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Abstract—This paper introduces a new configuration of the
DFIG-based wind energy conversion system (WECS) employing
only a reduced-size Rotor Side Converter (RSC) in tandem with
a supercapacitor. In the proposed structure, the Grid Side
Converter (GSC) utilized in conventional DFIG-based WECSs is
successfully eliminated. This is accomplished by employing the
hydraulic transmission system (HTS) as a continuously variable
and shaft decoupling transmission unit. This transforms the
conventional constant-ratio drives by providing an opportunity
to control the power flow through the generator’s rotor circuit
regardless of the wind turbine’s shaft speed. This feature of HTS
can be utilized to control the RSC power and ultimately regulate
the supercapacitor voltage without a need for GSC. The proposed
system is investigated and simulated in MATLAB Simulink at
various wind speeds to validate the results and demonstrate the
dynamic performance of the system.

Index Terms—Reduced-size converters, doubly-fed induction
generator (DFIG), hydraulic power transmission system, wind
turbines, reactive power control.

I. INTRODUCTION

Wind energy is a renewable, widely distributed, abundant,
pollution-free resource and it has been expected to be
developed as a significant energy source in the future [1, 2].
Recently, a global trend to install high-scale wind turbines has
been increasing to make wind energy more cost-effective.
Nevertheless, the cost of Wind Energy Conversion Systems
(WECSs) should be decreased even more to compete globally
with other sources of energy [3]. Currently, The Levelized
Cost of Energy (LCOE) for offshore WECSs is remarkably
higher than that of conventional fossil-fuel energy and most of
the renewable resources such as hydropower, PV, and
bioenergy [4].

The conventional gearbox drivetrain employed in WECSs,
to drive either a Doubly-Fed Induction Generator (DFIG) or
Permanent Magnet Synchronous Generator (PMSG), is one
crucial, expensive, and heavy element in a conventional
WECS and its failure is a major contributor to downtime and
high maintenance cost of wind turbines [5-8]. Previous studies
indicate that gearboxes normally do not attain their design
lifetime and suffer from premature failures [5], and it is
necessary to replace them every 5-7 years [9, 10]. Moreover,
since all subassemblies are located in the nacelle in
conventional WECSs, their installation and maintenance costs

Afshin lzadian
Senior Member, IEEE
Purdue School of Engineering and
Technology, IUPUI
Indianapolis, IN 46202, USA
aizadian@purdue.edu

Robert Weissbach
Senior Member, IEEE
Purdue School of Engineering and
Technology, IUPUI
Indianapolis, IN 46202, USA
rweissba@iupui.edu

become large [11]. Furthermore, the structure of these wind
turbines must be strong enough to withstand the heavyweight
of the nacelle on top of the tower. Direct-drive wind turbines
could ameliorate the reliability and efficiency of WECSs by
eliminating the gearbox. However, this drive train is much
heavier and more expensive than gearbox-based units [12, 13].

Alternatively, hydraulic technology can be a suitable
solution to overcome the challenges of the traditional method
of harvesting power from wind turbines. For instance, [14]
shows that the weight of the nacelle could be decreased by 33-
50% simply by relocating the generator and other
subassemblies to the ground level. Then, by using an analytical
technique and investigating natural frequencies of the tower
for a 5-MW hydraulic wind powertrain, the weight of the tower
itself compared with the conventional wind turbine can be cut
to 50%, and the capital cost of the wind energy reduced by 4%.
The result of [15] demonstrates the reduction of 35.5% in mass
of the nacelle due to employing a hydraulic drivetrain and an
average installed cost saving of 5.36-24.0% can occur for
offshore wind. Despite the lower efficiency of HTS, which is
about 85-88% [16, 17], the HTS could reduce the overall cost
of the system and lower the Levelized Cost of Energy (LCOE)
by 3.92-18.8% [15], and improve the Capacity Factor (CF) of
the wind turbine [18]. Given a tower structure, the rotor speed
of a wind turbine with HTS could be restricted at a higher
speed that results in harvesting about 17% more energy and
can compensate for its losses [19].

A wind turbine powertrain that relies on hydraulic
machinery could provide a decoupled transmission system.
Many studies have been conducted on different HTSs and use
this property to employ a conventional synchronous generator
(SG) and eliminate the power converters [20-30]. In these
studies, two strategies are applied to maintain the SG at
synchronous speed with a small allowed variation and
subsequently control the frequency: first, relying on the
damping factor of the SG [20-23], and second, inserting an
energy buffer between the wind turbine and SG [24-29]. The
former strategies can further reduce the efficiency of the
synchronous generator due to the ever-changing nature of wind
speed, and the latter necessitates the application of other extra
subassemblies. Moreover, none of this research considers the
dynamics of the synchronous generator. In [30] the authors
consider the dynamical model of the SG and use the control
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input to maintain the SG speed constant. However, the optimal
aerodynamic operation of the system is not considered.

Unlike an SG in which the mechanical swing is defined by
its primary mover power and damping factors, the speed of
Doubly-Fed Induction Generators (DFIGs) can be controlled
actively and its active and reactive powers can be controlled in
a decoupled manner [31-33]. However, DFIG needs two power
converters with a size of about 25-30% of the generator’s rated
power [34, 35]. To overcome the challenges which utilizing
SG can bring about and to reduce the size of the Rotor Side
Converter (RSC), this paper introduces a new reconfiguration
for the hydraulic wind turbine. Moreover, since in the
proposed configuration the Grid Side Converter (GSC) is
eliminated, it is named the quasi self-excited DFIG-based
WECS. The contributions of the paper are as follows:

e Itis shown that compared with a conventional induction
generator (1G), the proposed configuration provides full
control over the reactive power of the wind turbine
through the RSC alone.

e The paper introduces the capability of controlling the
charge and discharge of the storage solely through the
RSC.

e The size of the supporting power equipment to make a
DFIG fully functional is drastically reduced.

This paper is structured as follows: the HTS and the
Maximum Power Point Tracking (MPPT) approach are
described in detail in section Il. In section Il the proposed
configuration and its active and reactive power control method
are elaborated. The design nuances of the proposed method are
explained in section 1V; and finally, simulation results are
presented in section V.

Il. HYDRAULIC DRIVETRAIN

The configuration of the hydraulic-driven WECS is shown
in Fig. 1. The hydraulic transmission system utilizes, a
hydraulic pump and motor which transfers power through a
pressurized fluid line. The high transmission ratio needed can
easily be achieved by changing the displacement ratio of the
pump and motor. Therefore, a variable-displacement pump or
motor (or both) is needed to achieve the continuously variable
transmission (CVT). Various hydraulic transmission systems
have been investigated in the literature [36]. Herein, an HTS
with a variable-displacement pump is considered since it is the
simpler solution from the controllability perspective [37].

This configuration has a variable-displacement pump
housed in the nacelle that is driven by the turbine shaft and a
hydraulic motor located at ground level. As the wind speed
increases, the hydraulic pump causes the pressure to increase
at the inlet, and consequently, the motor produces more torque
that drives the generator. At some point, when the driving and
resisting torques are balanced, the pump and generator reach a
steady angular speed of rotation.
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Fig. 1. Configuration of the hydraulic wind turbine and the generator
controller.

A. Hydraulic Transmission System Model.

The hydraulic pump sustains several torques as it starts to
rotate. The governing equations of the hydraulic pump that
illustrates the flow and torque balance are as follows [38]:

Qp = Dyw, — Kps P €Y
dw,
Jr—= Tr = CopDy @p — Crp DyP = Tpp =D, P )

The pressurized flow reaching the hydraulic motor makes it
start to rotate. The relation of the motor’s displacement, its
angular velocity, and the instantaneous flow rate is as follows:

Qm = Dpwy — K P (3)
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The operating pressure dynamic follows the laws of fluid
compressibility. Based on the principles of mass conservation
and the definition of bulk modulus, the fluid compressibility
within the system boundaries can be written as (5). The
pressure losses of the lines are considered negligible.

B. Optimal Pump Displacement Control (OPDC)

Optimal power production of a wind turbine is achieved by
optimizing the drivetrain to the important points of operation
and simultaneous use of control strategies to ensure operation
in those points. To obtain the maximum harvested power from
the wind, the tip speed ratio must be optimum (4,,).
Therefore, for different wind speeds, the pump speed is
controlled through the pump displacement to obtain the
maximum power coefficient (Cp,,qay)- The optimum pump
displacement is obtained as follows [39]:

1
Dp—opt = (m) TlmpairT[Rs Cpmaxwlzn (6)

In this WECS, the wind turbine angular velocity and the
generator speed are decoupled by a hydrostatic power
transmission system. dP/dt in (5) becomes zero in steady-
state, and neglecting the losses, the speed turn ratio of the



hydraulic transmission is obtained as w,,/w, = D,/D,,. By
changing the displacement of the pump, the hydraulic
drivetrain behaves as a Continuously Variable Transmission
(CVT) and could provide decoupled transmission of power.

I11. THE PROPOSED CONFIGURATION

A Concept

The DFIG is a three-phase wound-rotor induction generator
where the stator windings are directly connected to the
electrical grid and its rotor windings are indirectly supplied
through a back-to-back converter consisting of the RSC and
GSC, connected through a DC link. The RSC is responsible for
controlling the DFIG, while the GSC regulates the DC-link
voltage. It is proven that the power passed through the DFIG’s
RSC is proportional to the generator slip [33, 34]. Moreover,
in conventional gearbox-driven DFIG-based WECSs, the
DFIG shaft is mechanically coupled to the wind turbine shaft,
and its speed must be controlled proportionally to the wind
speed to maintain the tip speed ratio close to the optimal tip
speed ratio. As a result, to obtain MPPT, the generator's
optimal speed must be controlled within a wide range of
+30%, and the converters’ power rating must be chosen
accordingly.

On the other hand, the hydraulic drivetrain can provide an
extra degree of freedom to control the generator speed by
decoupling the shaft of the wind turbine and the generator
shaft. By controlling the generator speed, the power flowing
through the RSC can be independently controlled irrespective
of the wind speed and turbine angular velocity [39].
Consequently, the GSC can be eliminated, and the rotor
terminals can be supplied by only the RSC in conjunction with
a capacitor as shown in Fig. 1. In this configuration, the rotor
side converter should only process the losses of the system
since the net power at the DC-link terminal should be zero;
otherwise, the DC-link voltage will not be stable. Since this
amount of power constitutes only a small portion of the system
power rating, the power rating of the converter, which is only
RSC, reduces noticeably.

B. Active Power Control

The DFIG flux equations in the stator-flux orientated (SFO)
frame are as follows:
Ags = Lsigs + Lipiqr = 0
Aas = Lsigs + Liniar = Linimo
Agr = 0lyigy
/1,1 =0oL,igr + Loinme

(7)

(8)

whereg =1 —-—" and L, = Lin —=. The steady-state voltage of
T S S
the rotor and stator are calculated as follows:
Vqs = Rsiqs + wsAgs 9)
Vas = Rslgs
Vqr = Rriqr + swgAgr (10)
Var = Rplgr — SwsAqr

The rotor power equation can be achieved as follow:
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Fig. 3. (a) The active and reactive power control scheme of the proposed
configuration.
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The calculated power B, is the amount of power injected
into the rotor windings at their terminals. The first term in (11)
represents the rotor windings losses, P, and the second term
stands for the power transferred to the airgap, P,,., which
depends on the generator slip. The stator power, similarly, can
be divided into two terms as follow:

3 . . 3 L
k= ERs(lgs + lés) + EwsLmlmOqu = Pis + Pys (12)

where, P, and P, are the stator windings losses and the stator-
part airgap power respectively. From (7), (11), and (12), the
relation between P, and P,, can be deduced as follows:
Py = —5sPg. (13)
The airgap power comprises P,; and P,,.. The single-phase
equivalent circuit of the generator rotor is shown in Fig. 2. The
amount of power delivered by DC link, P, is the sum of the
P. and the converter losses, P;., and can be written as follows:
Pye = Py + Py — Py (14)
In general, P,;., must be zero to keep the DC-link voltage
constant and provide an opportunity to eliminate the GSC. To
this end, for any given power, the generator speed can be
controlled such that equation (14) becomes zero. The control
system in Fig. 3 demonstrates the same concept. The speed
reference is determined by a proportional-integrator (PI)
controller such that the DC-link voltage remains constant.

C. Reactive Power Control

Since in the proposed configuration the DFIG is only
connected to the electrical grid through its stator, controlling
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the stator reactive power is the only way to control the reactive
power of the WECS. Reactive power control of DFIGs is well-
known and easy and has been investigated extensively [31-34].
By using the feed-forward control loop to decouple the active
and reactive power controls, the reactive power can be
controlled by the direct component of the rotor current as
shown in Fig. 3. The reactive power equations of DFIG can be
expressed as follows:

Qs = EwsLmimOids (15)

Qr =s(Qmn—0Qs) + gswsol'r(lgr + iér) (16)
where Q,, = 1.5wLyi%, is the magnetizing reactive power.
Based on the amount of reactive power required at the stator,
Q,, the direct component of the stator current is identified; then
using (7), the direct component of the rotor current can be
identified. The only limitation, here, is the maximum current
boundary of the rotor and stator winding. Fig. 4 (a) indicates
the rotor reactive power for various stator reactive power at
different generator speeds around the synchronous speed. To
inject reactive power to the grid e.g. Q; = —0.2 pu, the rotor’s
reactive power follows a certain behavior depending on the
generator’s speed as shown in Fig 4. Since there is i, in the
reactive power equation of the rotor (16), Fig. 4 (b)
demonstrates the effects of changing the output active power
on the reactive power of the rotor. However, in a given stator

reactive power, the direct component of the rotor current
remains the same no matter what the stator active power is. In
other words, the direct component of the rotor current should
be controlled to adjust the reactive power that the generator
injects into the grid. Fig. 5 demonstrates the relationship
between the reactive power of the generator and the direct
component of the rotor and stator current, which is calculated
based on (7) and (15). To inject the reactive power to the grid
the direct component of the rotor current should be increased
further to compensate for the magnetizing current of the
generator.

IV. DESIGN CONSIDERATIONS

In the steady-state, when P, becomes zero to keep the DC-
link voltage constant, the targeted generator slip is small. In
other words, the operating points are close to synchronous
speed. This slip can be obtained by making equation (14) zero,
which results in:

s = Plc + Plr
Pas

The numerator in (17) shows the rotor winding loss and
converter loss. As the slip is small, these terms are small
positive values. The denominator is negative when the electric
machine operates in generator mode. Therefore, the targeted
slip s, is a small negative value. Its negative sign dictates that
the generator must operate at a super synchronous speed. The
relatively small slip implicitly indicates that the generator does
not need a large voltage at the rotor side. For instance, if the
rotor-side losses are only 2% of airgap power, which results in
a slip of -2%; consequently, the rotor needs to be supplied with
only about 2% of its nominal voltage. Since the losses of the
rotor-side are relatively small for all operating points at
different wind speeds, the DC-link voltage could be chosen as
a small voltage.

Moreover, even during transients or in the presence of
disturbances, the capacitor on its own must handle the rotor
voltage. The larger the capacitor, the lower the effects of the
disturbances on the DC-link voltage. In low-voltage DC-links,
a supercapacitor becomes suitable. In conventional wind
turbine the size of the capacitor is highly dependent on the
bandwidth of current and dc-link voltage regulators.
Commonly, the bandwidth of the current controller is chosen
about 250-500 Hz and the bandwidth of the voltage regulator
which is the second layer is chosen less than 100 Hz.
Therefore, the capacitor of dc-link should be large enough to
allow the GSC to maintains the dc-link voltage [40-43].
However, Since the dc-link regulator is the third layer of
controller in the proposed configuration, its bandwidth is
chosen 1/10 or 1/5 of the speed bandwidth and this controller
should handle the dc-link voltage. Therefore, the amount of
this capacitor is chosen such that:
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where, T4, is the time constant of the dc-link voltage regulator,
and AV, is the maximum voltage variation on the dc link. s;,.x
and B, are the maximum slip and nominal power of the wind
turbine.

Consequently, the switches are required to be sized
according to the voltage and current rating. A suitable rotor to
stator winding turns ratio could help to design the RSC and
result in properly rated switches. The voltage and current
rating of the DFIG rotor winding at the rotor side are obtained
as follows [34]:

V=V, (19)
= S Sn
TVBY T V3N,
where S,,is rated apparent power of the DFIG and n is the rotor
to stator turns ratio of the generator. It is proven that the
maximum voltage required for the rotor winding which is the
rated voltage of the RSC is as follows [34]:

(20)

(21)

where s,,4, IS the maximum of the absolute value of the
generator slip. Since the slip is small, the amount of V., is also
small. Increasing n leads to an increase in V,,,, and a reduction
in I;.. With a fixed rotor winding copper volume, the rotor
losses remain constant by increasing n. Therefore, it is
beneficial to employ a DFIG with a large n. This value can be
chosen based on the voltage and current rating of the power
electronic switches.

To calculate the rotor apparent power two assumptions are
made here. First, the leakage inductances of the generator are
neglected (o = 0), and second, the rotor loss is negligible. The
active and reactive power of the DFIG rotor per unit is
calculated as follow:

— [—
]/COTL - Smaer - Smaans

— dr — gds
Qr—pu = Slpu’ Qs = Ipu:
qs _ qr ds — ; dar
Ipu - _Ipu , Ipu = lmo—pu — Ipu (22)
Pr—pu = _SPs—pu

Equation (22) shows that the maximum i , depends on the
maximum capacitive reactive power. Therefore, the power

TABLE I. 1.5 MW WIND TURBINE DATA USED IN SIMULATION.

Generator Data
P, Generator Power 1.5 MW
\'A Grid Voltage (line to line) 690 V
Lis/Lyy Stator/Rotor Inductance 0.167/0.133 mH
Ly Magnetizing Inductance 5.48 mH
n Stator to Rotor Winding Turn Ratio 15
R, Stator Winding Resistance 2.65mQ
R} Rotor Winding Resistance 2.63*15*15 mQ
Iy Rated Current of Rotor 100 A
p Generator pole pairs 2
C Capacitance 20F
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rating of the RSC can be achieved as follows:

Sgu = Smax\/(Qm—pu - Qs—pu)z + Psz—pu
RSC rating power depends on s,,,,, Which is dependent on
the rotor winding and power converter losses, and the
maximum reactive power injected into the grid. The proposed
configuration is capable of injecting or absorbing reactive
power to/from the grid. Two main limitations of the generator
power are stator and rotor limits. Using (22) and (23) the
Power capability curve of the generator can be achieved as Fig.
6. Similar to SG’s power capability curve, the maximum stator
current limits the active and reactive power within a circle
centered at the origin. However, the rotor current limit is a
circle centered at (0, Q,,). This means, when Q is negative
(inject reactive power to the grid) the rotor circuit should
provide not only a magnetizing current but also an extra
reactive term. In this case, similar to the conventional SG, the
generator operates in overexcitation mode. When the
magnetizing current partially or fully is supplied through the
stator, the generator is operating in under-excitation mode.

(23)
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V. SIMULATION AND DISCUSSION

A 1.5 MW wind turbine with HTS is modeled and sized for
a case study. The wind turbine parameters are provided in
Table 1. The loss of the DFIG rotor can be calculated to be
about 1.5 % where s,,,, IS about 2.5%. Since the stator line
voltage is 690 V, the rated rotor line voltage and rotor current
at the turns ratio of n = 15 are calculated as 10350 V and 100
A, respectively. However, the maximum voltage required for
the rotor, depending on the maximum slip percentage is,
10350 x 0.025 = 259 V. Therefore, the DC-link voltage

required to establish the excitation voltage is 2,/2/3 x 259 =
425 V. From (23) and using data in Table I, the apparent power
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rating of the power converter can be calculated to be 40 kV A.
However, this is an estimation by considering a margin for
DFIG slip. A system with more detail has resulted in a 2.7%
(39 kVA) rating.

The wind speed is set to vary from 5 to 11 m/s as shown in
Fig. 7.a. This wind speed profile and the maximum power
point tracking utilized resulted in an MPPT tracking profile as
shown in the normalized power coefficient in Fig. 7 (b). The
MPPT control method was able to track maximum power
points at various wind speeds, harvesting the maximum power
from the existing energy in the wind. The actual output power
reached a maximum of 1460 kW and a minimum of 200 kW
as shown in Fig. 7 (c). However, the generator has been
successfully controlled to track the maximum power of the
wind. The control command in this case influences the
generator’s rotational speed. Fig. 8 (a) illustrates the generator



speed and the possibility of controlling the generator speed
precisely in a small window above the 1800 rpm synchronous
speed. This results in a -1.7% slip in the generation mode.

In this slip range, the rotor’s active power is adjusted to
provide the converter losses as shown in Fig. 8 (b). The
reactive power of the rotor, which is proportional to the
generator slip, is demonstrated in Fig. 8 (b). Since the
maximum apparent power of the generator rotor happens when
the maximum active power and the maximum reactive power
injected into the gird coincide. This coincidence happens
around 250s. As shown, the apparent power rating of the
converter does not exceed 39 kVA maximum. Compared to
conventional DFIG with two power converters at rating power
of 2 X 30% of the generator’s rated power (2 X 450 kVA),
this configuration only requires one converter at about 2.7% of
rated power, a maximum of 39 kVA. The DC-link voltage
profile is shown in Fig. 8 (c). Since the amount of the generator
slip is changing in a small range, the DC-link voltage required
to inject the reactive power to the generator is smaller than that
of the conventional DFIG. Therefore, the configuration is
suitable for utilizing the supercapacitor at the rotor circuit. The
capacitor is considered large enough (20 F) to reduce the
variation of DC-link voltage during an extreme change of wind
speed. This figure demonstrated that the DC-link controller
was capable of maintaining the DC-link voltage and resulted
in small variations of less than 0.2 V in extreme wind speed
variations.

Accurate control over the slip of the generator resulted in a
small fundamental component of the rotor voltage (Fig. 9 (a)).
The small rotor voltage and the resulting DC-link voltage
reduced the voltage stresses of the power electronic devices
which lead to an increase in the reliability of the RSC and
subsequently the whole system. Meanwhile, the smaller DC-
link voltage led to smaller switching losses of the power
electronic devices, and increased efficiency, and reduced the
thermal stresses of the converter. Fig. 9 (b) shows the three-
phase rotor currents which vary directly proportional to wind
speeds. The direct and quadrature components of the rotor
current are shown in Fig. 10 (a). The active power was
controlled by controlling the generator torque (Fig. 10 (c)) or
the quadratic current as i,.. As shown, the torque and i, were
proportionally varying with the wind speeds. The reactive
power injected into the grid (Fig. 10 (b)) was controlled
following the reference of i,,.. It was proven that the controller
was effectively capable of controlling the active and reactive
power of the system.

The drivetrain of the wind turbine also provided a unique
dynamic in that the interface torque controller produced a
command for the hydraulic pump displacement and as a result,
the pressure of the system varied. Fig. 11 (a) demonstrates the
displacement of the pump which was controlled to achieve the
optimal aerodynamic power. The pressure of the pipeline
shown in Fig. 11 (b) varied with the wind speed.

Table Il compares the proposed configuration with a

TABLE Il.  COMPAISION OF 1.5 MW CONVENTIONAL DFIG WITH THE
POPOSED CONFIGURATION.
Parameter Conventional Proposed
DFIG Configuration
\'A 690 V 690 V
Py 1.5 MW 1.5 MW
n 1 15
Vbc 1100 V 425V
Ipsc 1150 A 125 A
Sgrsc 412 kVA 40 kVA
Sasc 457 kKVA NA
C 20mF 20F
(a) Grid Voltage, DFIG Voltage, and Dc-link Voltage
21 Vs
Q
Qost Ve
= Vdc
(<]
> 9 1 I i 1 1 1 T
2 2.5 3 3.5 4 4.5 5 5.5 6
Time(s)
(b) Active and Reactive Power Injected to the Grid
o T T T T T
2550 Qs
o] 0.5 Ps
&9
2 2.5 3 3.5 4 4.5 5 5.5 6
Time(s)
(c) Generator and Turbine Speed
~1.08F T T T T T
2106k w,
1% ﬁ'ﬁ\ -
© 1.02k p
=
D (g8 . . . . . \ ;
2 2.5 3 3.5 4 4.5 5 5.5 6

Time(s)
(d) Converter Currents
T T T

Time(s)
(e) Current d-q Component at PCC
T T T

T T

2 Iy

a —_

= Of a
2 L L L L L L L

2 2.5 3 3.5 4 4.5 5 5.5 6
Time(s)
Fig. 12. LVRT analysis with voltage drop to 15% for 0.625 seconds (a)
voltage at PCC, stator terminal, and dc link (b) active and reactive power
injected to PCC (c) wind turbine and generator speed (d) converters
currents (e) the active and reactive current jnjected to the grid.

conventional gear-box driven DFIG in a 1.5 MW wind turbine.
In conventional DFIG the slip of generator is chosen
+30%. Therefore, the DC-link voltage should be chosen such
that both GSC and RSC be able to operate properly ( Vpe =
2,/2/3*690=1100 V) [42]. However, this amount was
calculated 425 V for the proposed configuration. This also
indicated that the voltage stress of power electronic devices in
the proposed configuration is much less. Current stress of
semiconductor devices was obtained 1150 A for conventional
DFIG compared to 125 A for the proposed configuration.
Assuming the stator of the conventional DFIG operates at
unity power factor, RSC should handle the maximum active
power of the rotor and magnetizing current, and the GSC
should also handle the portion of active power passed through
rotor and the reactive power needed to inject to the grid. the



RSC and GSC rating power can be calculated as 412 and 457
kVA, respectively. However, this is much lower for the
proposed configurations. The size of the dc-link capacitor is in
a 1.5 MW conventional DFIG is about 16-21 mF [40-43]. In
the proposed configuration, by choosing the bandwidth of the
dc link voltage regulator 1/10 of that of the speed regulator,
which is 10 Hz, and allowing 5% voltage variation the size of
the capacitor should be larger than 16.6F.

To evaluate the proposed configuration in the case of a low
voltage or fault, a low voltage ride through analysis has been
conducted. The machine is protected using an active crowbar
[44, 45], pitch angle control [46]. The results are shown in Fig.
12. In Fig. 12 (a) the voltage at the Point of Common Coupling
(PCC) drops to 15% at t=3 s and lasts for 0.625 seconds. The
voltage at the stator terminal is slightly higher owing to the
injection of reactive current during the fault. Active and
reactive power of the generator before the fault is one and zero
respectively. During the fault the active power drops to a small
value as shown in Fig. 12 (b). Additionally, during the fault the
proposed configuration injects reactive power and current as
shown in Fig. 12 (b) and (e). The speed of the generator is
controlled to remains close to synchronous speed and the speed
of the turbine increases owing to the store of surplus power
that cannot be transferred to the grid (Fig. 12 (c)). The current
of the converter (Fig. 12 (d)) is limited to its nominal value by
the active crowbar strategy and the dc-link voltage (Fig. 12 (a))
is controlled.

V1. CONCLUSION

This paper introduces a new structure for hydraulic WECS
that eliminated the need for the GSC. The system uses a
supercapacitor and only one converter, RSC, to supply the
power to the rotor. This new structure controls the DC-link
voltage by controlling the speed of the generator. Elimination
of the GSC, its filter, and transformer (if any) reduces the
overall cost of the system and increases the efficiency and
reliability of the system. Furthermore, controlling the speed
around the synchronous speed provides the opportunity to limit
the rotor voltage and enables the utilization of a
supercapacitor. The proposed configuration is capable of
controlling the active and reactive power of the system with
the need of only one converter RSC with a power rating of
2.7%. Compared to a conventional induction generator, the
proposed configuration is capable of injecting reactive power
into the grid.
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