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ARTICLE INFO ABSTRACT
Keywords: This paper proposes a nonlinear controller for doubly fed induction generator (DFIG) wind turbines using partial
Doubly fed induction generators feedback linearization (PFL) technique. The controller generates switching signals for driving both the rotor side

Partial feedback linearization
Nonlinear control
Low voltage ride-through capability

converter and grid side converter simultaneously enhancing the low voltage ride through (LVRT) capability over
a wide range of operating conditions. The proposed PFL method has been implemented into a partially linearized
form of a nonlinear system, where the transformed system has been made autonomous and reduced in order. All
calculations in the proposed method except for the control laws have been carried out offline resulting in reduced
design and implementation complexity, small computational burden, and offline control tuning with fast
tracking performances. The step-by-step approach of control design and implementation includes system
modeling and partial linearization, control law derivation, software implementation, and controller tuning. The
effectiveness of the proposed controller has been evaluated through electromagnetic transient simulations. The
simulations have demonstrated that the controller has successfully augmented the LVRT capability of DFIG wind
turbines and has remained robust against diverse wind conditions and voltage sags.

semiconductor switches. This poses potential risk of damaging the
converters. A negative sequence stator flux may be produced along with
natural stator flux during asymmetrical faults, making the scenario even
worse [6]. The electromagnetic torque in the rotor may encounter os-
cillations causing mechanical stress on the turbine blades and shafts.
This may eventually reduce the gearbox’s lifespan and reliability [7].
Moreover, the wind turbine may experience overspeed conditions,
which may pose risks to the turbine’s mechanical components and
overall system integrity. Thus, with an increasing share of wind energy,
low voltage ride-through (LVRT) capability of DFIG wind turbines has
become one of the most import requirements in the grid code [8]. This
requirement enforces the DFIG wind turbines to remain connected to the
grid during low voltage conditions for a certain period to support the
grid. This introduces new challenges for manufacturers, proponents, and
grid operators as they strive to meet the updated LVRT requirements [6].
As a result, LVRT augmentation strategy has grasped a core research
focus in academia and industries [9].

Over the years of research, researchers have come up with several
modern control strategies that can be categorized as hardware (external

1. Introduction

Wind energy is experiencing the highest penetration among renew-
able energy sources in recent years [1]. Owing to the lower cost of power
converters, DFIG has become an extensively popular option for wind
power generation. Thus, DFIG wind turbines have captured a significant
market share among all other technologies [2]. However, the gearbox
that couples the DFIG and the wind turbine experience longer downtime
when it is damaged. Overhauling the coupling system is also compli-
cated [3]. Furthermore, the stator of the DFIG being directly connected
to the grid is highly sensitive to low voltage conditions [4]. This in-
troduces a DC component of natural flux in the stator windings, which
rotates with the rotor windings synchronously at rotor speed. It conse-
quently results in an electromotive force in the rotor that may be large
enough to cause saturation to the rotor side converter (RSC) and make
LVRT challenging for DFIG wind turbines [5]. Furthermore, a large
transient rotor current may be induced, which may cause the DC-link
voltage to increase to a level that may exceed the safety limits of the
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Nomenclature

Tee Aerodynamic torque

Tm Mechanical torque

T, Electromagnetic torque

WOm Rotor shaft angular speed

Wy Generator rotor angular speed

H Inertia constant

K Torsion stiffness

y Torsion angle

D Torsion damping coefficient

f Grid frequency

(08 Natural angular speed

Ng Gear ratio

L, V, Current and voltage in the RSC loop
Ry, Ly  Resistance and inductance of the RSC filter
I, Vg Current and voltage in the GSC loop

Rg;, Ly Resistance and inductance of the GSC filter

I, Vi, R, Ly Current, voltage, resistance and inductance in the stator
circuit

i4e> Vae, C Current and voltage and capacitance in the DC-link circuit

I, V,R, L Current, voltage (at Point of Common Coupling, i.e. PCC),
resistance and inductance of the transmission line

Ly Inductance of the transformer

Vi ver Voltage threshold for LVRT

Kgrsc ver RSC gain constant for LVRT

Kgsc vrr GSC gain constant for LVRT

Grid voltage

Input switching signals for the DFIG converters

Active power exchange between the DFIGs and the grid

Reactive power exchange between the DFIGs and the grid

Relative degree with respect to control outputs

System order

System matrix of the linearized system

Input matrix of the linearized system

Linear control input of the linearized system

System matrix of the partially linearized system

Input matrix of the partially linearized system
Linear control input of the partially linearized system
Wind speed

WM TEER YO LM

<
S

circuits, components, or/and converters), software, or a combination of
both strategies. The combination of hardware and software is commonly
referred to as an improved control strategy incorporating one or more
Energy Storage Systems (ESS) [6]. A modified linear quadratic output-
feedback decentralized controller has been used in [10], where the
robustness has been assessed utilizing the higher-order terms in Taylor’s
series as uncertainty. In [11], an advanced control method for the grid
side converter (GSC) has been applied that may efficiently absorb
postfault kinetic energy to damp system oscillations. The overcurrent
during low voltage conditions is effectively damped by limiting the
overshoot of rotor current by using feedforward and stator current
control [12]. Nevertheless, overvoltage may still be present on the RSC
circuit during voltage dip even with the application of advanced control
strategies. This happens due to constraints on RSC’s voltage capacity
imposed by the DC-link voltage [13]. In order to address such problems,
researchers have started utilizing the technology of power electronic
devices. For example, a DC chopper has been used to limit the DC-link
voltage [14]. Superior performance has been achieved through hard-
ware modifications in [15]. The modification includes the insertion of a
resistance to limit the rotor transient overcurrent during low voltage
conditions. The dynamic voltage restorer (DVR) has also been used to
restore the terminal voltage [16]. A real-time static synchronous
compensator (STATCOM) has been designed and coordinated with DFIG
converters in [17] to assist with uninterrupted DFIG operation. How-
ever, this solution has come with a substantial cost.

As a more cost-effective alternative, the rotor side crowbar has been
widely adopted for enhancing the LVRT capability of DFIG wind tur-
bines [18]. A coordinated control approach has been employed for the
crowbar connected to the rotor side of the DFIG to bypass the RSC from
overshooting of rotor current and consequently dampen the stator nat-
ural flux [19]. The grid compliance codes, however, enforce that the
crowbar must be turned OFF within 100 ms of the fault occurrence and
the RSC provides necessary reactive power support to the grid [20]. The
role of the crowbar has become insignificant (i.e., no further triggering
of the crowbar) when the post-fault stator natural flux has become trivial
[21]. The DFIG may still fail to perform LVRT even with the crowbar
installed if the overshoot in the rotor current cannot be properly mini-
mized. This would result in fluctuating stator natural flux and thus
electromagnetic torque consequently. This would highly influence the
reliability of the mechanical system [22]. An efficient RSC control
approach has been instrumental in reducing both positive- and negative-

sequence components of the rotor current [23].

Nonlinear Controllers are inherently robust offering an effective so-
lution to the LVRT problems. Such controllers are effectively imple-
mentable in any existing wind turbine as they do not require any
additional hardware. However, a superior performance may still be
attained with a nonlinear controller integrated with an additional
hardware based LVRT strategy [24]. One of the key advantages of using
a nonlinear controller is that a nonlinear model of the system is
considered. Hence, the designed controllers are independent of oper-
ating conditions making them robust to parameter variations, model
uncertainties and disturbances. A direct model reference adaptive in-
ternal model controller based LVRT technique has been proposed in
[25], where the rotor current has been controlled by variable gain ad-
justments using fuzzy sets. Using the rotor inertia to store the surplus
energy during low voltage conditions, a model predictive control
mechanism has been discussed in [26]. A model predictive controller
based on two stage coordinated DC link voltage control with super-
capacitor storage has been proposed for fast reactive power support
during grid voltage swell without a DC chopper [27]. The concept of
model predictive control has been modified by incorporating a fuzzy
control in [28], which has offered better performance of the DFIGs
during LVRT. A state estimation technique has been implemented in
[29] to enhance the LVRT capability, which has minimized the effect of
noise in parameter measurements. To provide robustness in parametric
uncertainties, nonlinear adaptive backstepping controllers for DFIG
have been proposed that may provide good reactive power support to
the grid during low voltage conditions [30]. This type of controller has
the capability to mitigate oscillations in active and reactive powers, as
well as stabilize DC link voltage. The sliding mode control (SMC) tech-
nique has been used for LVRT in [31], which has outperformed the
conventional PI controller in terms of reducing overshoot, transient
time, and dynamic response [32]. Incorporating additional hardware
along with SMC has further enhanced the LVRT capability [33]. A fuzzy
second order SMC for RSC and GSC along with an additional series GSC
has been used for LVRT in [34]. Such an additional GSC helps limit the
stator and rotor current within a limit of 10 % and DC link voltage within
2 % of the peak value. A fuzzy PI-based approach has been proposed in a
hybrid system in [35], where the DC link of the RSC and GSC have been
connected to the system via a DC-DC converter. During low voltage
conditions, the GSC operates as STATCOM to provide reactive power
support to the grid while the DC-DC converter regulates the DC-link
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voltage. A cascaded converter has been incorporated to augment the
LVRT capability as well as improve overall stability of the DFIG system
[36].

Several pure control solutions for the LVRT technique without any
auxiliary hardware have also been proposed in the literature. A
nonlinear controller using both feedforward and feedback terms has
been employed for enhancing asymmetric LVRT capability without any
auxiliary protection hardware [37]. An LVRT strategy based on flux
linkage tracking has been proposed to suppress the short-circuit rotor
current, which has been achieved with no additional hardware device
[38].

Partial Feedback linearization (PFL) is a straightforward method to
design nonlinear controllers [39]. Compared to other nonlinear control
methods in the literature, the proposed approach offers a simplified
design and implementation method as it does not require complete
knowledge of the system dynamics. Instead, it performs a partial line-
arization of the non-linear system. Moreover, all calculations except for
the control laws comprising four nonlinear equations are carried out
offline resulting in reduced control design complexity. This control
method utilizes a reduced-order model of the wind turbine system
enabling the controller to focus only on the most significant system
states and inputs. This method does not necessitate complex inverse
functions or matrices computation. A few nonlinear equations require a
real-time solution allowing a small computational burden and offline
controller tuning with fast tracking performance. A PFL controller has
been proposed by the authors in [40] generating signals to drive the RSC
alone to mitigate subsynchronous resonance (SSR) in series-
compensated DFIG wind turbines. Meanwhile, a nonlinear control
concept using PFL technique has been proposed in this paper with the
following state-of-the-art features:

(i) the controller generates switching signals for driving both the
RSC and the GSC simultaneously.

(ii) the controller utilizes the PFL technique in augmenting the
symmetric and asymmetric LVRT capabilities for DFIG wind
turbines.

(iii) the controller is robust, independent of the operating point, and
capable of functioning under parametric variations and
disturbances.

(iv) the controller adapts itself to any existing wind farm as it does not
require additional hardware/components/converters or ESS;
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that the controller has successfully augmented the LVRT capability of
DFIG wind turbines and has remained robust against diverse wind
conditions and voltage sags. A comparative analysis of different LVRT
techniques and their key features with the proposed research has been
illustrated in Table 1.

The rest of the paper has been structured as follows: Dynamic model
of a test system integrated with DFIG wind turbines has been presented
in Section 2. A systematic design approach of the proposed controller
has been explained in Section 3. The software implementation of the
proposed control scheme has been discussed in Section 4. The perfor-
mance of the proposed controller has been demonstrated in Section 5.
The conclusions have finally been drawn in Section 6.

2. Power system dynamic model

This section presents a dynamic model of a test system integrated
with DFIG wind turbines. A simplified Nordic power grid has been
adopted from Ref. [41] with penetration of 148 MW of active power at
the point of common coupling (PCC) generated from 74 DFIG units (each
with a power rating of 2 MW). An aggregated model has been used to
represent DFIG wind turbines supplying to the grid. The aggregation
technique in this paper has been adopted from Ref. [42]. Fig. 1 shows a
diagram of a simplified Nordic grid integrated with aggregated DFIG
wind turbines.

The wind turbine generates aerodynamic torque from the incoming
wind speed. A two-stage torque conversion takes place in the gearbox,
which can suitably be demonstrated through the following first-order
derivative equations (known as two-mass shaft dynamics):

1

(bm (Tae - Ksy - thm)

~2H,
w,:L(Ky—T —D,w,)
2H, V"’ T
1
y =2 n — 0 1
4 fcf(a) Ngw) 1

where subscript ‘t’ and ‘g’ denote turbine and generator, respectively.
On the other hand, the electrical dynamics in the loop of power
electronic converters are mathematically expressed as [43]:

. . . R \% Vd,
only software change will be adequate to implement the Iy = wolra + L—'fqu + L—"’ - L_CSrq
controller at no further cost, making it an economically viable ! Ca
solution. R v
, f 4 Vie
Iy = L' Irq — wuqu + L' - L;S"d
. . . . if if f
Electromagnetic transient simulations have been performed to show
Table 1
Comparison of different LVRT techniques.
LVRT Features LVRT Techniques
Hardware-based Software based Combination Proposed
[2] [4] [15] [16] [20] [25] [26] [31] [38] [6] [32] [34]
External Y Y Y Y Y N N N N Y Y Y N
Hardware
Adaptability in an existing system N N N N N Y Y Y Y N N N Y
Cost Economic N N N N N Y Y Y Y N N N Y
High Computational N N N Y N Y Y Y Y Y Y Y N
Complexity
Robustness N N Y Y N N Y N N Y N Y Y
Parameter Variation N N Y Y N N N Y Y Y N Y Y
Model Uncertainties N N N N N N N Y Y Y N Y Y
ESS N Y Y Y N N N N N N N N N
Mechanical Stress Y N Y N Y Y Y Y Y Y Y N N
Active Power N Y Y Y N N N N N N N N N
Support
Reactive Power Support N Y N Y N N N N N N N N Y
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Fig. 1. Simplified Nordic grid integrated with aggregated DFIG wind turbines.
R Veq | Vae 3. Controller design
Iy = 7wolgd7iflgq7ﬂ+i 8 8
Ly Ly Ly
A systematic design approach of the proposed controller has been
_ ¢ Vea | va explained in this section. Power electronic converters in DFIGs may
Ta = =7 Aga + Wolyg — Sea . .
of Ly Ly encounter potential damage due to grid faults. Hence, the proposed
controller must be capable of minimizing overshoot in rotor current as
) 1. 1 1 o 1 .
Ve = Eldc _ EI*"" Sey — c LoiSea ) well as maintaining DC-link voltage, vg4. to the nominal value. Thus, L,

A simplification in the rotor current is made neglecting the ma-
chine’s electromagnetic dynamics. This is done to facilitate the control
design based on the partially linearized form of the system that de-
couples the electromagnetic dynamics from the control design.

Similarly, electrical dynamic equations on the stator side can be
written as:

r Rx Vs‘

I.&q = —Woly + Zl&q + fj

i R: Vsd

Iy = L_JIM + wolyg + L_ 3

s

and in the transmission line side as:

iy = — gt g, (V,—E,)

L I i A S A

Iy = P — (Va—Eq) 4
d*L+Ltrd olq L+L,, d d

The power exchange between the DFIGs and the grid can be repre-
sented as follows:

3
P=3 (Vaalsq + Vialsa + Veglog + Veala)

0= % (V\'q[ul + Vialsq + Vegloa + ng[gq) )

This paper mainly aims at designing a nonlinear current controller
for the DFIG converters using the PFL technique to augment the LVRT
capability of DFIG wind turbines. The controller will simultaneously
generate control input signals, Sy and S;4 for switching RSC, and Sz and
Sgq for GSC.

and I,4 are chosen as control objectives for driving RSC switches while
I, and vg. are chosen for driving GSC switches.

To facilitate controller design and implementation to a partially
linearized system, the power system equations (1)-(4) mentioned in
Section 2 are represented in the following MIMO form:

X=f(x)+ Zj:lg,-(x)u,-

yi =)

y2 = ha(x)

3 = h3(x)

Ya = ha(x) ©)
where

X = [wm [ Irq Ird ng Igd Ve Isq Isd Iq Id]T
T
U= Sy Su S Se]l

y=y La Iy Vdc’]T
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0 0 0 0
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0 0 0 0
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Let us consider that the system (6) has state z, which can be expressed

in its corresponding nonlinear coordinate transformed form as follows:
1 T

z:[hl- Lih; L h,»] i=1,2,3,4

where Ly hi(x) is the Lie derivative of hy(x) along f(x).

Lie derivative transforms the nonlinear system (6) with the state
vector x into a linear dynamic system with the state vector z provided
that the following conditions are satisfied for n =(r; +ry +rs +rg) [41]:

L hi(x) #£05i=1,2,3,4

where Lg; Ly hi(x) is the Lie derivative of Ly h;(x) along g(x).

Upon meeting the conditions, a linear controller can be implemented
in the following linearized system, whose dynamics can be modeled by a
set of linear differential equations:

z=Az+Bv 9
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where the input v is applied linearly to the system through the input
matrix B. The state variables z describes the current state of the system,
and their evolution is governed by the state matrix A. Thus, a linear
controller can be designed to operate on the state variables z and pro-
duce the input v to achieve the desired system behavior.

We can do partial linearization only if (r; + r2 + r3 + r4) < n and in
this case, the transformed states z can be expressed as a function of the
state variables x as follows:

z=opx) =z 2| (10

where z is the transformed state (through nonlinear coordination) of
the order of (r; + ry + r3 + r4), and Z is the transformed state related to
the remaining n-(r; + r2 + rs + ry4)-th order.

We can now represent the partially linearized system as follows:

T=AZ+Bv a1

We can implement the linear controller to the partially linearized
system only if the stability of internal dynamics of the system is proven
to be stable. Examination in Ref. [39] assures the stability of the internal
dynamics of our studied system, which can be represented as:

Z=AZ+Bv 12)

Partial linearizability of the power system (1)-(4) can be attained by
computing relative degrees with respect to the output functions. The
relative degrees with respect to h;(x) = Irg, ho(x) = Ig, h3(x) = Iy, and
h4(x) = vq4., can be computed by performing following operations.

Vdc

LLy ™ iy (x) = Lohy (x) = — 1S £0
. )f

V c
LL} ' hy(x) = Lyhy(x) = _ﬁs"‘ #0

Vde
LeLy ' hy(x) = Lehs(x) = S0 # 0
»

LeLi ' hy(x) = Loha(x) = ,% (IgqSq +10aSa) #0 13
It indicates that the relative degree for each of the outputs is 1, which
makes (r; + r2 + rs + r4) = 4, which is less than the system order n
(where n = 12).
Thus, the studied power system is partially linearizable with respect
to the output functions. To do partial linearization to the system, a
nonlinear coordinate transformation can be done as follows:

Z7=9(x) a4
For the studied power system, we choose.
2 =¢,(x) =h(x) =1, 1s)

Similarly, we have

D=1y
= Iy
%= Vac (16)

Now, the partial feedback linearized system can be written as [39].

L o), R

Vg Vae

of
21 X = Wolyg +—pg + — S,
ox L,f 7 er L,f 7

- 0}12 ()C) . R f Vrd Ve

= =—1y—w,l, ——S,
22 o L, d q T L, Ly d
L Ohs(x) o Veg | Vae

= = —Wolyg ——1,, — -
“ o Vol Ly * Ly +Lgf “
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i Ohg(x). 1, 1 1
L = 3}5 )x = Eldc - Elgqsgq - Elgdsgd a7)

If the system (17) has linear control inputs of v;, V», v3 and V4, we can
write the following:

V) = Wyl + i—:l,q + ‘L/;’ - Zi;s,q

= Z;’ Ly — w1,y + Z; - Z—‘:S,d

V3= — @yl — L_Zlgq - Z_i;] +Z_Z; 8q

Vg = éidc = 2050 — %Igdsgd 18

A standard linear control theory can be applied to obtain the inputs
for the linear controller as follows:

"t
51 = kip (L =g ) + ki / (R = 1oy )t
0

!
V) = kyp (Ird,(,/ - Ird) + ko / (Im,l,f - Im)dl
0

[
V3 =k, (ngw - ng) + ks /[; (ngrﬂf - ng>dt

!
Vs = kyy (Vdc,ref - Vd(:) + ki / (Vdc,re/ - vdr)dt (19)
0

where the subscript Tef’ denotes the reference value of the corre-
sponding variable.

Gains are tuned in the following way to make the outputs follow their
respective reference values so that the error is minimized:

kip = 2rq_rerkap = 2ra_res
kzp = 2lgq_rerkap = 2Vac_ref

ky =1

rqref

2
ko =1 rd_ref

_ 72 42
k3i - ng,refk‘“ - Vdc,ref

The values of Iy ref, Ird refs Igq ref and v ref are calculated from P rorand
Qr ref given by MPPT of the DFIG at ‘normal’ mode as follows [39]:

2P,
IWrﬂf = 5 qu
! 20,
rdrep = 5 Vyd
I 2P,
84ref 3 ng
Pr rej

Vde_ref = ;f (20)

Lace

When V becomes less than the Vry g, then the ‘LVRT mode’ acti-
vates with MPPT calculating the values of Irq ref, Ird ref; Igq ref and Vic ref as:

2P,
["[ref = § Tq/ + KRSCI"RT (VTHFRI - V)
I o 2 Q"ruf
rdrep = 5 V,a
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2P,
ng,ly = g ng
Py
Vic_ref = lif + Kesc_rrr (Viu_rrr — V) (21)
dc

From (18), the control law for the RSC can be obtained as follows:

Ly (- Ry Viq
Srqg =— olra + g + 7
T (V1+w ,1+Lr/ q+er

dc

er ~ R»f Vrd
S =— g = Wolrg +7— 22
= <v2+L,f d — @ q+L,f) (22)

Meanwhile, the control law for the GSC:

Lgf > Rgf ng
Seg = — w,l, —I —=
29 Vae (VB + gd + Lgf 2q + Lgf
C ([ g Lyl [~ Ry \%4
Sy = —— |V — =+ 2 Y e 23
o Lpq (v4 C + Cvge (V3 + @olga +Lg/ o T Ly (23)

A flowchart of the proposed control design procedure has been
provided in Fig. 2.

Identify the nonlinear system model of the
DFIG-based wind turbine and formulate it in
state-space form

|

Choose the input and output variables for the
control system and define the desired closed-
loop dynamics

|

Perform partial feedback linearization by
transforming the system into an autonomous
and reduced-order form

!

Use linear control techniques to design
controllers for the linearized systems

|

Define the switching signals for the rotor side
converter and grid side converter

!

Solve the four nonlinear equations that define
the control laws for the proposed controller

Fig. 2. Flow chart of the proposed control design procedure.
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4. Controller implementation

In this section, the software implementation procedure of the pro-
posed control scheme has been discussed in PSCAD/EMTDC platform.
Fig. 3 shows the implementation block diagram of the proposed control
scheme.

A phase-locked loop (PLL) has been adopted from the work presented
in [44] and utilized for grid synchronization to an angular frequency w,.
A standard model of an additional protection scheme from PSCAD/
EMTDC library has been implemented to monitor the inrush rotor cur-
rent and make tripping decisions based on its threshold. All voltage and
current flows across the loop of the power electronic converters (RSC
and GSC) have been converted into corresponding g and d-axis com-
ponents. MPPT equations (Eq. (20) for ‘normal mode’ and Eq. (21) for
‘LVRT mode’) and linear controller equations (19), on the other hand,
have been used to obtain the linear control input signals vy, V,,v3 and V4.
All these signals have been used by the control laws (22)-(23) for
generating switching signals in gd frame. Finally, these switching signals
have been fed to both the converters through pulse width modulation
(PWM).

A sinusoidal PWM (SPWM) technique has been used in this work,
where the modulation index is a function of Vy and vg4. To prevent
overmodulation, v4. has been selected in a way so that the following
inequality constraint always holds:

Ve < Ve / 2 (24)

This action might not be sufficient under the worst-case scenario
when Prsand Qreshave a high rate of change. In such cases, a rate limiter
has been used with the proposed damping controller to prevent
overmodulation.

5. Controller performance assessment

In this section, the performance of the proposed PFL controller in
augmenting LVRT capability of DFIG wind turbines has been assessed
through electromagnetic transient simulations in PSCAD/EMTDC plat-
form. Table 2 gives simulation data for the power system used in this
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Table 2

Power system simulation data.
Parameter Symbol Value Unit
Nominal power P 148 MW
Nominal voltage (line to line) Vit 690 A%
Nominal frequency f 50 Hz
Stator leakage resistance Rs 0.0084 pu.
Stator leakage inductance L 0.167 p-u
Rotor leakage resistance R, 0.0083 p.u.
Rotor leakage inductance L, 0.1323 p.u.
Turbine inertia constant H, 2.5 p-u
Generator inertia constant Hg 0.5 p.u
Turbine damping coefficient Dy 2.5 p-u
Generator damping coefficient D, 0.5 p-u
Stiffness coefficient K; 0.15 p-u
Slip s 0.02 -
Converter maximum power Pemax 0.5 p.u.
GSC filter resistance Ryr 0.0015 p-u.
GSC filter inductance Lgs 0.15 p-u
Nominal DC-link voltage Vdc 1450 A%
DC-link capacitance C 10,000 uF
Transformer inductance Ly 0.0005 p-u
Transmission line resistance R 0.02 p-u.
Transmission line inductance L 0.0016 p-u
Compensator capacitance Cse 10,000 uF
Grid capacity SGrid 1000 MVA

paper.

5.1. LVRT performance assessment

The performance of the proposed PFL controller has been compared
to that of a commercial PI controller in augmenting LVRT capability of
DFIG wind turbines. The comparison has been carried out in terms of
several parameters, including active power, reactive power and voltage
at PCC, DC-link voltage, stator voltage, stator current, rotor voltage,
rotor current, rotor angular speed, and mechanical torque during both
symmetric and asymmetric LVRT conditions. The comparison has aimed
to assess the control performance in terms of key metrics such as re-
covery time, rise time, settling time, overshoot, peak magnitude, steady-

DFIG Wind Farm |
(Aggregated)

|
|
: To
, Grid
im: Igﬂ
Lyl . [
abe-qd A RSC Filter RSC link GSC GSC Filter 4-5-'“. abe-qd
e e "
Vig Vg vga vgb vgc
abec-qd SealSe4S, abe-qd
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v, S,qT S,,fT Vi oqu Sgarf V|
I I, Ved PFL Controller 22 I, I
rd (22)23) zd
Wi wf wf of te. L
Linear (PI)
Controller (19) . PLL
Im_mﬂ Ird,mff Iglugff vdc_mft Vae Vsq T T Vsd
From MPPT: (= Vsq
If 5 VrH LvrT, then "Normal mode”™ (20); abc—qd = Vsh
otherwise "LVRT mode" (21) == Vsc

Fig. 3. Implementation block diagram of the proposed control scheme.
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state error, and damping ratio.

A constant wind speed has been considered in the simulation study
since system oscillation due to a fault or any other abnormal condition
fluctuates much faster as compared to wind speed variations. Table 3
gives the simulation settings.

5.1.1. Symmetric LVRT

A symmetric three-phase-to-ground fault has been simulated at 1 s,
which has been cleared by primary protection fault clearance time (120
ms) as shown in Fig. 4. The PPC voltage has experienced a dip of about
90 % within the fault duration that has activated the ‘LVRT mode’ in the
proposed controller (as soon as the PPC voltage has passed below
Vry Lver = 0.8 pu). Both controllers have demonstrated a similar voltage
rise time of 0.28 s. However, the proposed controller has been observed
to respond quickly to restore the voltage to its pre-fault value with a
settling time of 0.81 s after the fault clearance. In comparison, the PI
controller has exhibited a longer settling time of 1.13 s.

Due to the voltage dip during the fault, the active power output has
tended to drop to zero. The proposed controller has maintained the
active power output within a narrow range, which is essential for
ensuring stable grid operation. After the fault clearance, the active
power has started to recover. The proposed controller has displayed a
faster recovery time of 0.76 s while the PI controller took 1.12 s.
Additionally, the proposed controller has performed better with an
overshoot of 17.11 % and a settling time of 2.16 s as opposed to an
overshoot of 19.74 % and a settling time of 2.6 s for the PI controller.

With the PCC voltage dip, the reactive support has been ensured
through the advanced algorithm programmed for ‘LVRT mode’ in the
proposed controller for quick system restoration. The proposed
controller has potentially eliminated the reactive power overshoot
through efficient energy discharging. The proposed controller also has
demonstrated a settling time of 1.9 s compared to 2.3 s for the PI
controller.

The proposed controller has demonstrated effective regulation of the
DC-link voltage during voltage dips. This helps to ensure stable power
transfer between the RSC and GSC, which is crucial for maintaining
proper grid operation. When using the proposed controller, the DC-link
voltage has not exceeded 10 % of the nominal value. In contrast, when
using the PI controller, the DC-link voltage has been observed to exceed
21 % of the nominal value. Additionally, the PI controller has been
found to be slow in responding to fluctuations in the DC-link voltage,
which may potentially pose a risk of converter failure.

The proposed controller has demonstrated to regulate the stator and
rotor voltages to maintain stable operation during voltage dips. On the
other hand, the PI controller has been observed to have a slow response
time in recovering the pre-fault values of stator and rotor voltages. Re-
sults have shown that the proposed controller has achieved settling time
of 0.78 s for stator voltage and 1.6 s for rotor voltage. In contrast, the PI
controller has exhibited longer settling time of 1.09 s for stator voltage
and of 1.98 s for rotor voltage.

With the PI controller, the stator and rotor currents have reached the
peak magnitude at about 2p.u. and 1.15p.u., respectively. The proposed
controller, on the other hand, has been found to effectively limit the
stator and rotor currents during voltage dips, thereby minimizing po-
tential risk of converter failure.

The reduction in active power due to voltage dip during the fault has
been compensated through acceleration of rotor angular speed. The
proposed controller has been observed to effectively restrict the speed of
the wind turbine within 5.35 % of the nominal value, whereas the PI
controller has been found to exceed the limit by about 6.5 %. The

Table 3

Simulation settings.
Parameter Vw VrH LVRT Krsc Lvrr Kgsc Lvrr
Values 13 m/s 0.8 p.u. 1 12.4
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proposed controller also has demonstrated a steady-state error of 0.6 %
as compared to that of 0.92 % for the PI controller.

After the fault clearance, the sudden restoration of the power system
has resulted in a sudden change in the electrical power output. This has
caused a momentary change in the turbine’s mechanical torque leading
to torsional oscillations. Both controllers have demonstrated a similar
damping ratio of 0.86. However, the proposed controller has acted
quicker in damping the oscillation and thereby reducing the mechanical
stress on the turbine blades as compared to the PI controller.

5.1.2. Asymmetric LVRT

A simulation of an asymmetric line-to-line-to-ground fault has been
conducted and cleared by circuit breaker fail protection fault clearance
time (430 ms), as shown in Fig. 5. The PPC voltage has encountered a dip
of about 65 % within the fault duration that has activated the ‘LVRT
mode’ in the proposed controller. Both controllers have demonstrated a
similar voltage rise time of 0.25 s. However, the proposed controller has
responded quickly to restore the voltage to its pre-fault value with a
settling time of 0.51 s after the fault clearance as compared to the PI
controller’s longer settling time of 1.04 s.

The proposed controller has exhibited a faster active power recovery
time of 0.37 s as compared to 0.41 s with the PI controller after the fault
clearance. Despite exhibiting similar overshoot of 18.6 %, the proposed
controller has outperformed the PI controller with a settling time of 1.67
s as compared to the latter’s settling time of 2.08 s.

Through efficient energy discharging, the proposed controller has
shown promising results in potentially eliminating the reactive power
overshoot. Furthermore, the proposed controller has demonstrated a
quicker settling time of 1.68 s in comparison to 2.08 s with the PI
controller.

The proposed controller has demonstrated effective regulation of the
DC-link voltage during voltage dips, preventing it from exceeding 7 % of
the nominal value. In contrast, the PI controller has allowed the DC-link
voltage to exceed 21 % of the base value and has been slow in
responding to fluctuations in the voltage risking potential converter
failure.

The proposed controller has also regulated the stator and rotor
voltages to maintain stable operation during voltage dips. Despite
exhibiting similar settling times for rotor voltages of 1.19 s, the proposed
controller has achieved a faster settling time for stator voltage of 0.57 s
as compared to 0.97 s with the PI controller.

The stator and rotor currents have appeared to hit the peak at about
2.1 p.u. and 1.1p.u., respectively, with the PI controller. The proposed
controller, on the other hand, has been found to restrict these quantities
to smaller values minimizing the potential risk of converter failure.

The acceleration of rotor angular speed the reduction in active power
has been effectively compensated by the proposed controller. It has
restricted the wind turbine speed within 6.7 % of the nominal value
while the PI controller has exceeded the limit by up to 8.6 %. The pro-
posed controller has also demonstrated a lower steady-state error of
0.57 % than that of 0.78 % with the PI controller.

The proposed controller has effectively dampened the momentary
torsional oscillation experienced by the mechanical torque, exhibiting a
higher damping ratio of 0.9 in comparison to the PI controller’s damping
ratio of 0.83. The proposed controller also has stabilised the system
quicker as compared to the PI controller.

5.2. Robustness assessment

The robustness of the proposed PFL controller for DFIG wind turbines
has been assessed by examining its capacity to handle parametric vari-
ations like wind speed variations, and withstand disturbances caused by
different voltage dips. A symmetric fault with a duration of 120 ms has
been considered for the assessment. The comparison has been carried
out in terms of active power, reactive power, and voltage at the PCC.
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Fig. 4. DFIG’s symmetric LVRT response with the proposed PFL and the PI controller: (a) PCC Active Power, (b) PCC Reactive Power, (c) PCC voltage, (d) DC-link
Voltage, (e) Stator Voltage, (f) Stator Current, (g) Rotor Voltage, (h) Rotor Current, (i) Rotor Angular Speed and (e) Mechanical Torque.
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Fig. 5. DFIG’s asymmetric LVRT response with the proposed PFL and the PI controller: (a) PCC Active Power, (b) PCC Reactive Power, (c) PCC voltage, (d) DC-link
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5.2.1. Wind speed variations

The transient performance of the proposed controller has been
assessed under wind speeds of 12 m/s, 13 m/s, and 14 m/s, respectively,
as shown in Fig. 6. The proposed controller has been found to maintain
stable operation across the different wind speeds. Specifically, the
controller has been able to regulate the active power and reactive power
of the DFIG within acceptable limits while maintaining the voltage at the
PCC close to the nominal value. With the proposed controller, the DFIG
has generated required reactive power for voltage recovery even at
higher wind speeds. This has occurred without affecting the overall
performance of the controller demonstrating its ability to adapt itself to
varying operating conditions. Based on these findings, the proposed
controller has proven to be robust for DFIG wind turbines. This is
indicative of the controller’s capability of handling different wind
speeds and maintaining stable operation in the presence of varying wind
conditions.

5.2.2. Voltage dip variations

The transient performance of the proposed controller has been
assessed for varying voltage dips of 90 %, 50 %, and 20 %, respectively,
as shown in Fig. 7. The simulation results have demonstrated that the
proposed controller has been able to accurately regulate the DFIG’s
active and reactive power outputs as well as the voltage level at the PCC
under all tested voltage dips. The controller has also exhibited a quick
response to voltage dips maintaining stable operation. Furthermore, the
proposed controller has provided reliable and robust regulation of the
DFIG’s reactive power output. As indicated by these findings, the pro-
posed controller has demonstrated to be a promising control strategy for
DFIG wind turbines in terms of robustness against varying voltage dips.

5.3. Comparison with the existing nonlinear control techniques

A comparative study among different nonlinear control techniques
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and the proposed PFL method has been conducted. To ensure compa-
rability among the investigated nonlinear control-based techniques for
LVRT enhancements, no additional hardware, components, or ESS has
been employed. The comparison has been illustrated in Table 4 based on
the controller’s ability in regulating dynamic performances of DFIG
wind turbines. As indicated by these results, the proposed controller has
demonstrated superior performance as compared to the other existing
nonlinear control techniques.

6. Conclusions

A nonlinear controller has been proposed in this paper using partial
feedback linearization (PFL) technique to augment the low voltage ride
through (LVRT) capability of Doubly Fed Induction Generator (DFIG)-
based wind turbines over a wide range of operating conditions. The
controller generates simultaneous switching signals for both the rotor
side converter and the grid side converter to restrain rotor current,
dampens out stator voltage oscillations, and maintain DC-link voltage
due to voltage dips during faults.

The proposed PFL method has been implemented into a partially
linearized form of a nonlinear system, where the transformed system has
been made autonomous and reduced in order. All calculations in the
proposed method except for the control laws have been carried out
offline resulting in reduced design and implementation complexity. This
has allowed real-time solution requirement of small number of nonlinear
equations leading to small computational burden and offline control
tuning with fast tracking performances. The proposed control has been
designed and implemented in several sequential steps like system
modeling and partial linearization, control law derivation, software
implementation, and control tuning.

The performance of the proposed controller has been compared to
that of a commercial PI controller in augmenting LVRT capability of
DFIG wind turbines under both symmetric and asymmetric fault
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Fig. 6. DFIG’s transient response under wind speed of 12 m/s, 13 m/s and 14 m/s with the proposed controller: (a) Wind Speed, (b) PCC voltage, (c) PCC Active

Power and (d) PCC Reactive Power.
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Fig. 7. DFIG’s transient response for voltage dips of 90 %, 50 % and 20 % with the proposed controller: (a) Wind Speed, (b) PCC voltage, (c) PCC Active Power and

(d) PCC Reactive Power.

Table 4
Comparison of different nonlinear control techniques for LVRT enhancements.

Nonlinear Control LVRT Features

Techniques . . . . .

High Stator High Rotor Stator Current Rotor Current High DC Link High Torque Post Fault
Current Current Oscillation Oscillation Voltage Rotor Oscillation Recovery
Speed

Fuzzy Adaptive Internal Yes Yes Yes Yes NA No Yes Slow and

Model Controller [25] 200 % 200 % 3.5 % 180 % Oscillatory
Overshoot

Model Predictive Control NA Yes NA Yes No No NA Slow and

[26] 140 % 5-10 % 10 % Oscillatory
Oscillatory

Model Predictive Fuzzy NA Yes NA Yes Yes NA NA Faster but
Control [28] 220 % 17.4 % Oscillatory

Adaptive Back Stepping NA NA NA NA No NA NA Fast
Controller [30] 2.61 %

Sliding Mode Control + NA Yes NA Yes Yes No Yes Slow and
Feedback Linearization 250 % 13 % 10 % 2-5% Oscillatory
[31] Overshoot

Sliding Mode Control [32] Yes Yes Yes Yes Yes NA Yes Faster but

400 % (peak) 600 % 16 % +200 % Oscillatory
(peak)
Sliding Mode Control + Yes Yes Yes Yes No NA Yes Faster but
Hardware [32] 300 % (peak) 350 % 10 % +120 % Oscillatory
(peak)
Proposed PFL Controller No No Yes Yes No No No Slower but less
90 % 40 % 9% 5% Zero Oscillatory
Overshoot

conditions. The proposed controller has shown to be more effective in
restoring the voltage to its pre-fault value with a faster rise time and
shorter settling time. It has also maintained stable grid operation during
voltage dips with a faster recovery time, reduced overshoot, and settling
time. The proposed controller has effectively regulated the DC-link

12

voltage and stator and rotor voltages and restricted stator and rotor
currents, and the wind turbine speed within acceptable range. The
proposed controller also has responded fast in dampening torsional os-
cillations resulted from sudden restoration of the power system, thereby
effectively reducing the mechanical stress on the turbine blades. Overall,
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the proposed controller has successfully augmented the LVRT capability
of DFIG wind turbines.

The robustness of the proposed controller has also been assessed. It is
found robust for DFIG wind turbines with the ability to handle and
maintain stable operation in the presence of diverse wind conditions and
voltage sags.

The scope of future works includes the following:

e hardware-in-the-loop validation in a real-world scenario

e determination of a practical and efficient way of measuring the
voltage of the rotor located downstream of the filter

e robustness analysis under model uncertainty

e extension of the proposed controller to other types of wind turbines,
such as direct-drive or permanent magnet synchronous generators
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