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Abstract: The recently stipulated grid codes require wind generators to re-initiate normal power
production after grid voltage sag. This paper presents a comparative performance of two commonly
employed variable speed wind turbines in today’s electricity market, the doubly fed induction
generator (DFIG) and the permanent magnet synchronous generator (PMSG) wind turbines. The
evaluation of both wind turbines was performed for weak, normal and strong grids, considering the
same machine ratings of the wind turbines. Because of the critical situations of the wind turbines
during faulty conditions in the weak grids, an analysis was done considering the use of effective series
dynamic braking resistor (SDBR) for both wind turbines. The grid voltage variable was employed
as the signal for switching the SDBR in both wind turbines during transient state. Additionally,
an overvoltage protection system was considered for both wind turbines using the DC chopper in
the DC-link excitation circuitry of both wind turbines. Furthermore, a combination of the SDBR
over-voltage protection scheme (OVPS) was employed in both wind turbines at weak grid condition
in order to improve the performance of the variable speed wind turbines and keep the operation
of the power converters within their permissible limits. Furthermore, the performance of the DFIG
and PMSG wind turbines in weak grids were further investigated, considering the combination of
75% and 50% effectively sized SDBR and OVPS. It was observed that, even with a 50% reduction in
SDBR or OVPS, the performance of both wind turbines is still satisfactory with faulty conditions.
Therefore, it is recommended to use a combination of the SDBR and OVPS with DFIG- or PMSG-based
variable speed wind turbines to achieve a superior fault ride through performance, especially in
weak grids. The system performance was evaluated using the power system computer design and
electromagnetic transient including DC (PSCAD/EMTDC) platform.

Keywords: DFIG; PMSG; strong grids; wind energy; weak grids

1. Introduction

For wind farms that are grid-tied to be effectively operated, the wind generators
response is vital in order to propose new approaches of power grid stabilization [1,2]. With
the recent grid requirements, wind farms should perform well under grid fault, based
on voltage and robust frequency controls. The two basic variable speed wind turbines
employed in wind energy conversion are the doubly fed induction generator (DFIG) and
the permanent magnet synchronous generator (PMSG). The huge advancement from
the earlier fixed speed wind turbine to variable speed wind turbines in the extraction
and improvement in wind energy technology is due to modern power electronics and
control methods developed over the years [3,4]. Although the earlier fixed speed wind
turbine generators may have some benefits, such as being simple in operation, having
rugged construction, being cheaper to purchase and having a low maintenance cost, their
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technology has a drawback of large reactive power requirement during the transient state
to help boost the recovery of their air gap flux. In addition, they lack control of voltage and
frequency, consequently requiring external expensive reactive power devices. As a result of
these shortcomings, this type of wind turbine is not commonly employed in wind energy
conversion.

In light of the above, the new norm for wind farm installations is variable speed wind
turbines. This is because their efficiency to capture energy is very high, control of voltage
is possible and the stresses in the drive train are reduced [5]. The DFIG and PMSG with
power converters that are back-to-back connected are now the modern two wind generator
technologies. The former has a gearbox, and a rating generator capacity of 20-30% is
required for its speed of operation range of 0.7-1.3 per unit (p.u). The expensive power
converters of the latter are a setback because they are full rated.

DFIG wind turbine power converter is designed in such a way that it is between the
rotor and the stator sides of the machine. Depending on the wind speeds, this type of
wind generator can be operated within a wider range for the effective capture of wind
energy [6,7]. Additionally, it is easier to rebuild the terminal voltage after the transient
state because of the pitch and dynamic slip control [8,9]. Furthermore, this type of wind
turbine can easily regulate both active and reactive power via decoupling principles. The
insulated gate bipolar transistors (IGBTs) of the DFIG power converters usually switches
off and goes into standby mode at lower voltages [10-13]. However, for certain voltages
above the threshold value, during the transient state, the turbine is synchronized quickly to
the power grid.

The PMSG wind turbine technology is having a back-to-back power converter that is
fully rated, linking the grid. As a result, compared to the DFIG topology, the flexibility of
this wind generator is better, due to real and reactive power effective control. Though, a
major setback for this wind generator is its high cost.

Much research exists in the literature on the fault ride through strategies, regarding
DFIG and PMSG wind turbines. These include the use of a fault current limiter at different
positions of the DFIG structure [14-17], the use of external reactive power compensation
devices, crowbar switch and DC chopper circuitry [18,19]. References [20,21] proposed
sliding mode controls for DFIG with maximum power point tracking (MPPT), considering
the active and reactive powers. In [22-24], the authors did the fault ride through assess-
ment of a DFIG using various control topologies, while an MPPT pitch angle considering
algorithms of converting wind energy was reported in [25]. In References [26,27], the PMSG
wind turbine, was analysed based on peak current limitation and MPPT for both power
converters of the wind turbine. A costly crowbar switch was employed to maintain the
voltage of the DC-link close to the tolerable range during the transient state. In [28], the
improvement of PMSG fault ride through was made using a superconducting fault current
limiter (SFCL).

Power grids could be classified based on their short circuit ratio (SCR). A weak grid has
low SCR, with high impedance and low inertia constant, while a strong grid has high SCR,
with low impedance and high inertia constant. In the literature, several works on weak
grids and the challenges they pose to network stability considering wind energy penetration
has been reported [29-31]. The interface of a voltage source converter (VSC) with pulse
width modulation (PWM) scheme has great influence on the power grid stability [30,31].
Reference [32] showed that the controllers of wind turbines could be improved in weak
grids during voltage variations.

In this paper, a comparative analysis regarding stability issues faced by DFIG and
PMSG wind turbines are investigated in various grid strengths. The modelling and wind
turbine characteristics of both wind generators were analysed along with their control
strategies. Both wind turbines were subjected to weak, normal, and strong grids with three
line-to-ground faults (3LG) severely bolted, without any protection or enhancement scheme,
in order to test the robustness of the controllers employed. The mathematical dynamics of
the implementation of the series dynamics braking resistor (SDBR) as a limiter of the fault
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current at the stator of both wind turbines for effective comparison study was also presented.
The effective SDBR size was used for both wind turbine technologies, considering the same
switching signal of the grid voltage during the transient state. Furthermore, an over voltage
protection system was considered for both wind turbines based on the connection of a
DC chopper circuitry at the power converter of the wind turbines. The salient part of this
study is the combination of the SDBR and over-voltage protection scheme (OVPS) of the
DC chopper for both wind turbines operating at weak grids, which is characterized by
the ratio of reactive and ohmic (X/R) values of the impedance (Z). The evaluation of
both wind turbines was done for weak, normal and strong grids, considering the same
machine ratings of the wind turbines. Because of the critical situations of the wind turbines
during faulty conditions in the weak grids, an analysis was done considering the use of
effective SDBR for both wind turbines. The grid voltage variable was employed as a signal
for switching the SDBR in both wind turbines during the transient state. Additionally, an
overvoltage protection system was considered for both wind turbines using the DC chopper
in the DC-link excitation circuitry of both wind turbines. Furthermore, a combination of
the SDBR and DC chopper was employed in both wind turbines at weak grid conditions in
order to improve the performance of the variable speed wind turbines. The hybrid scheme
of the SDBR and OVPS in both wind turbines was able to improve the performance of the
variables of the wind turbine and keep the operation of the power converters within their
permissible limits. Investigation of 75% and 50% reduction in the hybrid SDBR and OVPS
was also performed for both wind turbines in weak grid scenario during the transient
state. A 50% reduction in SDBR or OVPS, would still help in keeping the performances at a
satisfactory level. Consequently, the use of SDBR and OVPS hybrid approach in DFIG- or
PMSG-based variable speed wind turbine would help achieve a superior fault ride through
performance in weak grids during faulty conditions. There is limited number of papers in
the literature that consider the scenarios of weak and strong grids for both wind turbines,
in conjunction with the SDBR control and OVPS topologies. Most papers in the literature
considered these scenarios on a separate basis than the fault ride through enhancement of
both wind generators.

2. Modelling and Control
2.1. Wind Turbine Characteristics

Equations (1) and (2) give the DFIG torque and mechanical extracted power [32,33].

Ty = ”"ZR3 V2Cy(A)[Nm] 1)
2
B = T2 VACH (W) W) @

where p, air density; R, radius of the turbine; V;,, wind speed; and C, (A, B), is the power
coefficient given by:

Cp(A,B) = 05(T — 0.02p% — 5.6 )e~*17" @
Ct and Cp are related by:
Cy(A
. wyR
A= Vi @)
__ R (3600) . ) o
r==3 (1609) from Equation (3), and the ratio of the speed tip is A.

Figure 1 shows the wind turbine characteristics for the DFIG, with speed range 0.7 pu
to 1.3 pu and a maximum power of 0.97 pu. On the other hand, the PMSG maximum power
is at a turbine speed of 1.0 pu, as shown in Section 2.3.



Energies 2022, 15, 9228

4 0f22

1.4- Pmax
1.2 | / Pref
[N
131;;753\
T2,
ZﬁQ;Zéﬁv~é§??4gfé\“‘
)

04 06 08 10 12 14 16
Turbine Speed[pu]

Figure 1. The DFIG wind turbine characteristics.

2.2. DFIG Model and Control

Details of the DFIG model and control can be obtained from [34-37]. The rotor side
converter (RSC) regulates the axes q and d currents i5, and iy, in Figure 2. This is completed
by (Ps,Qs) of the stator. The Ps is obtained by the MPPT. In Figure 3, the GSC regulates
the voltage of the DC-link and reactive power exchange at the point of common coupling
(PCC), considering the power flow in the rotor. Furthermore, the transformations of dq/abc
and abc/dq, with regard to the ac voltage for effective synchronism, are achieved via the
phase locked loop (PLL) scheme.

dq

abc

[(ws — or) o (Lr) (iqr)]

PWM

{‘?», (— 168t

Switching [*

Figure 2. The rotor side converter control circuit of the DFIG.
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Figure 3. The grid side converter control circuit of the DFIG.
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2.3. PMSG Model and Control

The PMSG reference power P, is based on its rated power. The grid-connected fully
rated PMSG has back-to-back power converters [38], with typical turbine characteristics
shown in Figure 4. In order to realize MPPT [39,40], the MSC controls the speed, while
power quality and power factor regulation and DC voltage stabilization are completed by

the GSC.
1.4 =
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o 0.8 : : : : : :
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Figure 4. The PMSG wind turbine characteristics.

Details of the PMSG model and control can be obtained from [41-44]. Figure 5 shows
the PMSG MSC control, where the active and reactive power regulation is done. The
abc/dq transformation is obtained by the rotor (6r) angle taking the wind generator speed
into consideration. The Isd, Isq regulates both (Ps) and (Qs) variables. The strategy of the
MPPT is employed in the (Pref). Usually, (Qs*) is fixed at 0 to unity power factor. Vsa*, Vsb*
and Vsc* are used for switching the PWM by the current controllers output, considering
Vsd* and Vsq*. The control of the GSC in Figure 6 is based on d-q reference frame and the
grid voltage. Iga, Igb and Igc and Vga, Vgb and Vgc are transformed into a reference d-q
rotating frame by Park transformation. PLL is used for the phase angle (8g) extraction.

1
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Figure 5. The rotor side converter control circuit of the PMSG.
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Figure 6. The grid side converter control circuit of the PMSG.
3. Mathematical Dynamics of SDBR in DFIG Wind Turbine
The DFIG stator voltage during the transient state [45] is:
0 = Vo st 4 V,_e /st (6)

Vs+, Vs— are components of the stator’s positive and negative voltage sequences. At
normal state, the stator flux is:

elwst ysie_]'wst

S US+
55 = — + . 7
2 P - @)

A grid voltage drop would result in stator flux transient components counteracting
the state of the transition variables; thus, the natural flux (s,) based on stator flux is [46]:

vs+e]'a}5t vs_e jwst _t

S __ 1S s S ,Tg
Y5 = Yos+Psn = jws + _jws + e’ 8

With 7, = IL{—i as the stator flux time constant.
The first and second terms in Equation (8) are the forced flux and the natural flux (ys;).
The stator flux is related to the rotor reference frame by:

l[J; = ¢se_jwrt )
Furthermore, the rotor induced voltage is:

_ Ly dys

Oro = fs it (10)

The DFIG rotor open circuit voltage based on Equations (8) to (10) is [45,46]:

L ; L ; L 1 ;
Tpo = L—msV+e]s“’5t + L—m(s - Z)V_e](zfs)“’st—i—L—m(jw, + )gbsnef%e]“”t (11)

s s s Ts
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Neglecting the le term leads to in Equation (11), gives:

L ; L ; L ;
Ty = sV, st 4 2 (5 — 2)V_e/(29)wst L M A (] g)e ws et (12)
Ls Ls Ls
It can be concluded that the presence of the SDBR would increase the stator resis-
tance as:

Rseffective = Rs + Rgapy (13)

Consequently, during the transient state, Toffective = 3 fﬁs — is the effective time

constant that would help reduce the total current in order to achieve reduced oscillations.

4. SDBR and PMSG Mathematical Dynamics

The three-phase mathematical model of the converter in Figure 4 is [47]:

. di ,
eq = —wliy + L% + (R + Rsppr)ig + 0.5Ugcfa (14)
di
e = —wLig + Ld—f + (R + Rspgr)ig + 0.5Uycy (15)
duy . . Uy
C dtc = 0.75(igBa + igBy) — RTC (16)

r=\/Bi+B; (17)

The voltages of the dq components are:

eg =0 (19)
From Equation (18),
P, = %Emid (20)
3. .
Qs = _EEmlq (21)
For power factor of 1, iy ref is 0, and iy = i, = 0 for current regulation. With i; = 0
and e; =0,
di .
Ew = L8 + (R+ Rsppr)ig +0.5Ugcfy (22)
2wL
dUs. 3. Uy,
C it = Zldﬁd RL (24)
Inserting SDBR would lead to:
Em = (R+ Rsppr)id + 0.5UacPa (25)
2wL
=— i (26)
qu udc i
4Uy, @7)

T 3BaR,
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Putting Equation (26) into (27) for a given load of Ry, and voltage Uy, the expression
of the signal command B is [47]:

6EnR1Bg — 8(R + Rsppr)Use — 3R AU, = 0 (28)

Equation (28) has two solutions:

En ( En >2 8(R + Rspar)
_ Em —moy 29
Ba1 U, \/ . 3R, (29)
b= En 4 \/( En >2 _ 8(R+ Rsppr) 0)
a2 udc Udc 3RL
If B4 = Bao, then:
2
Em o S(R + RSDBR) 2 0 (31)
U 3R

Considering the load power, it is possible to operate the converter if:
Pdc < Pdc_m/zx (32)

Based on the principle of power conservation, Py. ,y is:

3. . 3 )
Pae = 5Emig — 5(R+ Rsppr)iz (33)
By solving dP;./diy = 0, it leads to:
dP;. 3 . . _Eyn
did = EEm — 3Rld =0 g =13 max = ﬁ (34)
Combining Equations (33) and (34):
3E2
P, =_———Tn
dc_max S(R T RSDBR) (35)
The operation of the power converter is possible if:
En\?  8(R+ Rsppr)
< Zm) 2 T SDBR)
Pdc _ Pdc_max — (udc> 3RL = 0 (36)

Equation (36) shows Equation (31) conditions. Finally, from Equations (21) and (35),
P, s_max-
P. s_max — i
B 4(R+ Rspgr)
From Equation (37), the PMSG GSC maximum power transfer reduced with SDBR
insertion during grid fault, with low currents and oscillations.

(37)

5. Results and Discussions

Rigorous simulation studies are conducted to compare the fault ride through fea-
tures in different grid conditions. The rating of the parameters of both wind turbines are
given in Table 1. The system performance was evaluated using the PSCAD/EMTDC [48]
environment. The fault types are symmetrical three-phase and an unsymmetrical single
line-to-ground of 100 ms happening at 10.1 s, with the circuit breakers operation sequence
opening and reclosing at 10.2 s and 11 s, respectively, on the faulted line at the terminals
of both wind turbines. The fault performance with and without stability augmentation
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tools, such as the SDBR and over-voltage protection system (OVPS), are presented below in
detail.

Table 1. Rating of the parameters of the wind turbines.

DFIG Wind Turbine PMSG Wind Turbine
rated power 5.0 MW rated power 5.0 MW
stator resistance 0.01 pu stator resistance 0.01 pu
d-axis reactance 1.0 pu d-axis reactance 1.0 pu
g-axis reactance 0.7 pu g-axis reactance 0.7 pu
machine inertia (H) 3.0 machine inertia (H) 3.0
effective DC-link protection 020 effective DC-link protection 020
effective SDBR 0.01 pu effective SDBR 0.05 pu
over voltage protection 110% over voltage protection 110%

system (OVPS) system (OVPS)

5.1. Operation of the DFIG and PMSG Wind Turbines at Different Grid Strengths

The DFIG and PMSG wind turbines were subjected to the weak grid, normal grid and
strong grid, as shown in cases 1 to 3 in Table 2, considering no insertion of the SDBR and no
OVPS. Some of the simulation results for the cases considered are shown in Figures 7-11.

Table 2. Wind turbines operation at different grid strengths.

Cases Grid Strength SCR DFIG PMSG
No SDBR No SDBR
1 Weak 4 No OVPS No OVPS
No SDBR No SDBR
2 Normal 8 No OVPS No OVPS
No SDBR No SDBR
3 Strong 12 No OVPS No OVPS
. Weak A With effective SDBR ~ With effective SDBR
ca No OVPS No OVPS
s Weak A No SDBR No SDBR
ca With effective OVPS  With effective OVPS
6 Weak 4 With effective SDBR With effective SDBR
ca With effective OVPS With effective OVPS
7 Weak 4 With 50% effective With 50% effective
€ SDBR and OVPS SDBR and OVPS

From Figure 7, the overshoot of the DC-link voltage variable for both wind turbines
during the transient state may damage their power converters. The overshoot and time of
recovery of the PMSG wind turbine was higher, while the DC-link voltage dip was more for
the DFIG, though with a better settling time. The overshoot and Dc-link voltage is more for
case 1 (weak grid), compared to the other cases. The responses for the terminal voltage and
the active power are shown in Figures 8 and 9, respectively. From Figures 9 and 10, more
oscillations were observed for the active and reactive power variables with more oscillations
and lower settling time during weak grid periods. However, the effect of the weak grid
on the rotor speed of the DFIG wind turbine is negligible, compared to the minimal effect
observed in the PMSG wind turbine (Figure 11) during the transient state for weak power
grids. The effect of the power grid strengths has more impact on the PMSG than the
DFIG. This could be as a result of the full decoupling of the fully rated back-to-back power
converter by the network. Consequently, the wind turbines performance in weak grids
of case 1 is a critical situation during faulty condition, based on the presented simulation
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results in Figures 7-11. In light of this, the subsequent sections of this paper will consider
the improvement of the wind turbines fault ride through in weak grids, considering the
employment of SDBR and OVPS schemes.
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Figure 7. DC-link voltage of wind turbines at different grid strengths (cases 1, 2, 3).
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Figure 8. Terminal voltage of wind turbines at different grid strengths (cases 1, 2, 3).
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Figure 10. Reactive power of wind turbines at different grid strengths (cases 1, 2, 3).

5.2. Improving the Performance of DFIG and PMSG Wind Turbines in Weak Grids Considering
the Effective Sizing of SDBR

The performance of the DFIG and PMSG wind turbines in weak grids were further
enhanced, considering the use of an effectively sized SDBR, as shown in Table 1. The
SDBR was connected at the stator side of both wind turbines for effective comparison
during the transient state. In this considered case summarized in Table 2 (cases 1 and
4), no over voltage protection scheme was considered. Some of the simulation results
for the key variables of the wind turbines are shown in Figures 12-14. The undershoot,
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overshoot and settling time of the DC-link voltage, terminal voltage and active power of
the DFIG and PMSG wind turbine variables without the SDBR connected at the stator
were increased, as shown in Figures 12-14. In terms of the SDBR on the GSC of both
wind turbines, the impacts during fault conditions are on the machines because the stator
circuitry of the DFIG and PMSG high voltage are shared by the SDBR, since its connection
is series topology. As seen from Figures 12-14, the under shoot, overshoot and time of
settling for the wind generator variables were much improved, considering the effectively
sized SDBR. Consequently, no control loss of power converters is experienced, due to no
overvoltage being induced. During operation, the SDBR can significantly mitigate the flow
of current, thus avoiding the dangerous overvoltage and high charging current normally

experienced in power converters that are vulnerable and fragile in nature.

DFIG at weak grid (case 1)
PMSG at weak grid (case 1)
DFIG at normal grid (case 2)
PMSG atnormal grid (case 2)
DFIG at strong grid (case 3)
PMSG atstrong grid (case 3)
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Figure 11. Rotor speed of wind turbines at different grid strengths (cases 1, 2, 3).
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Figure 12. DC-link voltage of wind turbines with SDBR at weak grid (cases 1 and 4).
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Figure 13. Terminal voltage of wind turbines with SDBR at weak grid (cases 1 and 4).
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Figure 14. Active power of wind turbines with SDBR at weak grid (cases 1 and 4).

5.3. Improving the Performance of DFIG and PMSG Wind Turbines in Weak Grids Considering
over Voltage Protection System (OVPS)

The performance of the DFIG and PMSG wind turbines in weak grids were further
enhanced, considering the use of an effectively sized OVPS shown in Table 1. The OVPSis a
DC chopper connected at the DC-link of both wind turbines for effective comparison during
the transient state. In this considered case summarized in Table 2 (cases 1 and 5), no SDBR
scheme was considered. The DC-link voltage variables of the wind turbines are shown in
Figure 15. The undershoot, overshoot and settling time of the DC-link voltage of the DFIG
and PMSG wind turbine variable without considering OVPS were more than when OVPS
was considered. This would protect the power converters of the wind turbines because the
wind turbines power converters would be operating within its permissible limits.
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Figure 15. DC-link voltage of wind turbines with OVPS at weak grid (cases 1 and 5).

5.4. Improving the Performance of DFIG and PMSG Wind Turbines in Weak Grids Considering
SDBR and over Voltage Protection System

The performance of both wind turbines in weak grids were further enhanced, con-
sidering the combination of an effectively sized SDBR and OVPS shown in Table 1. In
this considered case summarized in Table 2 (cases 1 and 6), a combination of SDBR and
OVPS schemes would definitely enhance the wind generators’ variables during operation,
as shown in Figure 16. The DC-link voltage variables of the wind turbines are shown in
Figures 16 and 17.

b

of wind turbines
e o e
o b =

u= 0.8
%’3 0'6-_ = DFIG at weak grid (case 1)
= 0.4- e PMS G at weak grid (case 1)
S | DFIG at weak grid + SDBR DC chopper (case 6)
.\_é 0.2- e PMSG at weak grid + SDBR DC chopper (case 6)
e —
A 1000 1025 1050 10.75  11.00
Time[s]

Figure 16. DC-link voltage of wind turbines with SDBR and OVPS at weak grid (cases 1 and 6) for
three-line-to-ground fault.

The undershoot, overshoot and settling time of the DC-link voltage and terminal
voltage of the DFIG and PMSG wind turbines without considering SDBR and OVPS in
weak grids were increased, as shown in Figures 16 and 17, respectively. However, in order
to improve the fault ride through of the wind turbines, a combination of the SDBR and
OVPS would protect the power converters and enhance the variables of the wind turbines.
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Thus, this type of hybrid fault ride through technique is recommended for variable speed
wind turbines operating at weak power grids.

ﬁkggz;a-c

DFIG at weak grid (case 1)

PMSG at weak grid (case 1)

DFIG at weak grid + SDBR DC chopper (case 6)
PMSG at weak grid + SDBR DC chopper (case 6)

(e ) ) —_ —_
BN (o)} e} (e o
1 1 1 X )

)
\S)
1

0.0 . T . . . T . ,
10.00 10.25 10.50 10.75 11.00

Time[s]

Terminal voltage of wind turbines[pu]

Figure 17. Terminal voltage of wind turbines with SDBR and OVPS at weak grid (cases 1 and 6) for
three-line-to-ground fault.

5.5. Improving the Performance of DFIG and PMSG Wind Turbines in Weak Grids Considering
75% and 50% of the Effective SDBR and over Voltage Protection System

The performance of the DFIG and PMSG wind turbines in weak grids were further
investigated, considering the combination of 75% and 50% effectively sized SDBR and
OVPS shown in Table 1. In this considered case, summarized in Table 2 (cases 1 and 7),
the proposed hybrid scheme is proven to enhance the performance of the wind turbines
at the transient state, even with a reduction of 75% and 50% of their effective values, as
shown in Figures 18 and 19 for 75% reduction and Figures 20 and 21 for 50% reduction,
for the DC-link voltage and the terminal voltage of the wind turbines. Thus, it is better to
use half of the effective values of the combined schemes than either SDBR or OVPS, since
the power converter protection is still within the permissible limit during the transient
condition. Thus, this would be a more economical way of improving the fault ride through
of the wind turbines.
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— PMSG with reduced size SDBR +OVPS
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Figure 18. DC-link voltage of wind turbines with 75% SDBR and OVPS at weak grid (cases 1 and 7).
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Figure 19. Terminal voltage of wind turbines with 75% SDBR and OVPS at weak grid (cases 1 and 7).
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Figure 20. DC-link voltage of wind turbines with 50% SDBR and OVPS at weak grid (cases 1 and 7)
for three-line-to-ground fault.

5.6. Investigating the Performance of DFIG and PMSG Wind Turbines in Weak Grids Considering
the Effective SDBR and over Voltage Protection System in a Single Line-to-Ground Fault

The study of the performance of the DFIG and PMSG wind turbines in weak grids
were extended for the single line-to-ground fault, which is an example of an unsymmetrical
fault, as shown in Figures 22 and 23, respectively. The combination of an effectively sized
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SDBR and OVPS, shown in Table 1, was considered, as summarized in Table 2 (cases 1
and 6). From the results in Figures 22 and 23, a combination of SDBR and OVPS schemes
would definitely improve the performance of the wind generator variables even during
unsymmetrical fault conditions, compared to the scenario without the hybrid scheme.
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o
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Figure 21. Terminal voltage of wind turbines with 50% SDBR and OVPS at weak grid (cases 1 and 7)
for three-line-to-ground fault.
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Figure 22. DC-link voltage of wind turbines with SDBR and OVPS at weak grid (cases 1 and 6) for
single-line-to-ground fault.
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Figure 23. Terminal voltage of wind turbines with SDBR and OVPS at weak grid (cases 1 and 6) for
single-line-to-ground fault.

For 50% reduction in the effective SDBR and OVPS during a single line-to-ground
unsymmetrical fault, the response for the DC-link voltage and the terminal voltage of the
wind turbines are shown in Figures 24 and 25, respectively. From the obtained results, it is
better to use half of the effective values of the combined schemes than to use either SDBR
or OVPS, as obtained earlier using a severe three-phase to ground fault. This would help in
reducing the cost in implementing the fault ride through capabilities of the wind turbines.

=)
E 16
3B !
:g 1.4-
3 121
o !
.8 1.01
3 ]
(D)
&0 0.6+ —— DFIG at weak grid (case 1)
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'é 0.2- — PMSG at weak grid + 507% SDBR DC chopper (case 7)
O 00 . .
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Time[s]

Figure 24. DC-link voltage of wind turbines with 50% SDBR and OVPS at weak grid (cases 1 and 7)
for single-line-to-ground fault.

As seen from the mathematical dynamics of the SDBR in the wind turbines presented
in the paper, the SDBR is closely related to the stator resistance of the wind turbines.
Additionally, the maximum power transfer of the GSC of the wind turbines during the
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transient state would be reduced by the insertion of SDBR in the GSC. Therefore, by
reducing the percentage of the SDBR or OVPS, the maximum power transfer would be
slightly increased. This means more ratings of the wind generator would be required while
keeping the performance satisfactory.

=
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Figure 25. Terminal voltage of wind turbines with 50% SDBR and OVPS at weak grid (cases 1 and 7)
for single-line-to-ground fault.

6. Conclusions

A comparative evaluation of the two most commonly employed wind turbines, DFIG
and PMSG, with the same machine ratings was presented in this paper. The wind turbines
were operated at weak, normal and strong grids to show the influence of the network
parameters on the wind turbines. The various strengths of the power grid would affect
the performance of both wind turbines. The impact of the power grid strengths was more
significant in the DFIG, compared to the PMSG. This is because the PMSG is decoupled
at the grid or network side by its power converters that are fully rated with back-to-back
topology. The weak power grids would result in a critical situation during faulty conditions,
compared to the normal and strong power grids. Consequently, further analysis using
the weak power grid was considered in this paper for both wind turbines, considering
the use of the series dynamic braking resistor (SDBR) and over voltage protection system
(OVPS). The hybrid scheme of the SDBR and OVPS in both wind turbines was able to
improve the performance of the variables of the wind turbine and keep the operation of the
power converters within their permissible limits. It was observed that, even if there is a 50%
reduction in SDBR or OVPS, the performance is still satisfactory, as shown in Section 5.5.

Therefore, it is recommended to use the combination of the SDBR and OVPS with
DFIG- or PMSG-based variable speed wind turbines to achieve a superior fault ride through
performance, especially in weak grid condition. As a further scope and future direction
of study, the controllers of both wind turbines could be enhanced using the Dragonfly
Algorithm for better performance during transient conditions.
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Abbreviations
X reactance, ()
R resistance, ()
Z impedance, ()
T torque, N
0 air density, kg/m3
radius, m
Ve wind speed, m/s*
Cp(A, B) Power coefficient
A is the ratio of the tip speed
Ct is the turbine coefficient
P is the stator power, Watts
b, is the rotor power, Watts
igr quadrature axis rotor current, A
igy direct axis rotor current, A
Qs stator reactive power, VA
Lg stator inductance, H
L magnetising inductance, H
L, rotor inductance, H
Qs stator flux, T
wWs stator angular frequency, Hz
wy rotor angular frequency, Hz
o rotor leakage factor
o, p stationary frames
r, s DFIG rotor and stator quantities
g DFIG grid-side converter circuit quantity
L inductance, H
R resistance, ()
Vie dc-link voltage, V
Pres reference power of turbine, W
or rotor angle position
Isd, Isq, direct and quadrature stator current, A

Vsa*, Vsb*, Vsc*  reference abc stator voltages, V
Vsd* and Vsq* reference dq stator voltages, V

Iga, Igb, Igc abc grid currents, A

Vga, Vgb, Vgc abc grid voltages, V

Vsg, Vis— components of the stator’s voltage positive and negative sequences, V
Ts time constant of the stator flux, S

Psn natural flux, T

Uro rotor induced voltage

i, iq dq rectifier’s axes current, A

€4, eq dq axes grid voltage, V

w angular frequency, Hz

Ba, Bg dq rectifier’s modulating signal

r vector norm signal of modulation

Em phase grid voltage amplitude, V

Rsppr resistance of the series dynamic braking resistor, ()
Ry resistance of the load, ()

Py available power at the DC, W

Pic max maximal available power at the DC, W
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