondition,
the general researcher believes that increasing the reactive
output of the wind turbine will significantly increase the
exciting current of the rotor and impose an additional burden
on the rotor-side variable-frequency drive. This understand-
ing is appropriate for wind farms to access strong electric
fields. However, when the wind farm is connected to the
weak grid, the voltage of the point of combined to the grid is
adjusted by the wind farm’s own reactive power adjustment
capability, and the exciting current of the rotor-side variable-
frequency drive is not significantly increased.

It can be seen from the analysis of Fig. 1 that when the
DFIG is in the grid-connected power generation operation
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FIGURE 2. DFIG grid-connected running magnetic chain structure
decentralized model.

state, the controlled output of the system is the rotor magnetic
linkage W4, and Wy on doubly-fed motor, and the control
inputs are the rotor voltages, which are ug; and ug,. The two
lead a causal chain, this is defined in order as L; = {(Zjj—1,
Zpi=1,2,i=1,2}.

(1) DFIG rotor d-axis flux linkage L;: Zjo is the rotor
d-axis excitation voltage ugy; Z1; is the rotor d-axis flux
component Wgr;

(2) DFIG rotor g-axis flux linkage Lo: Zpo is the rotor
g-axis excitation voltage ug;; Zpp is the rotor g-axis flux
component Wqy;

The above analysis results in a DFIG grid-connected flux
linkage structure decentralized model as shown in Figure 2.

Figure 2 consists of two subsystems, Zjgp and Zpo are
inputs, Z11 and Z; are outputs, and the two outputs simulta-
neously affect each other’s subsystems. It can be seen from
the figure that L is a simple and complete causal chain,
so the inputs Zjp can control the outputs Z;j; through the
corresponding unit model. Therefore, the controllers of the
two subsystems in Fig. 2 can be separately designed to realize
the control of the generator rotor flux linkage.

If the component of the DFIG rotor magnetic linkage
is completely adaptive to the disturbance caused by the
grid fault, it can be implemented by the method of sliding
mode variable structure control. In order to do this, write
equation (6) into the following state space equation form,

Z=AZ+BU+F 11
T LR,
T
LsL, — L2
Ll -12 8
1 0
B=_O 1] (11 —2)
_[r _
F__O , (11 -73)
R, L, U
f = . remTS (11 — 4)
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where F denotes the disturbance caused by the grid fault,

Z = <l denotes state variable, U = <10 denotes
221 220

control input, Z11 denotes the rotor d-axis magnetic linkage
which is Wg;, Z>1 denotes the rotor g-axis magnetic linkage
which is Wq;, Z1o denotes the rotor d-axis current control
signal which is udr, Zyy denotes the rotor g-axis current
control signal which is ug,.

It is easy to prove that the following equation is obtained,

rank [ B F | = rank [B] = 2 (12)

According to equation (9), we can know the sliding mode
of the doubly-fed wind power generation system satisfies
the necessary and sufficient conditions free from external
interference [30], [31]. Therefore, the design of a suitable
sliding mode controller makes the doubly-fed wind turbines
completely robust to the disturbance caused by the grid fault,
and its sliding mode is not affected by the grid fault.

The state variable of the system is defined as the error
of the rotor g-axis flux linkage and the given value, that
is eq =Z], —Z11. According to equation (6), the error equation
of the d-axis magnetic linkage of the doubly-fed induction
wind turbine can be written as,

R.Ly

———ey — W — F, 13
2L L d 5221 — 210 + Fy (13)

éq =
where F; = (ﬁz}"l + f) is the disturbance caused by
the grid fault.
In view of the above, the following integral sliding surface
is proposed in this paper,

t
sa = kpaeq + k,-d/ &lide (14)
0

where kpq and kig are proportionality coefficient and integral
coefficient, kpq and kiq are both larger than zero.

The proportional term is used to speed up the dynamic
tracking response of the system, and the integral term is used
to eliminate the steady-state error of the system. Therefore,
on the PI integral sliding mode hypersurface, changing the
values of kpg and kjg can change the dynamic characteristics
of the sliding surface.

According to the integral terminal sliding mode surface
proposed in this paper, it is very difficult to determine the
upper bound of Fy in practical control. Even if the upper
bound of generalized disturbance is known, in order to ensure
the robustness of the control system when the disturbance
is large, the constant switching gain nq of the controller
is larger, which leads to serious chattering of the system.
Dynamic quality and robustness cannot be guaranteed. There-
fore, a sliding mode variable structure controller with adap-
tive switching gain is designed. Whether or not the upper
bound of Fy is known, the controller can always enhance the
robustness of the uncertainty. The improved switching gain
equation is as follows,

) = (14 u)e M na (15)

VOLUME 7, 2019

where u(sq) = sgn(sq)sgn(sy), s,t) = sqat + 1),
0 < Xg < 1, T is the delay time constant.

When the system state is far from the sliding mode surface,
the switching control gain 7n/q will increase rapidly with the
regular n/, = (1 + ei}d )t)nd. However, when the system state
moves across the sliding surface, the controller switching gain
1, will gradually decrease with the regular n, = (1 +e$")t)nd.

According to the integral terminal sliding mode surface
proposed in this paper, if the generalized perturbation term
|F4| < kg, kq is constant and greater than zero, the following
theorem is obtained.

Theorem: If the doubly-fed wind power generation grid-
connected control system satisfies |Fq| < kg and selects the
integral terminal sliding mode surface of equation (11), then
the adaptive switching gain /4 is used to obtain the following
control law,

R, L

L2—L,Lg

The d-axis magnetic error e of the DFIG can be converged
to zero in a finite time, and the system is stable.

Proof: Firstly, the proof process of the convergence of
the d-axis flux linkage error e of the doubly-fed induction
wind turbine is as follows.

According to equation (14), the initial state of the integral
term is set as follows as,

0 k
/ Hdr = — ey (17)
—00 kiq

where eqg denotes deviation of the initial time of the system.
Then, at time t=0, substituting equation (17) into
equation (14),

kiq
0= ed—ws2a1 +ﬁe§/‘f +nlysgn(sa)  (16)
7

t k d
Sd(o)zkpded0+kid/ €fl/q(f)d7=kpdedo—kid kL€d0=0
—00 id
(18)

Equation (18) shows that choose the appropriate initial
value to make S4(0) = 0, it is ensured that the system is on the
sliding surface in the initial state to improve the robustness of
the system.

It can be known from equation (14) that when the system
reaches the sliding surface, there is 54 = s; = 0, there are
equations as follows as,

b =~ gl (19)
kpa

The error equation of the d-axis component of the flux
linkage of the doubly-fed induction wind turbine is obtained
as follows,

B 1
—
I% ez/q

=1 (20)

Simultaneous integration on both sides of equation (20)
yields the equation as follows as,

fo L /Atd dr Q1)
———deg = —
eq %ez/q 0

107457



IEEE Access

X. Liu et al.: Theoretical Study on Control Strategy of Grid-Connected High Voltage Ride Through in Doubly Fed Wind Farm

The equation for solving (21) is as follows,

»
Aty = Clk—pde;—g

kia(g — p)

Equation (22) shows that the tracking error of the magnetic
linkage d-axis component of the doubly-fed induction wind
turbine can converge to zero in the A tg time.

The following proves the stability of the system: Since the
upper bound Fy of uncertainty kq is unknown, there are two
cases for the initial value of switching adaptive switching
gain n/q: One case is n7q > kq. Another case is n/q < kq.
The stability of the system in these two cases is proved.

When n/q > kq and n7q > |Fq| are satisfied at any time,
the Lyapunov function is selected as V = %sﬁ, then,

(22)

V= Sd8d
R/L /
= sylkpg(———— ey — — F, kige?
Salkpa( L,%—L,Lsed w5221 — 210 + Fa) + kigey "]
= sy(—k Le — kw2 + k &e
d de,%l “LL d pd Ws<21 de’% “LL d

+ kpawszo1 — kide’;/" — nysgn(sq) + kpaFa + kidez/q)
= sq(—nysgn(sa) + Fa)
< (—ny Isal + |Fal Isal)
< —lsal(my —ka) <0 (23)

According to the analytical formula (23), the system
always satisfies the reachable condition. Although the system
may be temporarily away from the sliding mode surface,
it will quickly reach the sliding mode surface under the
control of the switching, thus ensuring the robust stability of
the system.

When n/q > kg and n7g > |Fq| are satisfied at any time,
the Lyapunov function is selected as V = %s2 and the

q’
following equation is obtained,

V =5454
R/ L, y
= sglkpg(—————eq — wsz21 — 210 + Fgq) + kige"/?
d[kpa( 2L d 5221 — 210 + Fa) + kige "]
oy Rl . Rl
=S4(— ———€4 — Wg — €,
d de’%l —L L, d pd Ws221 derzn “L L, d

+ kpawsz21 — kideZ/q — nysgn(sa)+kpaFa + kidez/q)
= sq(—nysgn(sq) + Fa)
< (—ny Isal + |Fallsal)
< —lsql (ny — |Fal) (24)

In this case, due to n/q < |Fq4|, the condition —|Sq| (n/q —
|Fq|) is temporarily unsatisfiable. At the beginning, the sys-
tem moves away from the direction of the sliding surface,
but at the same time, the value of the adaptive switching
gain 1/q rapidly increases under the designed control strategy.
In addition, the uncertain disturbance is bounded, so after a
period of time, n, = (1 + efld)t)nd will appear, and even
ny =0+ eﬁd)’)nd will occur. At this time, V' = sy5; < 0
satisfies the accessibility of the sliding mode, and the system
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FIGURE 3. DFIG rotor flux linkage adaptive terminal sliding mode
additional control block diagram.

returns to the sliding surface. It guarantees the robustness of
the system.

Therefore, under the above-mentioned adaptive switch-
ing control, the system will eventually make a approaching
motion across the sliding surface near the sliding surface, and
it will reach a stable point within a limited time. Although
there may be a large amplitude of the system crossing the
sliding mode surface for the first time, as the number of cross-
ings increases, the amplitude will gradually decay according
ton, =1+ ezd)t)nd with time, and finally stabilized on the
sliding surface.

Similarly, the g-axis magnetic linkage control law of the
doubly-fed wind power generator is the following equation,
R, Ly kﬁ

= e, —w; el + 1 sgn(s 25
220 L% 5211+ q |t ngsgn(sqg)  (25)

kg

According to the control rate of the above design, the block
diagram of the rotor flux linkage terminal sliding mode con-
trol of the doubly-fed induction wind turbine connected to
the grid is shown in Fig. 3. The function of the enable control
link in the figure is that the additional control generated by the
flux-chain sliding mode controller works only when the grid
fails and causes the DFIG rotor magnetic linkage to change
dramatically. The additional control does not work when the
system is in normal operation. The function equation used in
the enable control section is as follows as,

g = Uyarsgn(| Vg, — Var|)
u;qr = MWqVSgn(‘I/f;r — Var )

It can be seen from Fig. 3 that according to the given values
of active and reactive power and equation (7), the rotor flux
component command values \IJ(’{r and \Ila“r are calculated, and
the flux linkage feedback values Wy, and Wg, are calculated
through the real-time calculation of the flux linkage. The
rotor flux linkage sliding mode controller outputs additional
control signals uj,,. and u’@qr of the frequency converter.
When the grid is disturbed due to a fault, the flux linkage
additional control signal works because the flux-sliding mode
controller of DFIG is robust to external disturbances, thereby
causing the terminal voltage drop and rotor overcurrent are
greatly weakened.

(26)
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FIGURE 4. Wind power / thermal power hybrid transmission system
structure.

FIGURE 5. Wind power / thermal power hybrid transmission system
simulation model diagram.

IV. SYSTEM OFFLINE SIMULATION AND ANALYSIS

In order to verify the effectiveness of the DFIG additional
rotor flux linkage adaptive terminal sliding mode control
strategy proposed in this paper, the simulation diagram of
DFIG power flux linkage double closed loop control system
established by Power System Toolbox of simulation software
Matlab / Simulink is shown in Fig. 5. Figure 4 is its structure
diagram. It should be noted that the converter in the simula-
tion model of this chapter still uses the average voltage model.
The simulation system consists of 5 doubly-fed generators
and a synchronous generator model.

The main parameters are as follows:

Doubly-fed wind turbine parameters: rated power is
Pn = 2MW, rated voltage is Uy = 690V, Rated frequency
is fx = 50Hz, Synchronous speed is ny = 1800r/min,
Stator resistance is Rg = 0.008€2, Rotor resistance is R; =
0.0019Q2(Stator measurement), Stator inductance is Ly =
0.002H,L, = 0.0047H(Stator measurement),Mutual sense is
L = 0.00547H(Stator measurement), R = 2.5kQ.

Synchronous motor equivalent parameters: rated power is
Py = 15MW, Rated voltage is Uy = 690V, Rated frequency
is fn = 50HzSynchronous speed is ny = 1800r/min,
Stator resistance is Rg = 0.00076£2,Rotor resistance is Ry =
0.000173€2 (Stator measurement), Stator inductance is Ly =
0.012H, L; = 0.0047H(Stator measurement), Mutual sense
is L, = 0.00375H(stator calculation value), R = 2.5k€2.

Network parameters:Xt; =X12 = j52. 6,71 =7, =
(15+4j112.7).

Main sliding surface parameters: kpq = kpa = 3.5,
kiqg =kia = 0.7, nq = nq = 15, k=50.2.

The simulation environment is set to: In order to trigger the
system voltage spike, the capacitor is connected to the com-
mon bus in the wind farm during the simulation. Assuming
that the capacitor is turned off when t = 0.6s, the capacitor
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FIGURE 6. Simulation curve under conventional PI control strategy.

returns to normal operation when t = 1.1s, observe simula-
tion results under conventional PI control and the improved
control strategy. The simulation results are shown in the
figure 6 and 7.

It can be seen from Fig. 6(a) that, after the conventional
PI control strategy, the common bus voltage suddenly
increases to 1.32 pu when the high voltage fault occurs. After
the fault disappears, the bus voltage returns to normal. With
the improved control strategy of this paper, the common bus
voltage only jumps to 1.2 pu when the high voltage fault is
triggered. After the fault disappears, the bus voltage returns
to normal, as shown in Figure 7(a). It can be seen that the
improved control strategy of this paper can effectively reduce
the common bus voltage surge of about 0.12 pu by comparing
the experimental data. It achieves better control results.

Figure 6(b) shows the curve of the DFIG rotor current
after a high voltage fault is triggered under the conventional
control strategy. Since the system is operating at the max-
imum wind energy tracking state, the rotor current hardly
changes much. After adopting the improved control strat-
egy of this paper, the DFIG rotor current curve is shown
in Figure 7(b). After the fault occurs, the DFIG rotor
current rapidly increases to 1.25 times, which makes the
DFIG quickly emit reactive power and effectively suppresses
the sudden rise in the common bus voltage.

Figure 6 (c) shows the curve of DFIG reactive power during
system failure under traditional PI control strategy. Because
the system is still in the state of maximum wind energy
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FIGURE 7. Improved simulation curve under control strategy.

tracking, the reactive power output from DFIG oscillates
irregularly around the given value ‘0’. After the high voltage
fault disappears, the reactive power output from DFIG tends
to the given value ‘0’. As shown in Figure (7), the improved
control strategy of this paper is adopted. When the system
triggers a high voltage fault, the DFIG rotor current increases
rapidly, which causes the DFIG to quickly emit reactive
power. It effectively suppressing the sudden rise of the system
voltage.

V. SYSTEM REAL-TIME SIMULATION EXPERIMENT
VERIFICATION AND ANALYSIS

In order to verify the feasibility of the model engineering
application, the single-machine DFIG control model was
extended to the wind farm cluster control model, and the
RTDS-based ‘magnetic flux chain additional control’ real-
time simulation system was developed. The system experi-
mental schematic diagram is shown in Figure 8. The main
experimental parameters are the same as the off-line simula-
tion experimental parameters.

During the experiment, the RTDS completes the real-time
data acquisition of the wind farm and the system bus voltage,
and transmits the data to the upper computer. After the DSP
processes the data according to the set control algorithm,
the control command is issued. The control signal passes
through the optical fiber and the photoelectric conversion
module. The specific control commands are assigned to the
back-to-back converters of each DFIG in the wind farm, and
finally a typical wind farm grid-connected feedback control
system is formed, thereby realizing the real-time control of
the wind farm grid-connected operation.
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FIGURE 9. Conventional PI control common bus voltage response curve.

In the simulation, in order to achieve a sudden rise in
the common bus voltage, the capacitor is connected at the
common bus of the wind farm. When t=0.6s, the capacitor
is turned off. When t=1.3s, the capacitor returns to nor-
mal operation. Observe simulation results under conventional
PI control and the improved control strategy.

In the real-time simulation experiment, the grid voltage
surge at the common busbar occurred at about t=0.6 s.
Figure 9 and Figure 10 show the common bus voltage
dynamic response curves when using the conventional PI
control strategy and the joint additional control strategy. It can
be seen from figure 9 that when the conventional PI control
strategy is adopted, the common bus voltage burst is 0.47 pu
during the system failure. After the fault disappears, the bus
voltage returns to normal. As shown in Figure 10, the joint
additional control strategy is adopted. When the high voltage
fault is triggered, the common bus voltage burst is 0.25 pu.
After the fault disappears, the bus voltage returns to normal.

Figure 11 and Figure 12 show the dynamic response
curves of the rotor excitation current when the conventional
PI control strategy and the joint additional control strategy
are used. It can be seen from the figure that under the conven-
tional control strategy, the DFIG rotor current hardly changes
greatly after the high voltage fault is triggered. After adopting
the joint additional control strategy, the DFIG rotor current
rapidly increases to 1.5 times during the fault occurrence,
which makes the DFIG quickly emit reactive power. It effec-
tively suppresses the sudden rise of the common bus voltage.
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The experimental analysis results are highly consistent with
the dynamic response curve of the rotor excitation current
during off-line simulation.

Figure 13 and Figure 14 show the DFIG reactive power
dynamic response curves when using the conventional PI con-
trol strategy and the joint additional control strategy. It can
be seen from the figure that with the conventional PI control
strategy, the reactive power of the doubly-fed fan output
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FIGURE 15. Synchronous generator speed.

violently oscillates during the fault. After the fault is elim-
inated, its reactive power tends to be stable. With the joint
additional control strategy, the doubly-fed fan quickly outputs
reactive power —2.41 pu during the fault, and suppresses the
high voltage. The experimental analysis results are consistent
with the dynamic response curve of the fan reactive power
during off-line simulation.

Figure (15) shows the speed change curve. Figure (a)
shows the speed swing curve under normal control; Figure (b)
shows the speed change curve under the joint control strategy.
It can be seen from the comparison of the two figures that
the rotor rocking curve decays faster after accessing the joint
control strategy.

Figure (16) shows the active output curve. Figure (a)
shows the real-time active output curve under normal control;
Figure (b) shows the active output curve under joint control.
Comparing the two figures, it can be seen that when the
system has a high voltage, the system under the improved
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FIGURE 17. Stator current of doubly-fed generator.

control adjusts its reactive output so that the active output
tends to be stable faster.

Figure (17) shows the stator current curve. Figure (a)
shows the stator current variation curve under normal control;
Figure (b) shows the stator current variation curve under
improved control. Comparing the results of the above two
cases, it can be seen that when the stator has a improved
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control strategy, the instantaneous current increases, but it
is not directly connected with the power electronic device,
and the instantaneous current increase is still within the safe
range. There is no negative impact on fans and systems.

VI. ANALYSIS AND DISCUSSION OF SIMULATION
RESULTS

This paper proposes a DFIG grid-connected rotor flux linkage
control model based on structural decentralization theory.
The system offline simulation experiment and system real-
time simulation experiment were designed and analyzed, and
the results were compared with the conventional PI control
strategy.

First, an off-line simulation of the system’s improved con-
trol strategy and conventional PI control strategy was per-
formed. In the simulation process, when the simulation time
t=0.6s, disconnect the capacitor; when the simulation time
t=1.1s, the capacitor is restored to normal operation. The
simulation results are shown in Fig. 6 and 7. The results
show that under the conventional PI control strategy, when a
high voltage fault occurs, the common bus voltage suddenly
increases to 1.32 pu, the rotor current is almost constant, and
the output reactive power of DFIG occurs randomly around
the given value. After the fault is completed, the bus voltage
is restored to normal, the rotor current is unchanged, and the
output reactive power of DFIG does not change much. Under
the improved control strategy, when a high voltage fault
occurs, the common bus voltage suddenly increases to 1.2 pu,
the rotor current increases to 1.25 times, and the output
reactive power of the DFIG increases rapidly. By contrast,
the improved control strategy can effectively suppress the
sudden rise of the system voltage.

Secondly, real-time simulation of the system’s improved
control strategy and conventional PI control strategy was
carried out. The simulation results are shown in Fig. 9-14. The
results show that under the conventional PI control strategy,
when a high voltage fault occurs, the common bus voltage
suddenly increases to 0.47 pu, the rotor current is almost con-
stant, and the output reactive power of the DFIG is maintained
near the given value. Under the improved control strategy,
when a high voltage fault occurs, the common bus voltage
suddenly increases to 0.25 pu, the rotor current increases to
1.5 times, and the output reactive power of the DFIG rapidly
increases to —2.41 pu.

The real-time simulation results are consistent with the
dynamic response of the offline simulation results. During
grid high voltage faults, improved control strategy allows
the system to quickly generate reactive power, which can
effectively suppress high voltage faults and enhance system
high voltage ride through capability. By comparing the speed
change curves, it can be seen that the improved control strat-
egy has significantly improved the stability of the system.

VIi. CONCLUSION
This paper mainly takes the grid-connected doubly-fed wind
farm as the research object. It proposes an additional sliding
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mode control strategy for the rotor flux adaptive terminal of
doubly-fed wind farm aiming at improving the high voltage
traversal performance of the ‘wind-fire’ hybrid transmission
system. Compared with the traditional PI control method,
when using an improved control strategy, the sudden increase
in the common bus voltage in the offline simulation is reduced
by 0.12 pu, and it is reduced by 0.22 pu under real-time
simulation. And under this control strategy, the stator current
of the off-line simulation is rapidly increased to 1.25 times,
and the stator current is rapidly increased to 1.5 times during
the real-time simulation. Therefore, the control strategy in
this paper improves the support capacity of the common bus
voltage. The dual-feed wind farm rotor flux adaptive terminal
sliding mode additional control strategy can quickly send the
reactive power during the high voltage fault of the power grid,
delaying or even preventing the occurrence of overvoltage
phenomenon has important theoretical reference significance
for improving the power quality of the wind power generation
system.
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