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This paper proposes a control topology that integrates the robust performance of fractional order sliding mode
control with the high charging/discharging rate and low maintenance requirements of super-capacitors to
improve the transient stability of wind energy systems. The observer-based fractional-order sliding mode control
(FOSMC) approach is designed to regulate the dc-link voltage and mitigate dynamic instabilities resulting from
grid faults, matched and mismatched uncertainties and parameter variations. The super-capacitor, on the other
hand, serves as an additional energy storage element that prevents dangerous current surges thereby stabilizing
the power delivered to the grid. The proposed approach was validated using a DFIG-based wind energy system
installed in a small-scale standalone power supply network. The obtained results confirmed the approach’s
ability to effectively reduce current fault induced ripples and properly regulate the dc link voltage. They also
revealed a remarkable reduction in the thermal stress of semiconductor junctions in the presence of grid faults
and disturbances. A further comparison with a standard sliding mode control (SSMC) approach showed that the
use of fractional calculus to formulate the FOSMC resulted in smoother control actions and reduced chattering

effects compared to SSMC.

1. Introduction

According to the International Renewable Energy Agency, wind is
projected to supply more than one-third of the total electricity genera-
tion needs by 2050 [1]. The integration of large amounts of wind energy
into the grid, however, entails devising proper mechanisms to address
the dynamic voltage stability problem and support the grid under faulty
operating conditions [2-10]. Additionally, since wind turbines are often
remotely installed and costly to maintain and repair, accommodating
faults and mitigating their effects in the early occurrence is fundamental
to improving their reliability, availability and efficiency. DFIG-based
wind turbines account for the majority of deployed wind energy sour-
ces. This wide adoption is due to various attributes such as speed vari-
ability, low rated inverters, and ability to decouple the control of the
active and reactive powers. DFIG-based wind turbines achieve their
variable speed operation via two back to back voltage source converters;
RSC and GSC. The direct connection of the converters to the grid,
however, increases their vulnerability to grid faults or short duration
reductions in rms voltage that might either be triggered by sudden load
fluctuations, short circuits, lightning, or overloading. These faults often
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result in a sudden short circuit current in the stator coils. Since this latter
is magnetically coupled with the rotor coils, the fault will result in a
sudden surge in the rotor currents by as much as two to three-fold its
nominal value [7]. These high currents are not acceptable and might
result in significant damages to the back to back converters. Further,
when faults occur, the drivetrain experiences a highly oscillating torque
due to the sudden change in dc-link voltage, thus resulting in a reduction
in the reliability of the turbine’s shaft. Therefore, devising fast and
efficient measures to protect the converters during grid faults is essential
in maintaining the dynamic stability of the wind energy system and
preventing such faults from causing a widespread loss of power
generation.

Active power and voltage support are very important, especially
during grid faults. Crowbar is the most popular FRT technique [8]. It
protects against grid faults by isolating the RSC from the rotor coil
current. However, the sudden activation of the crowbar results in the
consumption of a significant amount of reactive power, thus signifi-
cantly stressing the drivetrain and further worsening the voltage sag
condition at the PCC [8-10]. Various alternative strategies to crowbar
have been investigated in the literature. The authors in [11] proposed
improving the FRT capability of a DFIG-based wind turbine by
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Nomenclature

WECS  Wind Energy Conversion System

WT Wind Turbine

DFIG Doubly Fed Induction Generator

RSC (GSC) Rotor Side Converter (Grid Side Converter)
FRT Fault Ride Through

SMC Sliding Mode Control

TSMC  Terminal Sliding Mode Control

ITSMC Integrated Terminal Sliding Mode Control
PI Proportion Integral

FOSMC Fractional Order Sliding Mode Control
DO Disturbance Observer

PWM Pulse Width Modulation

PCC Point of Common Coupling

P, (Qs) Active (reactive) stator power

Pz (Qirg) Total active (reactive) power from DFIG

Pgsc (Qgsc) Active (reactive) power from GSC

Vgsc.d (Vgsc o) Direct (quadrature) components of the GSC voltage
igq (igy)  Direct (quadrature) components of the GSC current

irq (iry) ~ Direct (quadrature) components of the rotor current
Vra (Vi) Direct (quadrature) components of the rotor voltage.
Vsqa (Vsg) Direct (quadrature) components of the stator voltage
Ved (Vgg) Direct (quadrature) components of the grid side voltage
M Mutual inductance

Wsa (Wsq) Direct (quadrature) components of the stator flux

R; (R,)  Stator (rotor) resistance

L (L) Stator (rotor) inductance

LR, Stator (rotor) resistance

ws(wy) Stator (rotor) electric angular pulsation

integrating a dc chopper in the dc-link. Reference [12], on the other
hand, considered the implementation of series dynamic breaking re-
sistors in the rotor circuit to offset the high rotor current during fault. In
[13], a fault current limiter was used to limit the dc-link voltage surge.
Other techniques considered integrating an energy storage unit with the
dc-link as a spinning reserve [14,15]. Though the integration of the
energy storage support resulted in improved recovery time and dc-link
voltage regulation under grid faults, those approaches were not able
to halt the activation of the crowbar [16]. Several control strategies were
proposed in the literature to mitigate dynamic instabilities resulting
from grid faults. Linear approaches were the most popular due to their
simple design and ease of implementation. However, their lack of
robustness to un-modeled dynamics and inherent nonlinearities
hampered their efficiency.

A number of nonlinear control approaches have been proposed in the
literature to circumvent the above mentioned drawback such as fuzzy
logic control [17] model predictive control [18], energy shaping control
[19], and sliding mode control (SMC) [20-22] to list a few. Sliding mode
control, however, is among the most effective robust control technique
for nonlinear systems with uncertainties and external disturbances [23].
Its robustness and inherent suitability for switching-type devices make it
especially popular with power electronic converters [24]. However, the
chattering phenomena associated with standard SMC can lead to high
frequency vibrations that can potentially compromise the dynamic sta-
bility and reliability of the wind energy system [25]. To mitigate this
problem, linear hyper-planes have been replaced by nonlinear switching
manifolds in terminal sliding mode control (TSMC). However, whereas
TSMC provides asymptotic stability, it does not guarantee the reach-
ability of the sliding manifold in finite time [26]. Hence, several hybrid
sliding mode control techniques such as fuzzy SMC [27], adaptive SMC
[28], higher order SMC have been proposed [29-31] to minimize the
chattering effect and foster global convergence. However, SMC ap-
proaches can only guarantee robust performance for matched distur-
bances, i.e. those that enter the system via the same channels as the
control input, and lose their nominal performance in the presence of
mismatched disturbances, i.e. those that enter the system from other
channels than the control input [32].

Recently fractional order SMC has emerged as a powerful control
design [33]. The application of fractional order calculus provides an
extra degree of freedom that facilitates the design of more flexible and
powerful control methods that satisfy system specifications [34].
FOSMC designs were shown to exhibit minimal chattering, robust per-
formance against variations in gain, and the ability to reject noise and
output disturbances [35]. A FOSMC approach was designed in [36] for a
DC buck using switching surfaces based on fractional-order PID and PI
structures. An FO-TSMC approach was proposed in [37] to regulate the
output voltage of a DC-DC Buck converter. A FOSMC strategy was

proposed in [38] to directly control the active/reactive power output of
a DFIG-based wind energy conversion system. Only nominal conditions,
however, were considered in the aforementioned approaches and their
performance and applicability under faulty grid conditions were over-
looked. A robust FOSM controller was proposed in [39] for maximum
power point tracking control of DFIG-based wind energy conversion
system. A passive fractional-order sliding-mode control (PFOSMC) was
proposed in [40] for supercapacitor energy storage (SCES) systems in
microgrid with distributed generators. It performance was analyzed
using both a simulation study and hardware in the loop implementation,
and was shown to improve the system’s transient performanmce. An
adaptive fractional-order sliding-mode control (AFOSMC) was devel-
oped in [41], for superconducting magnetic energy storage (SMES)
systems. The proposed approach considered a sliding-mode state and
perturbation observer (SMSPO) to estimate the SMES’s combined effect
of modelling uncertainties, unknown parameters, and external distur-
bances, then fully compensated for them using a FOSMC approach. A
comparison with four other approaches showed that the proposed
FOSMC-based framework outperformed the other approaches in terms
of tracking speed and cost. Although the above mentioned approaches
reported results promising results, major issues associated with
improving transient stability such as mitigating the surge in dc-link
voltage, loading of GSC, grid frequency are still open research questions.

This paper proposes a fractional order SMC-based (FOSMC)
approach to effectively mitigate dynamic instability resulting from grid
faults, mismatched uncertainties and parameter variations, whilst
providing robust performance to both matched and unmatched distur-
bances. Its main contributions are threefold:

e A control topology that integrates the robust performance of frac-
tional order sliding mode control with the high charging/discharging
rate and low maintenance requirements of super-capacitors to
improve the transient stability of wind energy systems.

e A robust SMC approach formulated based on fractional calculus to
ensure smooth control actions and alleviate the chattering problem
typically associated with standard SMC.

e A design that prevents thermal stress on the converters’ semi-
conductor junctions during grid faults thereby extending the wind
energy system’s lifespan.

The remainder the paper is structures as follows. Section 2 briefly
describes the dynamic model of the DFIG-based wind energy system.
Section 3 details the proposed FOSMC-based control topology. Section 4
validates the efficiency of the proposed design and highlights its ability
to mitigate the dynamic instabilities resulting from grid faults. Finally,
Section 5 concludes the paper.
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Fig. 1. Schematic diagram of a DFIG-based wind energy system with a supplemental energy storage.

2. System modeling

A general schematic of the grid-connected DFIG-based wind energy
system, bidirectional converters and buck boost converter are depicted
in Fig. 1.

Here, the main function of the rotor side converter (RSC) is to control
the current injected into the rotor coils so that the rotor angular speed
follows the set reference. The main function of the grid side converter
(GSQ) is to regulate the dc-link voltage to near its rated value. The bi-
directional buck-boost converter, on the other hand, provides supple-
mental energy support and improves the regulation of the dc-link
voltage.

The mathematical models of the above-described components are
briefly introduced below.

2.1. Mathematical modeling of the RSC

Considering Xg = [ ira irq |  asthestate matrixand [trg Urq]' =
[Vig Vr,q]T as the input matrix, the state space model of a DFIG in a
synchronous d-q reference frame, can be modelled as follows [42]:

Xr =fi(x,0) + g1 (x, )u, (@D
With:

R MYV,
_ r L, 5,4
(oL, (” L )
RrMy/vd oy Mvs d
5. oL, !
+L;(6L,)2 + (FL,- ( Fra + a)sLs

Re (ri MV
L) \" " T L,

filx, 1) = ,81(x, 1)

RMy., mv,
Vog | © (aL,.i,.,dJr—"")
| (L(oL,)" oOL: L ]
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0
| @
_ L
oL,
MZ

where, 6 =1 -1

If we consider a reference frame synchronously rotating with the

stator flux and neglect the stator resistance, we have:
Wea =WWg =0; Vea =0 3
Vig = Vs = o5y, ()]

Thus (2) can be re-written as:

XR :fl(x7 t)+g1 ()C, t)ur (5)
with:
r . MV R.My .
— oLirq + + =+ w,i,,
(oL,)’ ( ¢ w.ﬁL.;> L,(oL,) ‘

file, 1) = R o

] Liirg + M V,
g — oLl T Vs
oL, oL, 4T L,

Frq

2.2. Mathematical modeling of the GSC

The main function of the GSC is to regulate the voltage across the dc-
link and compensate for any fluctuations in the events of active or
reactive power variation in the common bus. The dynamic model of the
GSC in the synchronous (d-q) reference frame is represented by:

di , .
Lgd_g;’ = Vea = Vised — Ryiga + 05 Lyigg
di ©
Lgﬁ = Vg = Viseq — Religg — OsLgiga
The GSC can be represented by the following state space model:
Xo = f(x, 1) + g2 (x, )y @]
where,
1 X . 1
I (ng = Ryiga + a’.ng’gq) L 0
g t4
flx 1) = ) s &2(x,1) = | ®)
i (ng = Ryigg — wngigd) 0 L
8 8

The input vector, [Ugq u,,q}T = [Vised  Vigseq] -
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2.3. Modeling of the buck-boost converter

Bidirectional buck-boost converters are mainly used to regulate the
output voltage to follow a given reference. They are a key device to
interface storage elements and ensure continuous flow of power in
renewable energy systems despite the fluctuations due to changes in
weather conditions. The bidirectional buck converter (Fig. 2) consists of
a switch network that generates the output signal by controlling the two
switches Q; and Q. The input voltage v;, represents the voltage of the
energy storage. vy is the voltage at the bidirectional converter terminal
which needs to be regulated. L is the inductance of the converter and Cj,
Co are the source and load side capacitors, respectively. It is assumed
that the bidirectional converter is an ideal circuit. u is the control signal.
When u = 1, Q; is on and Q3 is off. When the control signal u = 0, Q; is
off and Q, is on.

The state space averaged model of the bi-directional converter is
given by [24]:

AR
t ir(t -7
= L|v;
v, " 1 {Vo 5 } + . Vin(t) 9)
dt C RC

where i;(t) is the inductor current, R is the equivalent resistance of the
attached network, u is the control signal, and vy is the terminal voltage.

Taking the state variables as the tracking error of the output voltage,
X1 ="V, —v,'ff and its derivative x», yields the following state space
model:

HE N

LC RC

0

Uviy, + uv

€ (10)

ref LC

o

where, Vi represents the reference output voltage.

Our control objective is to effectively mitigate dynamic instability
resulting from grid faults, mismatched uncertainties and parameter
variations. Hence, we propose the FOSMC-based robust control
approach detailed in the next section. This choice is motivated by the
powerful robust properties of FOSMC as well as its flexible imple-
mentation to power converters.

3. FOSMC control design

Sliding mode control is a variable structure control method that is
well known for its robustness to disturbances and parameter variations.
Since power electronic converters inherently include switching devices,
sliding mode control offers the ideal solution to implement a control
which exploits the inherent variable structure nature of power electronic
converters. However, the chattering phenomenon originated from the
interaction between high-frequency switching and system’s parasitic
dynamics, limits its implementation in systems requiring high dynamic
performance [25]. Additionally, finite time convergence cannot be
guaranteed with standard SMC. Fractional order controllers, on the
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other hand, have the potential to yield an open-loop transfer function in
the form of fractional order integrator, thus providing a controlled
system that is robust to changes in the process gain [34]. Additionally,
the added extra degree of freedom in fractional order controllers results
in better dynamic performance and more reliable control designs than
its integral order counterpart [43].

Motivated be the above advantages, we derive in what follows an
FOSM approach for the DFIG-based energy system.

3.1. Fundamentals of fractional-order control

Fractional-order controls are designed by substituting conventional
integer-order integral/derivative actions by their fractional-order
counterparts. Fractional order controllers are more robust and precise
than classical controllers. They are developed with the aid of fractional-
order calculus and yield stronger and more adaptive design to fulfill the
system specifications [34]. In what follows, we briefly introduce some
fundamental definitions and properties of fractional order calculus
[34,43] that are used in deriving the FOSMC.

Definition. The Caputo definition of the o order fractional-order

derivative of a continuous function f(t) is given by:

apn 1 ARG
D) = C(m— a) /o (t—z)* ! dr an

wherel(.)is the well-known Euler Gamma function. D* denotes the de-
rivative operator of order a € R"and m is a positive integer, such that
m-1<a<m,meN.

The following are some of the main properties of fractional order
derivative.

Property 1. ([44]) If the Riemann-Liouville derivative D{Z‘Lf ®)
(m—1 < < m) of a function f(t) is integrable, then:

D (D110 = D40~ Y- (40

J=1

(12)

Property 2. ([43]) The fractional order calculus and the integer order
calculus have the same linearity property.

D(af (1) + bg(1)) = aD"f (1) + bD"g(1) 13)

Property 3. When a = n, D’f(t) becomes integer order calculus, and when
a =0 [43],

Df(t) = £(2) a4

Lemma 1. Considering an integrable function f(t) and at least one t;€ {0,
t}, such that f(t;) # 0, yields I°|f(t)|> L. with L being a constant [45].

Lemma 2.. If the fractional order system reaches an equilibrium point
where x = 0 [46],
Dx(t) = f(x,1) 15)

Assuming Lipschitz condition is fulfilled by f(x,t) where a€{0,1}.

Another assumption is made that the Lyapunov function, V(tx(t))
and class-k functions a;(i=1,2,3) would satisfy the following
conditions:

ar(flxl ) < V(t,x(6)) < aa(]lx]) (16)

DV, x(1)) < —as(x]) ar
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Consider the following dynamic equations of a system with mis-
matched disturbances:

{ D”xl =X +d(t) a1s)

D%x; = a(x) + b(x)u

where x; and x; are the system’s state variables, u(t) is the control signal
input. d(t) is an unknown function representing the external distur-
bances, whereas a(x) and b(x) are derived from the state space model of
the system under consideration.

The following assumptions are considered about the external
disturbance d(t).

Assumption 1. d(t) is unknown but bounded, with d* =

t>0

sup|d(t)],

Assumption 2. d(t) can be differentiated given that: tlimd(t) =0
System (18) can be represented in state space form as follows:

DX = F(X)+ G (X)u+ Gy(x)d 19
where
X = [x1,x]" F(X) = [x2,a(x)]", G (x) = [0,b(x)]"

The nonlinear disturbance observer considered to estimate the mis-
matched disturbances is given by:

,Gy(X) = [1,0]" (20)

B = ~£Ga(X)p — £[Ga(X)EX + F(X) + Gy (X)u] o
d=p+7¢X

where p represents the internal state of the disturbance observer, ¢ de-

notes the observer gain, d is the disturbance estimation.

Lemma 3. Selecting the observer gain, ¢such that ee(t) = 0 guarantees the
global asymptotic stability of the observer [47].

3.2. Fractional order sliding mode control design

There are two steps to design the sliding mode controller. The first
step is to design a sliding manifold, so that the sliding motion satisfies
the design specifications. The second step entails the design of a control
law to enforce the sliding mode [24].

In order to achieve a constant output voltage at PCC despite input
voltage disturbances and load variations, we define the following
nonlinear sliding surface:

6=@xX +¢, (xz + 3) (22)

where d is the estimate of the disturbance d. ¢, and ¢, are positive in-
tegers that should be chosen to ensure a balance between the asymptotic
stability and the magnitude of chattering.

Computing the time derivative of (22), yields:

6=+ (xz + 2) (23)
Hence, x; = ( P1X1 — 4723) and:
D(X.Xz = 7ﬂ “xl - Daﬁ (24)
2]

Using (18) and (24), we get,

2
(2]

D% =a(x) +b(x)u= — —-pd (25)

From (25) we can synthesize the equivalent control law defined by:

_ 1 (4 ay
Ueg = ) ( (/)zD x1 —a(x) — D d) (26)
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Expressing (10) in fractional order derivative, yields:

u Vin + V
D'rs = fon — g+ g
@7
1 Vin + vfff + X1
= ———X ——U
RC LC
Comparing (27) with (10), yields:
X Vin + 0"+ xi
= b _ 2
a(x) = ot blw) = (28)
Substituting (26) into (23) yields:
PrX2
=@ X + LC (Xl + Vin + Vref) RC —+ Dad 0 (29)
The equivalent control can be expressed as:
o 1 D1 ~a X2 a3
u(’q - /\']‘FV(,,‘FV;@ {_ (’TZ XI B ( B E) B D d (30)
LC

The equivalent control function in (30) facilitates the discontinuous
control for the nonlinear sliding manifold in (22). The reaching law u, is
introduced to ensure the sliding mode is attained in finite time.

(1) = — D" (er(1) + easign(a()|o(0)°) 31)
D%d = D" 'sign(o(t)) (32)

where ¢;,6, are constant gains, and € (0,1). & is a proportional rate
term which influences the convergence rate of the states to the sliding
manifold (the larger o, the faster the convergence rate). €2 and 5§ make
the reaching law increase the reaching speed when the state is far away
from the switching manifold but reduces the rate when the sliding mode
is reached.

Combining the equivalent control law (30) with the reaching law
(31), yields:

u(t) = Wlx) < (;; “x; — a(x) — qot.D”’lsign(a)> - D" (g5

+ eysign(o)o]’) (33)

Theorem. The control law in (33) and the fractional order dynamic sys-
tem with mismatched disturbances in (18) are stable and will converge in
finite time.

Proof:. Defining the following Lyapunov function:
vl (34)
T2

And assuming D*sare bounded such that:
||D*o|| <M (35)

Along the real axis, the Gamma function is a non-zero element and
Gamma function of any complex number is non-zero, therefore, the
reciprocal of any Gamma function is an entire function. For a lower
bound of L, 0 < L < |I'(1 —a+k)| where, k = 1,2,3,...

Convergence of Tk/T'(k + 1) = 1/k and > ;> ;1/T'(k + 1) entails the
existence of an upper bound H such that:

0<) 1/T(k+1)<H (36)
In light of the above discussions, the following assumption can be
made [48]:

I'(l+a) ek
E <
T a)D oD o|<plo| 37)

K=1
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where f is a constant and it is positive.
Using assumption (37), and evaluating the fractional order deriva-
tive of (22) yields,

D*V<oD% + Ki; it l]:)(;(Jlr i)k n a)D"GD”’”‘o <oD% + plo| (38)
Differentiating the sliding surface,
D = ¢, D + @,D"x, + %D“E (39)
Substituting (18), (32), and (39) to (38) yields:
D"V (g, D1 + ;D% + 0.0 'sign(a (1)) + plo] (40)

D"VSJ{q)lD“xl + @y (a(x) + b(x)u) + @,0.D* 'sign(o(t)) } + plo|

Substituting u from (33) into (40) and using sign (¢)o=|s| and
signz(cs) =1 yields:

DV = ,9.|0| — p261b(x)|0] — p162b(x)|0] + Blo| + ..o (41D
DVE[o|( = @20, — 261 — @262 + B+ 9,0.)<|0|( — @y (&1 + &) + )
(42)
Considering property 1 and integrating (39) between 0 and t,, yields:
a—1 ([r)ail —a
V() =V0) oy <( = ¢a (&1 + &2) + )D o] (43)
(@)
Applying Lemma 1 and considering s(t) = 0, yields:
v 0 (e o) AL (44)
F(a) ] Py €1 2
()" SC(@)L(g, (&1 + €2) = B)
ya-l1 (0) (45)
T(@)Lk(ei +&) =)\
<
< ( Ve 1(0) (46)

Thus, the error dynamics will converge to zero in finite time.

3.3. Super-capacitor energy storage system

To further improve the fault ride through capability of the system
and deliver a stabilized power to the grid, we install a super-capacitor as
energy storage system. This choice is motivated by their high charging/
discharging rates and low maintenance requirements along with the
continuous decrease in their cost per unit energy as a result of recent
advances in power electronics. An added advantage of using a super-

11kV, 0.4kV, o
1.5 MVA Linel s
DFIG ine 4 S
—(— 2.56+j0.332 S5
500 kW, 0.4 kV =
Line 3 ;LL-G fault
3.564+j2.661
g Line2
S S 0.104+0.135 11kV/2.4kV,
gF 1.5 MVA
S92« ] Lined @ Asynchronous
2 3.976+5.127 generator
500 kVA, 2.4 kV

Fig. 4. Small scale power supply test network considered for the validation of
the proposed strategy.

capacitor in our scheme is preventing the triggering of the built-in
crowbar system, for operating conditions other that emergency situa-
tions during which the proposed scheme fails to provide the required
protection. That is, to stop the crowbar from being triggered by faulty
conditions, the dc-link voltage surges occurring during fault starts and
clearance need to be limited to a predefined limit by ensuring that the
response time of the proposed controller is fast enough. Utilizing the
super-capacitor as supplemental energy source will guarantee the fast
response.

The proposed control scheme is outlined in Fig. 3. The dc-link
voltage at the power conditioning circuit terminal is the voltage that
would be regulated by the dc/dc converter. The terminal voltage will be
regulated to the fixed rated dc-link voltage. When the control signal u =
1, the switch Q; will be on and Q, will be off. The converter will then
work as a buck converter. In this case, the super-capacitor will be
charging. On the other hand, if the control signal u = 0, then Q, will be
on and Q; will be off. The converter will work as a boost converter. The
switching of Q; and Q. is mutually exclusive. The switching of the
converter is determined by the FOSMC controller. The aim of the bidi-
rectional converter is to regulate the output voltage, vy to a reference
value, V. The same technique can also be helpful for regulating DFIG
power output during any network events. In this paper, this strategy is
implemented to mitigate the dynamic instability in the DFIG system
caused by grid faults.
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4. Computer experiments

The proposed control topology is implemented to the small-scale
power supply test network [49] depicted in Fig. 4. This network con-
sists of a conventional asynchronous generator and a DFIG-based wind
energy system. The system parameters are illustrated in Appendix B.

In order to assess the ability of the control topology to properly
mitigate the effects of faults and improve the transient stability of the
wind energy system, we consider a double line to ground (LL-G) fault
near the bus to which the DFIG is connected (Fig. 4).

To better assess the dynamic performance of the proposed topology,
we first analyze the system’s performance with the above conditions, but
without implementing the proposed topology. The obtained results
under those circumstances are shown in Fig. 5(a)-(c).

Note that, upon fault occurrence (at 5 sec), the voltage at PCC sags
deeply as shown in Fig. 5(a). The rotor current exhibits high increases
resulting from the short circuit current surge in the stator coil (Fig. 5(b)).
Note that the surge in current results in an increase of >2Vg. in the dc-
link voltage (Fig. 5(c)) during grid faults.

Note that the electromagnetic torque is also affected by the grid fault.
This latter yields a sudden change in the power demand. Also, when the
fault clears, the load demand is restored. The active power mismatch
triggered by the grid fault results in significant fluctuations in the rotor
angular speed as shown in Fig. 5(d), thereby causing high torsional
stress on the drivetrain. Therefore, during fault, the DFIG experiences
significant fluctuations in the rotor angular speed or electromagnetic
torque. Rapid torque fluctuations significantly stress the drive shaft of
the wind turbine and reduce its reliability.

4.1. Performance of the proposed FOSMC scheme

In this section, we assess the system performance with the proposed
FOSMC-based approach and under the same LL-G fault. Additionally, to
further validate the robustness of the proposed approach against mis-
matched disturbances, we introduce an additional 15% increase in the
nominal values of the rotor andtator resistances. The system responses
under those circumstances are shown in Fig. 6. The FOSMC parameters
are provided in Table 3 of Appendix B. Note the significant improvement
in the dc-link voltage dynamics and the controller’s ability to regulate it

to near its reference value (Fig. 6(a)). The dc-link voltage fluctuations,
V4. are limited by 5 V. The supplemental energy supplied by the super-
capacitor further facilitates the mitigation of the voltage surge during
fault occurrence. Note that as a result of the better regulated dc-link
voltage, the GSC is not overloaded. Fig. 6(b) shows the dynamics of
the GSC d-current. The GSC d-current is 0.2 pu which suggest a normal
loading condition. It is worth stressing that high loading causes thermal
stress in the converter’s semiconductor junction [52]. Since, the GSC-
loading is normal, the junction temperature is steady as shown in
Fig. 6(c). The maximum junction temperature is below 120° and
magnitude of the temperature cycles are also steady C during grid faults.
Fig. 6(d) shows that the proposed control approach significantly reduces
the fluctuations in the rotor angular speed during fault occurrence by
limiting the fluctuations to +0.003 pu. The dynamics of the super-
capacitor current is presented in Fig. 6(e). It shows that a large
amount of current is absorbed by the super-capacitor thereby preventing
dangerous current surges and further improving the transient stability of
the wind energy system. Even after the fault clears, mitigation of the
voltage fluctuations is facilitated by the super-capacitor support. The
state-of-charge (SoC) of the battery is shown in Fig. 6(f). Note that the
SoC keeps rising during the fault period as it keeps absorbing the current
from the dc-link. The SoC rises to 74.486% from 74.482% very fast and
then starts to reduce again after fault clears. Fig. 6(g) shows the rotor
current with high fluctuations when the fault starts and clears. The
fluctuations are more than twice the rating since the dc/dc converter
cannot directly mitigate the surge in rotor flux. Fig. 6(h) shows the
controller output signal which is the switching command for the dc/dc
converter. Fig. 6(i) shows the disturbance estimation error by the
disturbance observer.

4.2. Comparison with SSMC

To further assess the performance of the proposed topology, we
exchanged the FOSMC approach by the SSMC approach proposed in
[50]. Non-linear disturbance observer and sliding manifold are used.
The sliding surface for the SSMC, 6 = Vo' —Vy. The control objective is
to switch between two constant values 1 or 0 when the error dynamic
reaches the hyperplane ¢ = 0. When the error, ¢ > 0, control law makes
the ¢ < 0 and when ¢ < 0, control law makes the >0, thus the case
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06<0 always holds, until the hyperplane ¢ = 0 is reached. The non-
linear disturbance observer provides the estimation of the mismatched
disturbance which is used to compensate the sliding manifold. However,
instead of fractional order, integer order system is considered. The
derived control laws denote the reference signals for the PWM modu-
lator. Nevertheless, the DFIG-based wind energy system configuration
remains totally unchanged. Only the converter controller is replaced.
The dynamics of the DFIG-based wind energy system in this case is
illustrated in Fig. 7. Note, the higher surge in dc-link voltage during the
grid fault (Fig. 7(a)) compared to the FOSMC (Fig. 6(a)). The dc-link
voltage fluctuations, AVy. are as high as 30 V. This high dc-link
voltage poses a risk of triggering the crowbar which would exacerbate
the voltage condition at PCC. It is worth noting, however, that the dc-
link voltage fluctuations observed with the SSMC are still being

regulated below the limit, nonetheless, its magnitude is still higher than
that of the proposed FOSMC. This has the potential to trigger an increase
in the GSC current to mitigate for the fluctuations in the dc-link voltage.
The GSC d-current increases to 0.27 pu to mitigate the dc-link fluctua-
tions. Note also the noticeable chattering phenomena in the voltage and
current dynamics. The junction temperature of the GSC is shown in
Fig. 7(c). The maximum junction junction temperature increaes to
140 °C quite fast. Note the increase in the temperature fault occurrence
as a results of the GSC overloading. Upon fault clearance, the junction
temperature starts to go back to its initial value. Fig. 7(d) depicts the
dynamics of the rotor angular speed. The fluctuation increases as high as
0.1 pu. Note that even after the fault clearance at 6 s, the transients in
the rotor speed take a while to be mitigated. Fig. 7(e) shows the rotor
current. Rotor current increases to a high value when the fault and starts
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and clears. Also, note the unstable current during grid fault. Fig. 7(f) e A design that implements a super-capacitor as additional energy
shows the controller output signal which the switching signal for dc/dc storage element to prevent dangerous voltage surges and stabilize
converter. power mismatches resulting from grid faults.
As seen from the above results, the FOSMC-based control scheme o A design that prevents converter overloading (the grid side converter
provides superior performance than the SSMC-based control scheme, loading was regulated at 0.2 pu (below its rated value)).
even with the disturbances introduced in the system. The dynamic e A design that successfully bypasses the crowbar system and cir-
instability in the DFIG caused by the grid fault is effectively mitigated by cumvents its drawbacks.
the clever combination of the robustness properties FOSMC approach e A design that is robust against both, matched and mismatched
with the high capacitance and power density of the super-capacitor. disturbances.
e A comparison with a SSMC approach showed an improvement in the
4.3. Comparison in terms of computational complexity maximum fluctuations of the dc-link voltage by 83% and a 20 °C
reduction in maximum junction temperature under faulty
In this section, the FOSMC and SSMC are compared in terms of conditions.
computational requirements. The computer simulations are carried out
in MATLAB/Simulink environment. The processor of the computer is an Our future work will focus on further assessing the performance of
Intel Core i7 Octa Core processor with 3.6 GHz clock speed and 16 MB the proposed approach using industrial experimental settings, imple-
cache memory. Similar to [51], the computational complexity is menting the proposed approach to hybrid renewable energy sources and
measured in terms of program runtime, CPU load, and steady state error. extending the performance analysis to encompass a wider range of grid
Once the program is executed, the runtime is updated. This process is faults and disturbances encountered in distribution networks with
carried out for 200,000 samples, and the corresponding values are renewable energy sources.
averaged accordingly. The obtained computational parameters for both
approaches are illustrated in Table 4. Note that both approaches exhibit CRediT authorship contribution statement

identical run times, however the CPU load is higher for the FOSMC.
Md Nafiz Musarrat: Conceptualization, Methodology, Validation,
5. Conclusion Writing - original draft. Afef Fekih: Conceptualization, Methodology,
Validation, Writing - review & editing, Supervision.
This paper proposed a control topology that enhances the transient

stability of wind energy systems by integrating the robust performance Declaration of Competing Interest
of FOSMC with the high charging/discharging rate of super-capacitors.
The contributions of this article can be summarized as follows. The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
e An FOSMC-based approach that effectively regulates the dc link the work reported in this paper.
voltage to near its rated value and mitigates dynamic instability
resulting from grid faults and disturbances.

Appendix A. Semiconductor loss and junction temperature calculation

The GSC typically becomes overloaded as it tries to regulate the fluctuations of the dc-link voltage. GSC overloading results in increased thermal
loss, thereby increasing the temperature of the converter’s semiconductor junctions. The high thermal stress drastically reduces the converter’s
reliability. Semiconductor losses are of two types: switching loss and conduction loss. The overloading of the GSC causes conduction losses in the
semiconductors. The conduction energy loss of the IGBT and freewheeling diode can be expressed as [52]:

EcondIGBT (ir, Tj) = / ir (1) (Veeo (T) + ree (T;)in (1))t @

0

r
EcondDiode(ir, Tj) = / in(t) (Vo (T3) + 17 (T))ip (1)) dt (ii)
0

where Econdgigpr and Econpiode are the conduction loss of IGBT and diode, Tj is the junction temperature, it and ip are the currents through IGBT and
diode, V¢ep and Vy denote forward voltage of IGBT and diode, and ry and r.. denote bulk resistance of diode and IGBT.

A detailed discussion about semiconductor loss and its effect on junction temperature can be found in [51]. A brief explanation of loss calculations
is provided here. A two-cell Cauer thermal network is used to calculate the semiconductor junction temperature. The thermal resistances and ca-
pacitances of the thermal network determines the thermal loss efficiency of the semiconductors. If the thermal output is high, the temperature of the
converter case will be lower which is dependent on the efficiency of the heat sink and ambient temperature. The junction temperatures of IGBT and
diodes are determined by Cauer network, which considers the case temperature and semiconductor power losses as inputs. The semiconductor power
losses are calculated by two separate blocks for IGBT and diodes. These blocks calculate the losses based on the mathematical formula for switching
and conduction losses. The formulas for conduction loss are given in (i) and (ii).

Appendix B

See Tables 1-3.

10



M.N. Musarrat and A. Fekih

Table 1
DFIG parameter values.
Parameter Value
Turbine inertia constant 4.32s
Stator terminal voltage 400 V
DC link voltage 850 V
Xm 23Q
R, 0.023 Q
X 0.18 Q
R 0.016 Q
Xy 0.16 @
Table 2
Buck-boost converter parameters.
Parameter Value
Rated voltage of the supercapacitor 500 V
Capacitance of the supercapacitor 500 F
L 4.5 mH
C 1200 pF
Cy 1200
Table 3
FOSMC parameters.
Parameter Value
a 0.9
8 0.99
P15 P2 67,10
@c 0.3
L 70
€1, €2 25, 25
Table 4
Computational parameters.
Controller Parameter Values
FOSMC Program runtime 1.37 ps
CPU load 4.02%
Steady state error Medium
SSMC Program runtime 1.37 ps
CPU load 7.4%
Steady state error Negligible

Note, also, that the steady state error performance is much better when using the

FOSMC.
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