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ABSTRACT

The supercapacitor is among the elements commonly used to store energy as an important component in
sustainable energy systems. In doubly fed induction generators (DFIGs), the supercapacitor is used to
compensate voltage dips and damping oscillations. In this study, a different supercapacitor model was developed
for system stability in a DFIG-based wind turbine connected to an infinite bus. In the development of the
mathematical supercapacitor model, the lookup table was realized with the voltage-capacity relationship and
sliding mode control. DFIG modeling with/without the developed supercapacitor was performed for symmetrical
and asymmetrical fault situations, and the findings were then compared and interpreted in detail. The simulation
study analysis was conducted in a MATLAB/SIMULINK environment. The developed supercapacitor model
yielded impressive results in symmetrical and asymmetrical faults.

Keywords: DFIG, supercapacitor modeling, lookup table, sliding mode control.

CBAG Tabanli Riizgar Tiirbinlerinde Dinamik Kararlilik i¢in Kayan
Kipli Kontrol Tabanli Siiperkapasitor Modellemesi

Oz

Stiperkapasitor, siirdiiriilebilir enerji sistemlerinde onemli bir bilesen olarak enerjiyi depolamak i¢in yaygin
olarak kullanilan elemanlar arasindadir. Cift beslemeli asenkron generatorlerde (CBAG), siiperkapasitor, gerilim
diismelerini ve salinimlarin soniimlenmesini iyilestirmek igin kullanilir. Bu ¢alismada, sonsuz bir baraya bagl
olan CBAG tabanli bir riizgar tiirbininde sistem kararliligi i¢in farkli bir siiperkapasitér modeli gelistirilmistir.
Matematiksel siiperkapasitor modelinin gelistirilmesinde lookup table, gerilim-kapasite iligkisi ve kayan kipli
kontrol ile gerceklestirilmistir. Simetrik ve asimetrik ariza durumlar igin, gelistirilen siiperkapasitorlii ve
siiperkapasitorsiiz. DFIG modellemesi yapilmis ve elde edilen bulgular detayli olarak karsilagtirilmis ve
yorumlanmistir. Benzetim c¢aligmasi analizi, MATLAB/SIMULINK ortaminda gergeklestirilmistir. Gelistirilen
stiperkapasitor modeli simetrik ve asimetrik arizalarda etkili sonuglar vermistir.

Anahtar Kelimeler: CBAG, siiperkapasitor modeli, lookup table, kayan Kipli kontrol.
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. INTRODUCTION

The use of renewable energy technology has been increasing in recent years. Wind energy, in
particular, has been in greater use than other renewable energy sources. High energy transfer
capability technology is at the forefront in wind turbine applications. To achieve this capability at the
maximum level, doubly fed induction generators (DFIGs) are used [1]. However, grid-connected
DFIG-based wind turbines are very sensitive to certain transient stability situations and studies in the
literature have developed various models to eliminate them. The Energy Storage Systems (ESS) model
is one of the most widely used. Among the ESS elements is a supercapacitor that enables smooth
output power and prevents oscillations. Constant power control is provided by using the
supercapacitor model in DFIGs. Moreover, a management control unit has been developed to provide
power tracking [2-5]. Supercapacitors are used in DFIGs to obtain constant output power as well as to
prevent frequency changes of switching elements in the converter circuit. When monitoring the
maximum power point with the supercapacitor, the responses to the change in wind speed, tower
shadow, and the protection units were examined [6-7]. The supercapacitor model was selected in order
to optimize energy production and consumption by adjusting the output power in the DFIG. The safe
and effective use of the supercapacitor has been observed under optimal operating conditions [8-9]. In
addition to ensuring optimum operating conditions, coordinated control was carried out in the DFIG
using the supercapacitor in two stages for optimal active power control management [10]. The
supercapacitor was selected in order to provide pitch angle control in the DFIG because of its
advantages which include its high performance, high temperature operating ability, long service life,
and convenient use in applications [11]. The effects of the supercapacitor in various DFIG short-circuit
situations are discussed in detail. A hybrid model design was realized using the power electronics
drives of a supercapacitor and a double-layer capacitor, and the response times in the transient state
were improved [12-13]. The effects of the supercapacitor on small-signal stability were analyzed
based on frequency stability, and the effects of the supercapacitor on the frequency ratio, operating
mode, and participation factor were interpreted [14]. Transient analysis of the supercapacitor for active
and reactive power control in a DFIG was examined. Moreover, short-circuit effects were minimized
by providing flux and voltage control in the back-to-back converter circuit [15]. Depending on the
maximum and minimum frequency values, the inertial model and the supercapacitor were used
together in a DFIG for system reliability, and comparisons of conditions with and without
supercapacitors were interpreted [16-19]. A supercapacitor was used for the static approach analysis
of the energy storage system in a DFIG. In the static approach analysis, the energy storage level,
energy storage cost, and wind speed distributions were discussed. With this approach, the average
annual energy storage level, energy storage cost, hybrid energy storage, and wind speed distributions
were determined, and situation analysis approaches were examined [20-22]. Another usage of the
supercapacitor in DFIGs is to provide low voltage ride-through (LVRT) capability. Recovery from
various symmetrical and asymmetrical faults with traditionally used DFIG control models may be
insufficient. Various supercapacitor control models have been developed in DFIG for LVRT
capability [23-24]. In this way, the adverse situations that may occur in grid-connected DFIGs can be
eliminated. However, these models, which have been developed in some robust DFIG applications,
may be insufficient due to inrush currents and over-voltages.

The aim of this study was to develop a different supercapacitor model in order to improve the stability,
compensation, and oscillation damping of grid-connected DFIGs, especially in large power systems,
while a dynamic model of the system was developed and studied in order to get a better transient-state
time response. In this study, a two-layer, lookup table-based supercapacitor model was developed. An
electrical model simulation was created as a two-layer supercapacitor mathematical model. The main
contributions of this article are given below.

. Lookup table-based supercapacitor modeling in DFIG based wind turbines has developed.
. Mathematical correlation function for supercapacitor has created between the voltage and
capacity.
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. Sliding mode control has developed to coordinate the DC/DC converter and supercapacitor.
. Symmetrical and unsymmetrical faults with/without the enhanced supercapacitor has
compared.

In section II.A of this study, the modeling of the DFIG is explained and in section 11.B, the
supercapacitor model is mentioned. In section I1.C, the enhancement and control of the supercapacitor
model in DFIG is explained mathematically in detail. In section 11.D, the simulation study is presented
and in section 111, the results obtained from the simulation study are described, while the conclusion is
detailed in the last section 1V.

II. MATERIAL AND METHODS

A. MODELING OF THE DFIG

The circuit model of the DFIG, consisting of a gearbox, a rotor side converter (RSC), a grid side
converter (GSC), and a crowbar unit, is shown in Figure 1.

Gear Box

—]

Figure 1. Circuit model of the DFIG

While the DFIG stator windings are directly linked to the grids, the rotor windings are linked to the
grids via power electronics converters. These converters consist of two voltage source inverters with
bidirectional current flow switching via pulse width modulation. The RSC circuit controls the
electromagnetic torque, while the DC bus voltage is kept constant using the GSC circuit. With the
three-phase windings in the stator and rotor circuit, the DFIG can take or give energy from both the
stator and the rotor. Clarke and Park transforms are used in DFIG modeling [25-27] and d-q axis
voltage and flux expressions have been developed for DFIG modeling. The d-q axis voltage
expressions for the DFIG are shown in Equations (1) and (4).

Vsd = Rsisd _Wsqu +% (1)
dt
d
Vsq = Rsisq TW Wy + ﬁ (2)
dt
Vrd = Rrird _err//rq +d:;/_trd (3)
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dy

V,, =Ry + W + ” 4)

The d-q axis flux relations in DFIG modeling are shown in Equations (5) and (8).

vy =Ly + L, (5)

Wy = Lig + Ly (6)
=Li, +L,igy (7)

Wi = Lig + L, (8)

In the creation of the model, the expressions in Equations (5) and (8) are shortened to (L, =L, +L,),
(Lr = Lra + Lm )r (Wsd - lesd + Lmird )l (l//sq - lesq + Lmqu ) (V/rd - Lrlrd + Lmisd )’and (l//rq = I-rirq + Lmisq
). The new versions of the d-q axis voltages are shown in Equations (9) — (12).

. di diq d|
V, =Ri, -w, e B 9
sd s'sd sl//sq SO dt + m( dt dt j ( )
Vsq R + W, lr//sd + Lsa L j (10)
I
Vrd = R —-W l//rq ( t j (11)
I
Vg =Rl +Wrg + L, —+L, [ " j (12)

The new d-q axis voltage expressions obtained by using the flux-inductance relationship are shown in
Equations (13) — (16).

. di di di
V, =R, —W, +L ), +L, +1)+ oL | 2+ 13
sd s sd S((LSO' m) sq m rq) LSO' dt Iﬁ'n( dt dt J ( )
Vo =R W (L L) s Lop1 el Ty [ O (14)
=R, +W, + + + + + —+
sq S'sq s SO m7/ " sd m rd LSO' dt m dt dt
. di di di
V,=Ri,-w((L,+L),+L, +1)+L, —2+L | -2+ 15
rd r'rd r(( ro m) rq m sq) To dt m( dt dt ) ( )
V. =Ri (L. +L)I i, L di, | diy (16)
= I +W + + +
rq r'rq r To m/ " rd m sd SO dt m dt dt

where, v, , Weqr Vid and W, are the stator-rotor phase winding fluxes, Ls and L, are the stator-rotor
phase winding inductances, Ln is the common inductance between stator and rotor, isq, isq, ird, aNd irq
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are the stator-rotor phase currents, ws is the stator angular speed, Vs4, Vsq, Vi, and Viq are the d-q axis
stator-rotor voltages, Rs is the stator winding resistance, R; is the rotor winding resistance, and lsg, Isq,
Irg, and lrq are the d-q axis stator-rotor current components, respectively.

Active and reactive power expressions produced by the DFIG modeling are shown in Equations (17)
and (18).

P, =Vl +V! 17)

s sq'sq
Qs :Vsq I sq _Vsd Isd (18)

The relationship between the mechanical dynamic and the electrical torque obtained by using the
angular speed (wr) of the rotor in the DFIG is shown in Equation (19).

Lm
Tem =N T(l//sq Ird Yy Irq) (19)

S

where, N is the number of generator poles, T and Tem are the mechanical and electrical torques of the
generator, respectively.

B. SUPERCAPACITOR MODELING

Unlike conventional capacitors, supercapacitors consist of two solid electrodes with a liquid
electrolyte. Solid electrodes make the supercapacitors double-layered [28-30]. An electron exchange is
provided between the cathode and the anode. Accordingly, a capacity is formed between the electrode
surfaces. Electrical circuit models are designed according to the operating conditions of the
supercapacitors. The EPCOS supercapacitor model was used in the creation of this model [31]. The
simple electrical equivalent model of the supercapacitor was formed by the Faranda model. The
equivalent model of the supercapacitor is shown in Figure 2.

+0

D

V, §EPR

l T Co ;1 kv' V :ECZ

Figure 2. Faranda supercapacitor model
The model cell capacity expression is shown in Equation (20).

Coy =C, + KV, (20)

cell

The total capacity expressions for n numbers in the series for the model are shown in Equations (21)
and (22).

1
total — 1 1 1 1 (21)
+ +
C

Ccellz Ccell3 C

C

celll
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1

Com = =Con = = (KV,) 22)
n n

total

The model terminal voltage equations and the capacity chance over time are shown in Equations (23)
—(25).

1

V() =itR+—=— [i(t)dt (23)
V(O =V, )+ (Co + KNV)(R, +Ry)+ e (24)
dv, V-V, (25)

dt (R, +R,)(C, +KV.)

In the Faranda model, depending on the number of cells, the use of multiple resistors can be
represented by equivalent series resistance (ESR) and equivalent parallel resistance (EPR). Voltage
and initial voltage equations using equivalent series resistors are shown in Equations (26) — (28).

V(1) = Reai () + = [ i)t (26)

Vy = Resei() +Ci ficoet @7
di) ..

Ress + Coowa at i(t)=0 (28)

Charge and discharge expressions in the Faranda model are shown in Equations (29) and (30). The
expression of the Faranda model terminal voltage (V1) as a function of time is shown in Equation (31).

Lo

Vr (t) = KeResr Cuonal (29)

dv, _ -V, (30)
dt (R, +R,)(C, +K\V,)

Vi) =V (O +V, () (31)

C. ENHANCEMENT AND CONTROL OF THE SUPERCAPACITOR MODEL IN
DFIG

Because the circuits created in the Faranda model are more conceptual than real functional circuits,
their capacitor control and switching operations are not seen. Moreover, the Faranda model works
effectively in steady-state studies and low power applications. However, studies on the transient
situation are insufficient and contain too many errors. Therefore, it is more effective to use double-
layer supercapacitor modeling instead of the Faranda model. The double-layer supercapacitor model is
shown in Figure 3.
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Figure 3. Double-layer supercapacitor model

In the double-layer supercapacitor circuit design, there are four resistors consisting of two capacitor
groups. In adjusting the capacity according to the system dynamics, the lookup-table value is
controlled depending on the voltage. This relationship is created using the voltage and voltage of
derivation expression in Equations (32) and (33).

Uy =7.1138x10°t° +1.1657 x 103t + 6.4391t — 11945 (32)

Uy = 2.13414 %107t + 2.3314x 10t + 6.4391 (33)

In double-layer supercapacitor modeling, the capacity-voltage relationship is designed based on a
lookup table. The capacity value is obtained by implementing interpolation to the capacity-voltage
curve in Figure 4.

Capacitance from Lookup Table

Capacitance [F]

L H ) h )
-10 0 10 20 30 40 50
Voltage [V]

Figure 4. Capacity-voltage relationship of the supercapacitor

In the capacity-voltage curve of the supercapacitor it is seen that the capacity value increases as the
voltage value increases. The process of selecting a capacity suitable for the 1200 V DC voltage in the
simulation system was carried out according to this curve. The buck-boost converter circuit was
designed so that the voltage value generated in the supercapacitor is equal to the DC voltage value.
The output voltage (uo) and coil current (i.) for the dynamic state in the buck-boost converter circuit
are shown in Equations (34) and (35).
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du, _i o Yo

ot o Pl (34)
di, _1 o

e L[UD (1-D)u,] (35)

The output voltage and coil current expressions for space state analysis are shown in Equation (36).

0 - D)%

. 1

IL IL T

laeot ) ol =

0 C, -RC,

A resistor, a coil and a capacitor are used in the buck-boost converter circuit. In this study, the buck-
boost converter parameters chosen were: R (resistance) as 160, L (inductance) as 1 mH, and C
(capacitor value) as 0.5 pF. Voltage adjustment based on the lookup table in the supercapacitor should
be very sensitive. Otherwise, there may be problems in providing dynamic performance. However,
with this sensitivity, the buck-boost converter should operate very smoothly [32-33]. Sliding mode
control was used to ensure a harmonious coordination between the buck-boost converter and the
supercapacitor. The state expression in systems with single input and output in sliding mode control is
shown in Equation (37).

x = f(X)+b(x)u (37)

where, X is the state variable, u is the input variable, and f (x) and b (x) are defined as the limited
nonlinear functions of state variables. The basic principle of sliding mode control is to use switching
control logic to force the trajectories of the dynamic variable structure system to follow a particular
path called the “sliding surface”. Trajectories use the time-varying floating surface expression for the
system to determine the error, as shown in Equation (38).

S(x;t) = (%+ A" X (38)

where x is the trajectory error in state x, is the positive constant coefficient, and n is the order of the
system in operating state. The expression that allows the system to operate in the desired orbit is
shown in Equation (39).

1d
Easz <—u(S) (39)

where g is the constant positive value. In sliding mode control, in the buck-boost converter switching
technique, the sliding surface continuously creates a high frequency around the sliding surface (S),
with a chattering effect. Therefore, sliding mode control is generally applied to nonlinear systems. For
this purpose, the linearization process is performed in the supercapacitor model, which makes it very
simple to apply the sliding mode control on the energy storage system elements. The voltage-capacity
relationship is used in the linearization process. The sliding mode surface consists of the expression of
S as the current error. The amount of current error in the current loop for sliding mode control is
shown in Equation (40).

S=i —i, (40)
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where S = 0 is the desired state. The sliding mode control study has two main functions: the control
function and modulator function. Therefore, the sliding mode output control is the duty cycle (D). The
sliding model-based duty cycle statement is shown in Equation (41).

D :%(1—sign(8)) (41)

To follow the current reference in the sliding mode control, the output DC voltage must be higher than
the limit given in Equation (42) below.

Up 2 (V™) + (L, x 27 f x17™)? (42)

where, V" is the maximum grid voltage, Liw is the phase inductance, Ig™ is the maximum grid
current, and f is the frequency, respectively. With the sliding mode control, the buck-boost converter
output voltage increases to the desired voltage level. Moreover, with the sliding mode control, the
dynamic behavior of the Ry and C, elements used in the supercapacitor can be controlled very quickly.
With the supercapacitor added to the DC bus, the GSC circuit works as an active power source. The
connection of the supercapacitor in the DFIG is shown in Figure 5.

Pgrid Ps I:)r
—>
<« <« <« Psuperoapacitor

© @ 2

i

T Supercapacitor

Figure 5. The connection of the supercapacitor in the DFIG

In the DFIG, the supercapacitor is able to adjust the DC bus voltage value in the range of 0-100%.
While a certain part of the power values are met by the grid in the creation of the supercapacitor
model, the remaining power values are met by the DFIG. The amounts of energy and capacity
expressions stored in the supercapacitor are shown in Equations (43) — (45).

Esupercapacilor = 0'2Pnominalt (43)
l 2 2

Esupercapacitor = E Csupercapacitor (Vmax _Vmin ) (44)

C — O'4Pnominalt (45)

supercapacitor 2 2
(V Vmin )

max

where, Esupercapacitor 1S the amount of energy in the supercapacitor, Prominal IS the nominal power value, t
is the supercapacitor operating time, Csupercapacitor IS the supercapacitor capacity value, Vmax is the
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maximum supercapacitor voltage, and Vmin is the minimum supercapacitor voltage, respectively. The
supercapacitor model developed based on a double-layer lookup table with sliding mode control is
shown in Figure 6.

The developed supercapacitor model is activated during a transient situation in the DFIG. Under
steady-state operation, the system control provides DC link voltage. Under steady-state operation the
DC/DC converter circuit used in the DFIG can adjust the DC voltage depending on the amount
desired. A time-related switching element is used for the activation of the supercapacitor. The
difference between the measured and reference values enters the controller. The switching element of
the converter on the grid side is triggered by making the desired level adjustment on the controller. R,
resistance determines losses during charge and discharge in developed supercapacitor model. R»
resistance controls the charge and discharge effect in the developed supercapacitor model. Rs
resistance protects the supercapacitor against overvoltages during transient state. The R, resistance and
the C, capacitor observe the dynamic behavior of the supercapacitor during the transient state. In this
study, the supercapacitor was not used in the continuous operation of the system. The supercapacitor
worked in the power system-connected DFIG according to symmetrical and asymmetrical short-circuit
events occurring on the grid side.

(2) >
Ve 12:34 ol
: >
Digital —»H '@
Clock Switch ﬂ I ref
ol - T ’
D ] 1
Vd_ref L Rate Limiter g Integrator

Product

1)
=
g
g

Product

O

A

constant

Divide

CVAr >

S_ref

Product

Product
G-

©) b 1 -/' Zero cumet
. S

ue Integrator

Figure 6. Developed supercapacitor model
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D. SIMULATION MODEL

The model simulated in this study is shown in Figure 7.

FAULTS
Grid B 154 kV B 345kV B 0.69 kV .
A A 5 km ? 5 km A A Ii /, VS ///
()%(I%((ié} / V74 <())§6z ~ 7 4
7/, I 777 |g
1545%\/'\//'3\4}2 kv 34.5 kV/0.69 kV Rg+j X
2.6 MVA i
r
rN-—-—-—- WV, = J_ - Vg
| T
| | = T ~
| -
Crowbar! <~ RSC GSC
| -
I RC[DW:

Figure 7. Test system

The simulation model used a 154-kV grid. In this system, a transformer was used to reduce 154 kV to
34.5 kV. Moreover, a 10-km long medium-length pi transmission line was used. At the output of the
transmission line, a transformer was used to reduce 34.5 kV to 690 V. There were 2.3 MW DFIG-
based wind turbines at the output of 690 V transformers. The transformer power on the grid side was
selected as 50 MVA, while the power value of 2.6 MVA was selected at the DFIG output. Saturation
rates of both transformers were ignored. The DFIG parameter values, transformers, and grid voltage in
the DFIG output were established as design values and the operating status of the wind turbine made
in Turkey was determined. Symmetrical and asymmetrical faults occurred in the 154 kV bus. A 3-
phase fault was selected as the symmetrical fault, while a ground fault was selected as the
asymmetrical fault. Analyses of the presence and absence of the supercapacitor in the DFIG-based
wind turbine were examined. The parameters used in the DFIG are given in Table 1.

Table 1. DFIG parameters

stator rotor stator rotor magnetization  inertia
Parameters . . . . )
resistance resistance inductance inductance inductance constant
Value 0.00706 Q  0.005 Q 0.171 H 0.156 H 29H 35

1. SIMULATION MODEL RESULTS

The first analysis in this study was of the 3-phase fault that occurred between 0.55 s and 0.7 s. In the
case of the 3-phase fault, a comparison was made of the conditions where the supercapacitor was used
and not used. The bus voltage variations and changes in DFIG parameters are shown in Figures 8 and
9.
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Figure 9. 3-phase fault results obtained with the supercapacitor

As a result of the 3-phase fault analysis, when the supercapacitor was used, the 34.5 kV bus voltage of
0.0 p.u. rose to the value of 0.195 p.u. Similarly, the output voltage of the DFIG of 0.15 p.u. rose to
the value 0.2 p.u. When the oscillation ranges of all parameter values were examined, it was observed
that the values had increased. Without the use of the supercapacitor, the 34.5 kV bus voltage was 0.0—
1.15 p.u., DFIG output voltage 0.1-1.32 p.u., angular velocity 1-1.12 p.u., electrical moment -1.5-2
p.u., and d-q axis stator current changes -0.28-0.41 p.u. and -0.2-0.125 p.u., respectively. When the
supercapacitor was used, oscillation ranges for the 34.5 kV bus voltage were 0.195-1.7 p.u., DFIG
output voltage 0.15-1.25 p.u., angular velocity 0.992-1.0 p.u., electrical moment -0.04-0.155 p.u., and
d-q axis stator current changes -0.01-0.135 p.u. and -0.065-0.01 p.u., respectively. In the simulation
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study, a ground fault was examined as the second analysis. In the ground fault of between 0.55 s and
0.7 s, the bus voltages and the changes in the DFIG parameters were examined according to whether
or not the supercapacitor was used. The results obtained are shown in Figures 10 and 11.
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Figure 10. A phase ground fault results without the supercapacitor
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Figure 11. A phase ground fault results with the supercapacitor

In the case of the ground fault that occurred between 0.55 s and 0.75 s, the 34.5 kV bus voltage was
increased from 0.0 p.u to the value of 0.2 p.u. The output voltage of the DFIG increased from 0.3 p.u
to 0.58 p.u. When the oscillation conditions of the parameters in the ground fault in the system were
examined, without the supercapacitor, the 34.5 kV bus voltage was 0.0—1.22 p.u., DFIG output voltage
0.25-1.59 p.u., angular velocity 1-1.05 p.u., electrical torque -1.55-2.05 p.u., and d-q axis stator
current changes -0.15-0.26 p.u. and -0.205-0.15 p.u., respectively. When the supercapacitor was used
in the system, the oscillation ranges of the 34.5 kV bus voltage were 0.2-1.07 p.u., DFIG output
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voltage 0.58—1.12 p.u., angular velocity 0.99-1.0 p.u., electrical moment 0.01-0.125 p.u., and d-q axis
stator current changes -0.01-0.125 p.u. and -0.625-0.006 p.u., respectively.

V. CONCLUSIONS

The use of energy storage elements plays an important role in theoretically resolving transient
problems in grid-connected DFIG-based wind turbines. This study discussed in detail the effects of a
supercapacitor, as an energy storage system element, on the DFIG in the case of transient stability. It
was observed that the developed lookup table- and sliding mode-based supercapacitor model gave
quite effective results for both symmetrical and asymmetrical faults. As a result of the fault analysis,
bus voltages and DFIG parameters promptly became stabilized. It was observed that the 34.5 kV bus
voltage and the DFIG output voltage were compensated during the faults. Moreover, it was observed
that the oscillations occurring after the symmetrical and asymmetrical faults were quickly damped. In
the DFIG, the parameter most affected by the symmetrical and asymmetrical faults was the electrical
torque, while the g-axis stator current variations were the least affected.
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