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Impedance Characteristic Analysis and
Oscillation Suppression for Wind Power
Integrated System Based on Uncertainty

and Disturbance Estimator

Yanhui Xu and Jiayan Li

Abstract—Under weak grid conditions, oscillation in wind
power integrated system occurs frequently. However, existing os-
cillation suppression methods face challenges in effectively coor-
dinating control parameters and fail to guarantee excellent dy-
namic performance. Therefore, this paper proposes an uncer-
tainty and disturbance estimator-based feedback linearization
sliding mode control (UDE-FLSMC) method, which can reduce
the negative damping region of the impedance phase of wind
power integrated system. Firstly, the feedback linearization pro-
cess of multi-input multi-output (MIMO) systems is derived.
Then, the uncertainty and disturbance estimator (UDE) is used
to estimate the disturbance in sliding mode control, and the
UDE-FLSMC method is proposed. Secondly, the control struc-
ture and impedance model of wind power grid-side converter
(GSC) are established. The impact of control parameters on the
impedance characteristics of the converter is analyzed. It is
demonstrated that the impedance phase in sub/supersynchro-
nous frequency band maintains within a significant positive
damping region under different operating conditions. Then, a
hardware-in-loop experimental platform is constructed to verify
the dynamic performance of the proposed UDE-FLSMC meth-
od, which is compared with proportional integral (PI) control
and phase margin frequency division compensation (PM-FDC)
control. The results show that the proposed UDE-FLSMC meth-
od exhibits superior oscillation suppression ability and faster re-
sponse characteristics, which can significantly improve the stabili-
ty of wind power integrated system under weak grid conditions.

Index Terms—Oscillation suppression, impedance, uncertain-
ty, disturbance, converter, sliding mode control, wind power in-
tegrated system, weak grid.

[. INTRODUCTION

r I YO address the increasingly severe energy crisis and cli-
mate challenges, renewable energy sources represented
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by wind turbines and photovoltaics have experienced rapid
development. The current power system is undergoing a criti-
cal period of transition from traditional systems dominated
by synchronous generators to new-type power systems domi-
nated by renewable energy sources [1]-[3]. However, the in-
tegration of a large number of power electronic devices re-
duces the power system inertia and damping, resulting in
wideband oscillation events that occur frequently, which se-
verely impacts the stable operation of power system. For ex-
ample, in 2012, a sub-synchronous oscillation (SSO) event
caused by interaction between doubly-fed induction genera-
tors (DFIGs) and series-compensated capacitors occurred in
the Guyuan area of North China, resulting in the disconnec-
tion of a large number of wind turbines [4]. In 2015, a sub-/
super-synchronous oscillation event triggered by the interac-
tion between direct-drive permanent magnet synchronous
generators (PMSGs) and a weak grid occurred in the Hami
area of Xinjiang, China. The oscillation signals propagated
to steam turbine units 300 km away, inducing shaft torsional
vibrations and subsequent tripping [5].

To enhance the stability of renewable energy integrated
systems and mitigate the risks posed by wideband oscilla-
tions, researchers have conducted studies on oscillation sup-
pression methods from three perspectives: parameter optimi-
zation, impedance reshaping, and robust control. By design-
ing and optimizing the control loop parameters for power
electronic devices, the damping level and stable operational
capability of the equipment can be effectively enhanced. Ref-
erences [6] and [7] have shown that the phase-locked loop
(PLL) bandwidth determines the negative damping region in
the low-frequency band, and the negative damping reaches
its maximum when the PLL bandwidth is close to the volt-
age loop bandwidth [8]. However, reducing the PLL band-
width can narrow this negative damping region, which may
degrade the dynamic response speed of power system [9].
Reference [10] establishes the correlation between PLL pa-
rameters and stability margin, then proposes a parameter op-
timization design method based on the damping ratio and
natural frequency. Reference [11] considers the frequency
coupling effect when grid impedance varies, and then propos-
es an optimization design method for voltage loop control
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parameters. Reference [12], focusing on wind power integrat-
ed systems via voltage source converter based high-voltage
direct current (VSC-HVDC), reveals that increasing the pro-
portional coefficient of the voltage loop in VSC-HVDC can
enhance the phase margin and improve the system stability.
Reference [13] modifies the high-frequency impedance char-
acteristics of HVDC system by optimizing the current loop
parameters, avoiding high-frequency impedance resonance
points. However, due to the large number of control parame-
ters, it is difficult to coordinate the parameters in different
control links, and it needs to be re-optimized at different
power levels.

Impedance characteristic analysis can visualize the oscilla-
tion risks in different frequency bands of renewable energy
integrated systems. Impedance reshaping for specific frequen-
cy bands is effective for oscillation suppression [14]. Refer-
ence [15] proposes an impedance reshaping strategy that
combines active damping and virtual admittance, optimizing
the impedance characteristics in the current loop frequency
band and the medium-to-high-frequency band, thereby reduc-
ing the risk of oscillations across the entire frequency range.
Reference [16] introduces a phase margin frequency division
compensation (PM-FDC) method, which offsets the negative
damping effect of the PLL in the low-frequency band
through a compensation matrix and achieves phase compen-
sation for negative damping outside the current loop band-
width via lead correction. Reference [17] proposes an imped-
ance reshaping strategy based on grid voltage feedforward,
which utilizes function approximation and multi-objective
constraints to design the grid voltage feed-forward function,
broadening the adaptive range to the grid impedance. Refer-
ence [18] proposes a virtual series-based impedance reshap-
ing method, which does not require grid impedance estima-
tion and is robust against system parameter variations. Based
on that, the inverter system can operate stably even under
very weak grid conditions. Reference [19] proposes an en-
hanced impedance reshaping control, which can effectively
mitigate the frequency coupling of the medium-to-high-fre-
quency band impedance, and improve the negative damping
characteristics. Configuring grid-forming units in a reason-
able proportion at renewable energy stations can also im-
prove the impedance characteristics [20]. However, imped-
ance reshaping based oscillation suppression methods may
affect the dynamic performance of the power system [21].

Optimizing and improving the control structure of renew-
able energy devices based on robust control could achieve a
better oscillation suppression effect without affecting the dy-
namic performance. Reference [22] designs a nonlinear
damping controller using partial feedback linearization
aimed at mitigating sub-synchronous resonance problem of
DFIG-based wind farms via series compensation. Reference
[23] proposes a sliding mode variable structure control based
on feedback linearization, which is used in the rotor-side
converter control loop of DFIG to suppress the sub-synchro-
nous control interactions. Reference [24] proposes a compos-
ite control that combines the fixed-time sliding mode distur-
bance observer with continuous finite-time backstepping con-
trol. The converter exhibits satisfactory tracking perfor-

mance, robustness, and immunity ability in the face of vari-
ous uncertainties. References [25] and [26] propose a sub-
synchronous oscillation suppression method based on the
feedback linearization theory and sliding mode control for
PMSG-based wind farms connected to the power system via
HVDC, taking into account the nonlinearity and uncertainty
of the system. The uncertainty and disturbance estimator
(UDE) is a robust control method that estimates uncertain-
ties and disturbances within a certain range through low-pass
filter. It can effectively address issues arising from parameter
uncertainties and external disturbances in the system [27].
Reference [28] introduces an additional damping branch based
on the UDE into the current loop of grid-forming wind tur-
bines, which can reduce the negative damping region in the
impedance phase and effectively suppress sub-synchronous
oscillations. Reference [29] proposes a two-degree-freedom
control algorithm based on the UDE, which introduces a de-
lay effect in the low-pass UDE filter to enhance the suppres-
sion effect of harmonics from typical nonlinear loads.

In real engineering applications, the grid operation mode
is complex and variable, and the short-circuit ratio (SCR)
varies within a wide range. Therefore, the parameter optimi-
zation based method is difficult to adapt different operating
conditions, while the impedance reshaping based method is
difficult to ensure the dynamic performance during normal
operation. Therefore, the robust control based oscillation sup-
pression methods hold greater research value.

This paper proposes an uncertainty and disturbance estima-
tor-based feedback linearization sliding mode control (UDE-
FLSMC) method, which can effectively suppress sub-/super-
synchronous oscillation problem of wind power integrated
system. The main contributions of this paper are summarized
as follows.

1) UDE is used to estimate the disturbance in sliding
mode control, which not only eliminates the chattering prob-
lem of the sliding surface, but also suppresses both matched
and unmatched disturbances. Therefore, it is highly robust to
uncertainties in the system.

2) Based on the proposed UDE-FLSMC method, the con-
trol structure of the wind power grid-side converter (GSC) is
designed. Impedance characteristic analysis shows that the
proposed UDE-FLSMC method can significantly enhance
the positive damping region of the impedance phase and can
be adapted to stable operation under various operating condi-
tions.

3) A hardware-in-loop experimental platform based on Re-
al-time Digital Simulator (RTDS) and Compact RIO (C-
RIO) is constructed, and the dynamic performance and oscil-
lation suppression effect of the proposed UDE-FLSMC meth-
od are tested in terms of oscillation suppression and anti-dis-
turbance ability.

The remainder of this paper is organized as follows. Sec-
tion II proposes the UDE-FLSMC method. Section III pres-
ents the application of the proposed UDE-FLSMC method in
wind power integrated system. Section IV analyzes the im-
pedance characteristics and stability of wind power integrat-
ed system. Section V presents the hardware-in-loop experi-
mental verification. Section VI conclude this paper.
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II. PROPOSED UDE-FLSMC METHOD

In this section, the system nonlinear term is eliminated
based on feedback linearization. When there is a disturbance
coupling between the internal and external system states, in
order to further deal with the influence of the uncertain dis-
turbances on system stability, the UDE-FLSMC method is
proposed, which can effectively suppress the sub-/super-syn-
chronous oscillation problem induced by the system distur-
bances.

A. Feedback Linearization of Multi-input Multi-output (MI-
MO) Systems with Disturbance

Consider a nonlinear system with bounded disturbance as:
x=f(x)+Af(x) +(g(x) +Ag(x))u+d(x)w
y=h(x)

where x € R” is the state vector; u € R” is the control vector,
y eR" is the output vector; f(x) and g(x) are the n-dimen-
sional smooth vector fields in the state space; h(x) is the
scalar function of x; Af(x) and Ag(x) are the uncertain
terms in the system model; w is an unexpected input or dis-
turbance; and d(x) is a vector associated with the distur-
bance. Equation (1) can be transformed as:
x=f(x)+g(x)u+p(x)w
y=h(x)
where p(x)w=Af (x) +Ag(x)u+d(x)w is the lumped dis-
turbance including system disturbance and uncertainty.
1) System Relative Degree

Each output y,=#,(x) of an MIMO system has a sub-rela-
tive degree », whose relative degree is a set denoted by r=
{rl, [T } Each sub-relative degree must satisfy the fol-
lowing two conditions.

1) The k™-order Lie derivative of the output function A (x)
with respect to the vector field f (x) with respect to the vec-
tor field g(x) in the neighborhood of equilibrium point x° is
zero, which is expressed as:

L, Lyh(x)
L, Lyh(x)

()

@)

0
0

: (3)
L, Lih(x) =0

k<r,—1

where Lyh,(x) is the i" element of Lyh(x), Lyh(x) is the k-

order Lie derivative of the function A(x) along f(x); and
L,Lih(x) is the element of the Lie derivative of Lyh(x)

along g(x).
2) The matrix B is
equilibrium point x°.

non-singular in the neighborhood of

r—1 ri=1 r-1
L,L; h, L, Ly~ h L, L, h,
r,—1 ry=1 =1
po| Leli e L Ly, L, Ly 'h, @
r,—1 r,—1 r,—1
L Ly'h, L Ly'h, L, Ly 'h,

When the relative degree is equal to the system dimension
(r=n), the accurate linearization of the exact state feedback
can be achieved; while for the more general case where the
relative degree is smaller than the system dimension (r<n),
only partial feedback linearization can be achieved. At this
point, the system dynamics can be divided into internal dy-
namics and external dynamics. For the external dynamics,
both stability and good dynamic quality are required; while
for the internal dynamics, only stability is required.

2) Nonlinear Coordinate Transformation

When r<n, the coordinate transformation of the feedback

linearization process is given as:

_¢1(x)_ _Zl | h(x)
¢z(x) Z; th(x)
D(x)= (o,(.X) = z',, = L}*l;l(x) (5)
9,(x) ZY.“ 9,(x)
i ¢n(.X) JLEad co,,(‘x) |

where ¢,(x) is the element of @(x), and we use z, to repre-
sent ¢,(x). The first r equations denote the external dynamic
coordinate transformations, which can be obtained from the
Lie derivatives of the outputs with respect to the states; and
the last n—r equations denote the internal dynamic coordi-
nate transformations, which can be obtained by the zero-dy-
namic design method. The selected coordinate transforma-
tions need to satisfy that the Jacobian matrix J, in (6) is
non-singular.

(00, Op, Op,]

ox, ox, T ox,

Op, 0Op, 99,

oD P A A
Jp= GECX) =| Ox, Ox, ox, (6)

| Ox, Ox, T 0Ox, |

where x; is the element of state vector x. The system model
after coordinate transformation is given as:

zy=z,+L,Lih(x)w
Zy=z;+L,Lih(x)w

z, =z, +L, Ly h(x)w

r

7
zZ,=Lih(x)+L, Ly "h(x)u+L,L; " h(x)w M

Z.r+l = j¢r+l(x) +Lg¢r+l(x)u+Lp(pr+l(x)w

2,=Lp,(x) +L,p,(x)u+L,p,(x)w

where L,Lyh(x) is the Lie derivative of Lyh(x) along the
vector field p(x). After partial feedback linearization, the ex-
ternal dynamic model is linear, while the internal dynamic
model may be nonlinear. The first » state quantities of exter-
nal dynamics and the n—r state quantities of internal dynam-
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ics are denoted by z,, and z,; as:

T
Zyo= [zl,zz, ...,z,.]

(3)
T
zvi: [Zr+]ﬂzr+2""7zn]
Further, let the " equation in (7) be:
v=Lth(x)+L, L "h(x)u 9)

Equation (7) can be written in the following compact
form as:

z’vo:AZ+Bv+c(z)w2(z)

2.=q(z) +k(z2)w,(z) (10)

where A is the state matrix; B is the control matrix; ¢(z) is
the vector associated with external disturbance; ¢(z) is the
internal dynamic model; k(z) is the vector associated with
internal disturbance; and w, (z) and w,(z) are the bounded
lumped disturbances containing disturbances and uncertain-
ties. The first term in (10) is the linearized external dynam-
ics model, and the second term is the internal dynamics mod-
el, which is only required to be stable, and therefore, may be
nonlinear.
3) Disturbance Decoupling Condition

It is usually desired that the system output is not affected
by disturbances at any moment, and a control system with
this property is called output decoupling from disturbance
system. The condition of output decoupling from disturbance
is that the Lie derivative of the function Lyh(x) with respect
to the vector field p(x) is zero in the neighborhood of x*:

L,Lih(x)=0 0<i<r-1 (11)

However, the conditions of output decoupling from distur-
bance are very stringent and generally only hold in very spe-
cial cases.

B. Details of Proposed UDE-FLSMC Method

When the output decoupling from disturbance cannot be
achieved, a UDE-FLSMC method is proposed in this paper
to improve the anti-disturbance capability of the system. By
letting Az=f,(z) and Bv=b,u in the first term of (10),
while decomposing ¢(z) in the second term into internal and
external variable forms ¢(z) =f,,(z) +b,z,,, (10) can be re-
organized into the following form as:

zvo:fvo(z) +b2”+w2(z)

2i=fulz) +b,z,,+w (2)

y=z(t)
where f,,(z) and f,,(z) are the known system model expres-
sions; and b, and b, are the known coefficients. w, (z) and
the control input are not in the same channel, so w (z) is
called unmatched disturbance; and w,(z) and the control in-
put are in the same channel, so w,(z) is called matched dis-
turbance.

The concepts of internal disturbance, external disturbance,
lumped disturbance, unmatched disturbance, and matched
disturbance can be illustrated with Fig. 1.

As shown in Fig. 1, p(x)w=Af(x) +Ag(x)u+d(x)w
includes the system model uncertainties and dynamic distur-

vo?

(12)

bances, which represents the lumped disturbances. After feed-
back linearization, z,=Az+Bv+c(z)w,(z) is the external
dynamics model; and z,=¢q(z) +k(z)w,(z) is the internal
dynamics model. Then, by the variable substitution, w,(z) is
in the same channel with the control input u in z,,=f,(z) +
b,u+w,(z) and is the matched disturbance; w,(z) is in the
same channel with the input # and is the unmatched distur-
bance.

Lumped disturbance

- POW=Aflx)+ AN
X=(flx)+Afx))+(g(x)+ Ag(x)ut+d(x)w X=fx)+g(x)utp(x)w
Age)u+d(xw o)
y=h(x)

‘ —p! External
Matched dlstur‘f)arice Af(2) @) EiSt,uft,)ance
&y o@Dy utw(2) Bv=b,u &y Azt BrHe(R)wy(2)!
Lii@rbiz @) | A@F DTz, || Gm@ k@ @)

Unmatched disturbance Internal disturbance

Fig. 1. Illustration of disturbances.

The control objective is to track the reference signal
through a robust control law without being affected by
lumped disturbances. The reference model is expressed as:

zvim :fvi(zm) + blzvom
z.vom :./;lo(zm) + b2"m
Vin=2m

where z, . and z, are the external and internal states of the
reference model, respectively; u  is the control input of the
reference model; y, is the output of the reference model;
and z,, is the system state of the reference model.

The tracking error of the system model to the reference
model is defined as:

evizzvim_zvi
evozévi+wl(z) :fvo(evi) +bl(zv0m_zvo)

where e; is the internal system tracking error; and e, is the
external system tracking error.
The derivations for e, and e, are obtained as:

évi:evo_w](z)
ew=fuul€s) +b:( fro2m) +D2,) =by( fio(2) +byu) —w,(2)
(15)

In order to achieve zero tracking error, the following slid-
ing mode surface & is constructed as:

(13)

vim

(14)

o-:CleVi+CZevo (16)
where ¢, >0 and ¢,> 0 are the positive coefficients.
Combining with (15) and taking the derivative of the slid-

ing surface, we can obtain:
6zclevo+62fvo(evi) +62b1(fvo(zm) +b2um) -

czbl(fvo(z) +b2") +ugy, (17)
where uy,=—c,w,(z) —c,b,w,(z) is the lumped disturbance.

Choosing the sliding mode reaching law as 6=—ne and re-
placing the disturbance u,, with the estimated value @, we
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can obtain the control input u as:
1
u=u,+ ;(ﬁo(zm) ~ful2)) +
2

1 p -
Czb1b2 (Clevo—"_Cvao(evi) +n6+ude)

(18)

where n>0 is a positive coefficient; and @, includes both
matched and unmatched disturbances. Therefore, the pro-
posed UDE-FLSMC method can handle both matched and
unmatched disturbances.

Then, substituting u in (18) into (17), we have:

d:Clevo+c2f;/n(evi) +c2b1fvo(zm) +02b1b2”m_
CZblfvo(z) +udc_CZblb?um_CZb]f;/o(zm) +

e2b fo(2) =18 =5 () —no =iy, (19)
Eliminating similar terms, we can obtain:

u,=6+u,+nc (20)

Since the lumped disturbance contains the sliding surface

derivative &, which cannot be calculated directly, it can be
estimated through a low-pass filter G,(s) as:

@n

where £7' is the Laplace inverse transform; * denotes the
convolution operation; and G,(s) = (1/Ts+1) is the low-pass

g, = (6+ﬁde+na)*L’I{G,.(s)}

filter, and T is the time constant.
The Laplace transform of ¢ is se. From (21), we can obtain:

@(s)(m)}*,,

~ :E,l
Uge I_Gf(s)

(22)

Combining (18) and (22), the controller can be obtained as:

u=um+ biz(fvo(zm) _f;’U(z)) +

G,(s)(s+k)}*a)

+o,f.(e,) +ne+ L7
(Clevo CZ vo(ew) no I_Gf(s)

_r
¢,b,b,

(23)

The above process can be summarized as follows. First,
the sliding surface is constructed by defining the tracking er-
ror between the actual model and the reference model. Then,
we can obtain the control input containing the lumped distur-

bance. The lumped disturbance includes both matched and
unmatched disturbances. Finally, we estimate the disturbance
through UDE and obtain the UDE-FLSMC.

C. Stability Analysis Based on Lyapunov Theory

A normal operation system must have robustness in addi-
tion to stability. In this subsection, the stability of proposed
UDE-FLSMC method is verified by Lyapunov theory.

The Lyapunov function is constructed as:

V= laz

: (24)
The derivative of (24) is given as:
V=66=—nc"+1il,0 (25)

where u,,=u, —u, is the lumped disturbance estimation er-
TOr.

As the disturbance is bounded, the estimation error is also
bounded, denoted by p as:

fig <p (26)

Using Young’s inequality combined with (25) and (26)
yields:

2 2 2
V<-ne’+pe<-ne’+ % + % =—(2n-1)V+ % 27)
Further solving the above equation yields:
2
0<V (1) <V (0)et-2igp — P (] g2t
(1 =V(0) e s (1= ) 28)

If n>0.5 is chosen and the filter is well designed, the esti-
mation error will be small, and the sliding mode surface is
bounded. Therefore, the system is boundedly stable.

The control structure is shown in Fig. 2. The sliding mode
surface designed based on the UDE eliminates the discontin-
uous switching terms in traditional sliding mode control,
thereby avoiding the chattering problem. The designed con-
trol law exhibits strong robustness against both matched and
unmatched disturbances. By applying the proposed UDE-
FLSMC method to design the control structure for the grid-
side converter of wind turbines, it will effectively suppress
oscillation problems. Meanwhile, it only requires the design
of a low-pass filtering time constant and three parameters re-
lated to the sliding mode surface.

System model

UDE-FLSMC
cetee 2
ﬂﬂ_' um+bi2(fw(zm)—ﬂzm»+
Zyi )
et ﬁ(cl evo+cz./\‘/o(evi)+no-)
f(evi)+bl(zvom7zvo) 217

ool {iﬁﬂxﬁg(x)wp(x)w
7 yh(x)

L{G/(s)} ’

— Zyo S o (2)Thyutwy(z)
|

Feedback linearization

Fig. 2. Control structure.
III. APPLICATION OF PROPOSED UDE-FLSMC METHOD IN
WIND POWER INTEGRATED SYSTEM

In this section, the control structure of the wind power in-
tegrated system will be designed based on the proposed
UDE-FLSMC method, and then the impedance model will

be further developed to analyze the influence of control pa-
rameters on the impedance characteristics.

A. System Description

The structure of PMSGs integrated into an AC power grid
is shown in Fig. 3, where L,-L,, are different line inductors.
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The wind farm consists of 100 sets of 1 MW PMSGs of the
same model, with identical control parameters and operating
conditions, and the root mean square (RMS) line voltage at
the outlet of wind turbine is 0.69 kV. The wind turbines are
connected to the 35 kV collector line through the box-type
transformer at the end of the wind turbines (690 V/35 kV),
and then to the 110 kV transmission line through a step-up
transformer (35 kV/110 kV) at the outlet of wind farm. They
are further connected to 220 kV transmission line via second-
ary step-up transformer (110 kV/220 kV), and finally con-
nected to the 750 kV AC main grid by tertiary step-up trans-
former (220 kV/750 kV). All PMSGs in the wind farm can be
equivalent to one wind turbine.

ﬁ\
ﬁ\

Fig. 3.

690 V/
35kV Lgl

35kV/
110kV

110 kV/
L, 220kV

220 kV/
L, 750KV

Infinite power
grid

Wind farm
Structure of PMSGs integrated into an AC power grid.

When the wind power integrated system operates stably,
due to the blocking effect of DC capacitor between the ma-
chine-side converter (MSC) and the grid-side converter, the
wind turbine, generator, and MSC can be simplified as a con-
trolled current source model. And the change of the wind tur-
bine output power can be simulated by adjusting the DC cur-
rent. At the same time, the line and transformer impedance
equivalences are normalized to the 0.69 kV side, then the
wind power integrated system can be simplified into the con-
verter integrated system, as shown in Fig. 4. The DC input
of the converter is equivalent to a DC current source. In Fig.
4, e, e, and e, are the output port voltages of the converter
in abc coordinates; v,, v,, and v, are the voltages at the grid
connection point in abc coordinates; i, i,, and i, are the con-
verter inductor currents in abc coordinates; v, is the DC
voltage; L is the filter inductor; C is the DC capacitance;
Hopy, (s) is the PLL transfer function; 6, is the PLL angle,
which provides the reference phase angle for Park transfor-
mation; and L, is the line inductor. The three-phase grid volt-
ages and currents in abc coordinates are transformed to dg
coordinates using Park transformation, so e, e, v, v, i

° ¢ a0
and i, are the corresponding variables in the dg coordinates.

e L i v, Ly

a YL@ a

ILCDC%—V(JC @F %~ fb vb

C Y Y Y £

v
[ Aeu®) f—Hdg /1~

Vd
<~/ abc

- f

HPLL

e, abc

fe——

é UDE-FLSMC
b

€

dg

Fig. 4. Converter integrated system.

The dynamic mathematical model of the converter is giv-
en as:

di, e, v, .

@t T L LY

di e v

Sy % Ve

-~ L L @ 9
daég

7(1;“ =kixp +k,v,

dvg g 3igey 3ie,

&~ C 2cv, 20V,

where o is the angular frequency; Af,, is the variation of
PLL; x,,, is the intermediate variable of the PLL; and &, and
k, are the proportional and integral coefficients of the PLL,
respectively.

B. Control Design of Grid-side Converters

1) Feedback Linearization
First, the feedback linearization of (29) is performed by

choosing the state variables x= [xl,xz] = [id, iq}, the control
variables u= [ul,uz] = [ed, eq], and the output variables A=
[hl,hz] = [id, iq]. Then, organizing (29) into the affine non-
linear system form yields:

1 - -
ox, r T
wx, 0 1 )
f(x)=|ku,|g(x)= L ip(x)= —Tq
i 0 0
e k
C -3i, -3i, iXpLL
2CU,  2CU, | L0
(30)

According to the definition of relative degree of the MI-
MO system, we have:

L, LYk (x) =1L

ngL?zhl(x) :0

L, L%h = (1)
o Lphy(x) =0

L, LYhy(x) = 1L

Since the matrix B is non-singular, the total relative de-
gree of each output of the system is »=1+1=2. The relative
degree is less than the system dimension, so partial feedback
linearization can be achieved.

The external state variables of the system are i, and i, the
internal state variables are v, and Af,,,, and the coordinate
transformation can be selected as:

2] (M

id
h .
z 2 i
Q = 2 = = q 2
(x) Z4 ?s Ve (32)
2y Py AOp
The Jacobian matrix obtained by (32) is given as:
J = 0@ (x)/ox 0 33)

Therefore, the chosen coordinate transformation is quali-
fied.
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The system equation after feedback linearization is given

as:
Zy=wz,+ u,/L - v,/L
Zy=—wz;+ u/L — v /L
2= =3z,u, [(2CV 4 ) -32yu, (2CV,,. ) + iye/C (34)
Zy=kxp +k,v,
Then, the disturbance decoupling condition is expressed
as:

L,L;"'h(x)=L,h(x)=-1/L

) (35)
L,Li " hy(x)=L,hy(x)=~-1/L

By combining (11) and (35), it can be observed that the
system model cannot achieve disturbance decoupling after
feedback linearization.

2) UDE-based Sliding Mode Control

With the variable substitutions z,,,=z,, z,,=2,, Z. =23,
and z;,=z,, (34) is reorganized and expressed as:
_Z.Vi] 0 _3ed _3eq _Zvi] l&
.= +|2CVy, 2CV, + C
L Zvi2 kyv, 0 1 | Zvi2 kixp — i,
U, 1 )
N ) A + 0z, X 7 0 [,
_Z.VOQ _ ﬂ _ O l _u2
L wZvo] L ]
(36)
Then, the tracking error is obtained as:
[evili| Zvil,ref_zvil
€= =
eviZ ZviZ, ref Zvi2
(37

Vo

evul _3ed _3eq Zvol,ref_zvol

= =|2cU, 2cU,

vo2 Zyor.ref " Zvo2
0 1

where the subscript “ref” denotes the reference value of vari-
able. By substituting (37) into (16), the sliding mode surface
is given as:

o=ce,+c,e, =

3ed<zvol,ref_zvol) +3eq(zv02,ref_zv02)

cl(zvil,ref_zvil ) )

2CU,,
Cl(zviz.ref_ZViZ) + CZ(ZVOZ.ref_ZVOZ)
(38)
Then, #@,, can be obtained as:
~ S+n
U, = T (2 (39)

By substituting (37)-(39) into (23), the final designed con-
troller is expressed as:

_Vdref . Vd .
- + w1 + — —wi
|:€d:| vd,ref + 1 L g ref L g "
u, = = —
eq vq,rcf bZ _vq,rcf . Vq .

T _wld.ref+ T +wld
#(C e .+c f (e )+no’)+ S+n0' 40
czblbz 1%vo 2J vo\ ®vi Czblbz TS ( )

The control structure of PMSG obtained from the design
of (40) will be more adaptable to system disturbances and
uncertainties. In order to analyze the ability of the proposed
UDE-FLSMC method to suppress oscillations, the imped-
ance model needs to be further developed.

IV. IMPEDANCE CHARACTERISTIC ANALYSIS AND STABILITY
ANALYSIS OF WIND POWER INTEGRATED SYSTEM

The impedance-based stability analysis method can intui-
tively reflect the full frequency band characteristics and has
become an effective method for small disturbance stability
analysis. In this section, the impedance model of the pro-
posed UDE-FLSMC method is developed and its impedance
characteristics and stability under weak grid conditions are
analyzed.

A. Impedance Characteristic Analysis

Based on the harmonic linearization, this subsection de-
rives the transmission process of disturbance component in
the control sector and establishes the frequency coupled im-
pedance model of the converter [30], which can be represent-
ed by the following two-dimensional matrix:

{Y“(s) Yu<s)}=[cn-zv“ cn—Nu}l.

Y, (s) Yop(s) Cy =N, Cyu=Ny
I_GII_MH _GIZ_MIZ :|
(41)
[ _G21_M21 l_Gzz_Mzz

N,

where Y,(s) is the admittance of converter; and C;, N;, G,
and M, are the elements of admittance, and their expressions
are given in Supplementary Material A. Considering the grid
impedance, the effect of negative-sequence coupling term
can be equivalent to that of the positive-sequence coupling

term as:

2

1, 4] Yi($)Z,(s-j20,) Y (s)
Y= =Y, -
RANA () 14+ Yp(5) Z,(s— 20, ) (42)
Z,= /Y, (43)

where f, is the positive-sequence disturbance frequency; V,
is the disturbance voltage; 7, is the disturbance current; w, is
the system angular frequency; Z, is the grid impedance; and
Y is the positive-sequence impedance.

The system parameters of Fig. 4 are shown in Table I.

TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value

Rated RMS line voltage (V) 8 690
Rated active power (MW) P, 1
Frequency (Hz) 1 50

DC reference voltage (V) Vi 1200
DC capacitance (mF) c 7
Filter inductor (mH) L 1

Proportional coefficient of PLL k, 14.25

Integral coefficient of PLL k, 2862
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B. Control Parameter Design and Impedance Characteristic
Analysis

In the proposed UDE-FLSMC method, four control param-
eters need to be designed: the time constant of the low-pass
filter 7, and the parameters of the sliding mode surface n, ¢,
and c,. In the following text, the effect of different control
parameters on impedance characteristics will be analyzed in
order to select the appropriate control parameters.

The impedance characteristics with different values of c,
and ¢, are shown in Fig. 5. The black dashed lines in the
phase-frequency characteristics are +90°, which are the
boundaries of positive/negative damping. The region outside
the black dashed line indicates the negative damping region
of the impedance phase. The parameter ¢, mainly affects the
impedance characteristics within the PLL bandwidth. As c,
increases, the impedance amplitude of the converter decreas-
es, and the positive damping region of the impedance phase
first increases and then decreases. In other frequency bands,
the impedance characteristics are basically unchanged.

20

Magnitude (dB)

Phase (°)

Negative damping

-180 . :
10! 10? 10°
Frequency (Hz)
—c=5;—¢=10;—c¢=15; —¢,=20
(2)

Magnitude (dB)

Phase (°)

Negative damping

-180 - :
10! 10? 10°
Frequency (Hz)
—,=20; —¢,=30; —¢,=40; —¢,=50
(b)

Fig. 5. Impedance characteristics with different values of ¢, and c,. (a) With
different values of c,. (b) With different values of c,.

The parameter ¢, also mainly affects the impedance char-
acteristics within the PLL bandwidth. As ¢, increases, the im-
pedance amplitude of the converter increases, and the posi-
tive damping region of the impedance phase decreases. In
other frequency bands, the impedance characteristics are ba-
sically unchanged.

The impedance characteristics with different values of n
and T are shown in Fig. 6. T has a significant impact on the
impedance characteristics in super-synchronous and medium-
to-high-frequency band. As T increases, the impedance mag-
nitude decreases in super-synchronous band, the impedance
magnitude increases in the medium-to-high-frequency band,
and the impedance phases are closer to the negative damp-
ing region, which reduces the system stability in the medi-
um-to-high-frequency band. The change of T has little effect
on the impedance phase in the sub-synchronous band.

20¢

Magnitude (dB)
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=
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Fig. 6. Impedance characteristics with different values of n and 7. (a) With

different values of n. (b) With different values of 7.

The parameter n also mainly affects the impedance charac-
teristics in super-synchronous and medium-to-high-frequency
band. As n increases, the impedance magnitude in super-syn-
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chronous band increases, and the impedance phase also in-
creases, tending to be closer to the negative damping region.
In the medium-to-high-frequency band, the impedance mag-
nitude decreases as n increase, while the impedance phase
decreases, resulting in a larger positive damping region. The
variation of » has little impact on the impedance phase in
sub-synchronous frequency band.

The analytical results show that the time constant 7" and
the parameter » have a significant effect on the stability char-
acteristics of the wind turbine controller, while the effects of
the parameters ¢, and ¢, are small and concentrated in PLL
control band. Therefore, 7 and n are the crucial control pa-
rameters, and ¢, and ¢, only require satisfaction of the Hur-
witz’s stability conditions [31]. The sliding mode surface re-
lated parameters are selected as ¢, =8 and ¢,=37.

For the time constant 7, the smaller 7 (the larger filter
bandwidth), the stronger the anti-disturbance performance of
UDE. However, the larger filter bandwidth, the greater influ-
ence of noise. Since the analysis mainly focuses on the fre-
quency band below 100 Hz, T is chosen to be 0.001, and the
filter bandwidth is 159.15 Hz. For the parameter n, the larg-
er k is, the faster the sliding mode surface converges. In Fig.
6(a), the impedance phase tends to the negative damping re-
gion when £ is larger, so k is chosen to be 10.

The designed control parameters can operate stably at dif-
ferent output power levels. In real engineering applications,
when faced with transient stability problems, control switch-
ing or protection actions will be triggered. Whether the sys-
tem can remain stable will depend on the transient control
measures.

C. Stability Analysis

Currently, the grid-side converter usually adopts voltage-
current double-closed-loop control, where the PI parameters
of the voltage loop are taken as k,=0.32, k;=40.53, and the
PI parameters of the current loop are taken as k,=0.56, k;=
530, which are the same as those in Table I. In Fig. 3, the
transformer and line impedances are normalized to the low-
voltage side, and the total grid impedance is 0.028 mH
(SCR is 1.1, indicating weak grid conditions). The stability
analysis of the proposed UDE-FLSMC method is shown in
Fig. 7. In Fig. 7, the black line in the magnitude-frequency
characteristics is the magnitude of grid impedance. The
black dashed lines in the phase-frequency characteristics are
+90°, which are the boundaries of positive and negative
damping, and +90° is also the phase of the grid impedance.
At the intersection of the converter and grid impedance am-
plitudes, if the converter impedance phase is in the negative
damping region, there is a risk of oscillation.

From Fig. 7, it can be observed that the proposed UDE-
FLSMC method has a larger positive damping region for the
impedance phase compared with the PI control. The convert-
er impedance with PI control intersects with the grid imped-
ance at 55 Hz. At this point, the impedance phase is located
in negative damping region, and there is a risk of oscillation.
The converter impedance of the proposed UDE-FLSMC
method intersects with the grid impedance at 55 Hz, while
the impedance phase is still located in the positive damping
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region without the risk of oscillation. Therefore, the pro-
posed UDE-FLSMC method can effectively suppress the sys-
tem oscillation under weak grid conditions.
50¢
25¢
OF
25k
-50k
-75
1801

INegative damping
L) e e e e TP

Magnitude (dB)

Phase (°)
=

10! 10? 10°
Frequency (Hz)
——PI control; — UDE-FLSMC

Fig. 7. Stability analysis of proposed UDE-FLSMC method.

V. HARDWARE-IN-LOOP EXPERIMENTAL VERIFICATION

The actual power system contains large random noise and
complex sampled signal components, which usually makes it
difficult to realize the ideal performance of the controller. In
order to verify the field application capability of proposed
UDE-FLSMC method, the hardware-in-loop experiments are
carried out using RTDS, and hardware controller is C-RIO
9039 of National Instruments (NI). The C-RIO is a high-per-
formance embedded controller, which mainly consists of a
real-time (RT) module, a field programmable gate array (FP-
GA) module, and an industrial-grade input/output (I/O) mod-
ule. It is suitable for complex scenarios requiring high-speed
processing and high reliability, such as distributed measure-
ment systems and real-time control applications. The hard-
ware-in-loop experimental platform based on RTDS and C-
RIO 9039 is shown in Fig. 8.

Test system Controller

C-RIO 9039

RT module

NI 9239
NI 9269

Controller

Fig. 8. Hardware-in-loop experimental platform.

The power grid and converter switching circuit are built
in RTDS and the converter control structure is built in C-
RIO 9039. The RTDS simulation model generates analog sig-
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nals and outputs to C-RIO 9039 through the gigabit trans-
ceiver analytics output (GTAO) board. The controller obtains
samples through the NI 9239 sampling board, and then in-
puts them into the FPGA module for control calculation. The
generated control signals are then feedback to RTDS through
the NI 9269 output board.

Based on the constructed platform, the control effect of the
proposed UDE-FLSMC method will be tested in two aspects:
oscillation suppression capability and anti-disturbance capabil-
ity. The proposed UDE-FLSMC method is then compared
with PI control and phase margin frequency division compen-
sation [16] (PM-FDC) control.

A. Oscillation Suppression Capability

This subsection will test the oscillation suppression capa-
bility of the proposed UDE-FLSMC method by triggering os-
cillations through reducing grid strength and increasing out-
put power. The control parameters and operating conditions
remain consistent with those described in Section III.

1) Dynamic Performance Under Reduced Grid Strength

The interactions between the wind farm and the power grid
under reduced grid strength tend to cause the system oscilla-
tions. As analyzed in Section III, the proposed UDE-FLSMC
method better adapts to weak grid conditions than the PI con-
trol.

The transformer and line impedances in Fig. 3 are normal-
ized to the low-voltage side, and the grid impedance is in-
creased from 0.005 mH to 0.028 mH (SCR is reduced from
6.06 to 1.1) in 5.5 s. As shown in Fig. 9, the proposed UDE-
FLSMC method and the PM-FDC control can both suppress
oscillation when the grid strength is reduced, and the pro-
posed UDE-FLSMC method has a better suppression effect.
In contrast, PI control causes continuous oscillation and ca-
pacitor voltage instability.

2) Dynamic Performance Under Increased Output Power

The output power of the wind farm increases from 20
MW to 60 MW in 5.5 s, and the grid impedance is 0.01 mH
(SCR is 3.03). As shown in Fig. 10, the proposed UDE-
FLSMC method quickly restores stable operation. However,
both the PI control and the PM-FDC control fail to maintain
stable capacitor voltage, and the d-axis current reaches its
limit, resulting in significant oscillation.

B. Anti-disturbance Capability

The proposed UDE-FLSMC method can not only suppress
oscillations, but also improve the dynamic response charac-
teristics of the system. Next, the anti-disturbance capability
of the proposed UDE-FLSMC method will be tested in three
aspects: AC voltage disturbances, system parameter uncer-
tainties, and three-phase short-circuit faults.

1) Dynamic Performance Under AC Voltage Disturbance

The rated RMS line voltage of the wind turbine is 0.69
kV, and the corresponding phase voltage magnitude is 0.56
kV. At 5.5 s, it is assumed that the AC grid phase voltage
steps from 0.56 kV to 0.50 kV.

As shown in Fig. 11, the converter based on PI control
fails to maintain the stability of the DC capacitor voltage,
and the d-axis current has reached the limit; for the convert-

er based on the PM-FDC control, the capacitor voltage and
d-axis current can restore stable operation after a longer peri-
od of regulation. In contrast, the proposed UDE-FLSMC
method can quickly restore stable operation after distur-
bance, demonstrating strong anti-disturbance capability.

é 7 6 7
Time (s) Time (s)
(© (d)

U, (kV)

Time (s)
(e)

1, (kA)

Time (s)
(©
——PI control;——PM-FDC control; —UDE-FLSMC

Fig. 9. Dynamic performance under reduced grid strength. (a) Power. (b)
DC voltage. (c) d-axis voltage. (d) d-axis current. (e) a-phase voltage. (f) a-
phase current.

2) Dynamic Performance Under Parameter Uncertainties

The parameters of the filter inductance are included in the
control structure. However, the measured value of filter cir-
cuit may deviate from the true value, thus affecting the sys-
tem control performance. In order to evaluate the adaptabili-
ty of the proposed UDE-FLSMC method to the parameter
uncertainty, it is assumed that the filter inductance deviates
from the real value by 100%. The dynamic response charac-
teristics during the power step are shown in Fig. 12, which
shows that all the three control methods adapt to the system
parameter uncertainties, and the proposed UDE-FLSMC meth-
od has a smaller overshoot and shorter regulation time.
3) Dynamic Performance Under Three-phase Short-circuit
Fault

At 5.5 s, assume that a three-phase short-circuit fault occurs
at the converter grid-connection point, and lasts for 0.05 s.

From Fig. 13, it can be observed that after the fault is re-
moved, the proposed UDE-FLSMC method recovers stable op-
eration after about 0.5 s, the PM-FDC control needs about 0.7
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s, and the PI control needs about 2 s. Due to the occurrence of
a three-phase short-circuit fault, all control methods exhibit
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significant overshoot, but ultimately regain stable operation.
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Dynamic performance under increased output power. (a) Power.

(b) DC voltage. (c) d-axis voltage. (d) d-axis current. (e) a-phase voltage.
(f) a-phase current.
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Fig. 11. Dynamic performance under AC voltage disturbance. (a) Power.

(b) DC voltage. (c) d-axis voltage. (d) d-axis current.
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Fig. 13. Dynamic performance under three-phase short-circuit faults. (a)

Power. (b) DC voltage. (c) d-axis voltage. (d) d-axis current. (e) a-phase
voltage. (f) a-phase current.

C. Dynamic Response Characteristic Analysis

The experimental results show that the proposed UDE-
FLSMC method has excellent dynamic performance com-
pared with PI control. In order to analyze the dynamic re-
sponse characteristics of PI control and the proposed UDE-
FLSMC method, a transfer function model of the converter
integrated system is established [32].



XU et al.: IMPEDANCE CHARACTERISTIC ANALYSIS AND OSCILLATION SUPPRESSION FOR WIND POWER INTEGRATED SYSTEM... 119

From [33], we can obtain the closed-loop transfer function
model of the system between Av,,, and Av,, as:

pp e DG
D(s5)Gy(s) =5CV e

where Av), is the reference value of DC voltage; and Av,, is
the DC voltage variation. The denifitions of other varaibles
can be referred to [33]. Then, we can obtain the frequency
response characteristics of the closed-loop transfer functions
of the PI control and the proposed UED-FLSMC method. As
shown in Fig. 14, the bandwidth of the PI control is 62 Hz,
and the bandwidth of the proposed UDE-FLSMC method is
78 Hz. When the bandwidth of the system is expanded by a
factor of N, the response speed of the system is accelerated
by a factor of N. Therefore, for the input signal, the larger
the bandwidth, the stronger ability to track the control signal.
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Fig. 14. Transfer function between Avy, and Av,.

At the same time, it can be observed from the phase-fre-
quency characteristics that the PI control faces the risk of in-
stability, while the proposed UDE-FLSMC method has a sta-
bility margin of more than 40°. The larger the phase margin,
the stronger the system stability. Therefore, when subjected
to disturbances, the proposed UDE-FLSMC method has
stronger anti-disturbance ability and faster response charac-
teristics than the PI control.

In this section, based on the hardware-in-loop experimen-
tal platform, the proposed UDE-FLSMC method is com-
pared with the PI control and PM-FDC control in terms of
oscillation suppression and anti-disturbance capabilities. The
results show that the proposed UDE-FLSMC method has bet-
ter dynamic performance and can significantly improve the
system stability after disturbance. Then, the reasons for the
excellent dynamic performance of the proposed UDE-
FLSMC method are analyzed based on the transfer function
model.

VI. CONCLUSION

To solve the oscillation problem of wind power integrated

into the weak grid, this paper proposes a UDE-FLSMC
method and designs the control structure of wind power inte-
grated system. Then, the impedance model is established and
the influence of the control parameter on stability is ana-
lyzed. Finally, the hardware-in-loop experiments are carried
out based on RTDS and C-RIO platforms to verify the dy-
namic performance of wind power integrated system. The
main conclusions are given as follows.

1) After feedback linearization, UDE is used to estimate
the lumped disturbance in sliding mode control, which can
not only eliminate the chattering problem, but also suppress
both matched and unmatched disturbances. Then, the UDE-
FLSMC method is proposed, which is effective in oscillation
suppression.

2) The time constant of the low-pass filter 7" and the pa-
rameter of the sliding mode surface n are the crucial control
parameters. The impedance characteristic analysis shows that
there is still a large positive damping region in the imped-
ance phase in the low-medium frequency bands when the
control parameters are changed, so that the proposed UDE-
FLSMC method has a stronger oscillation suppression capa-
bility.

3) Hardware-in-loop experiments show that, compared
with the PI control and PM-FDC control, the proposed UDE-
FLSMC method has not only stronger oscillation suppres-
sion ability, but also faster response speed and better regula-
tion performance after disturbance.
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