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Abstract: - This paper presents a wind energy conversion system that integrates, in a compact form, both
generation and power smoothing functions. The system is based on a vertical axis wind turbine (VAWT) and a
low-speed flywheel that are coupled by an electric variable transmission (EVT). The EVT performs a dual
function by simultaneously injecting power to the grid and regulating the power flow to the flywheel to smooth
the power fluctuation caused by wind turbulences. The main advantages of the presented generation/smoothing
topology are integrating two machines (generator and motor) in the same physical structure and the reduced
power demanded by the converter that feeds the flywheel’s rotor. A theoretical analysis is carried out to
determine an appropriate control law and flywheel sizing to satisfy a desired attenuation of the power
fluctuation. Simulation results show an effective smoothing action, as the power fluctuation is reduced to an
adequate level. In addition, the validity of the flywheel sizing procedure is verified.
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1 Introduction to the utilization of diesel generators. This entails
undesirable environmental pollution and high

The southern region of Argentina, widely known as : !
operating costs, as the elevated fuel prices are

"Patagonia," has several remote villages dedicated

to agricultural, livestock, mining, and oil activities. compounded by the cost of transportation from
As is well known, the availability of abundant remote 1ocajtions. Thi's scenario motiyates the search
electrical energy is a key driver for the development for glternatlve solutions, and' n this context, Fhe
and growth of such productions. While numerous application of Renewable Distributed Generation
rural settlements have access to electricity grids, (RDG) seems appropriate, [3]. In RDG, small-scale
these lines are typically weak and can only provide generation FIOSC to consumption points r'eplaces
a limited amount of power to meet current demand. large and distant generation plants, .ell'mma-tmg the
Moreover, due to their low population, renewal or need for long gnd expensive transmission lines and
expansion of these grids is unlikely to occur, as the associated equipment. S

energy distribution companies would need to absorb . Due to its .remarkable character'1s.t1.cs in terms of
the high costs involved with little economic return. high energy yield and control flexibility, the three-
Fortunately, this region of the country has bladed horizontal-axis .Wlnd turbine (HAWT) is the
significant wind energy potential, [1], [2], which has most used type Qf turbme and 1§ads the wind power
led to numerous wind farm projects. However, these industry, especially in the high-power segment.
farms, typically of large energy production, are Hov&{ever, it has some dr'awbacks.' For instance,
designed to supply major power consumption ‘_furblne rptor and conversion machinery must be
centers rather than small rural villages. As a result, installed in a nacelle on the top of a tower of large
to increase the available electrical power, height anO.IVmg high logistic costs. Also, the
inhabitants of these villages must individually turn nacelle requires a yaw system that constantly faces

the turbine to the incoming wind. For low and
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medium-power applications, the vertical-axis wind
turbine (VAWT) has recently gained renewed
interest from researchers and manufacturers because
it does not require a tower or orientation
mechanism, and the electric generator is located at
ground level, [4], [5]. Among VAWTs, the
Darrieus-H appears as the most attractive due to its
structural simplicity compared to the traditional
Darrieus. Additionally, recent studies have allowed
the development of modern design methods, notably
increasing its efficiency to around 40%, [6].

Due to the fluctuating nature of the wind
resource, one of the main challenges in the wind
conversion industry is to enhance power quality by
delivering smooth and constant power, [7]. If not, a
fluctuating power injected into the grid introduces
disturbances that can lead to instabilities of voltage
and frequency, and this worsens as the generated
power is on the order of the power capacity of the
grid (high penetration). Power fluctuations are
originated by rapid variations of wind speed which
lead to different effects on the conversion chain.
Very rapid variations in wind speed generally do not
cause serious disturbances as their effect is
mitigated by the turbine's inertia. However, changes
in wind speed defined as "turbulence" are not fast
enough for the turbine's inertia to filter the effect.
Therefore, it could produce significant changes in
the generator's rotation speed (or torque) leading to
variations in the electrical power output of the
generator, as well as voltage variations at the point
of connection.

One method to mitigate the power fluctuations
generated by a turbine due to wind turbulence is
using a short-term (low capacity) energy storage
system. Among different technologies
(supercapacitors, batteries, etc.), the flywheel
emerges as one of the most attractive options due to
its high power density, high efficiency, and long
lifespan, [8], [9]. Particularly, low-speed flywheels
are characterized by constructional simplicity, low
maintenance, and cost since (unlike high-speed
flywheels) they are made using conventional
materials, use standard bearings, and do not require
a safety container, [10]. A typical flywheel-based
power smoothing system consists of a dedicated
driving machine with a grid-connected electronic
converter. The converter transfers all the flywheel
mechanical power to the grid. A control loop adjusts
this power to compensate for fluctuations. The
machine that moves the flywheel is mechanically
separated from the machine that, driven by the wind
turbine, acts as a generator.

Electrical Variable Transmissions (EVT) are
devices based on electrical machines that allow
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controlling the transmitted mechanical power
between two shafts, which rotate at different speeds,
[11]. EVTs are widely used in electric vehicles,
[12], but are rarely employed in other applications,
exceptions can be seen in [13], [14], [15]. In [13],
[14] an EVT is used to couple a variable-speed
HAWT with a grid-connected fixed-speed
synchronous generator. In [15], a fixed-speed micro-
hydro turbine is coupled through an EVT to a
variable-speed centrifugal pump for irrigation.

In this work, an EVT is used to integrate both
functions: power generation and smoothing in a
compact form. A VAWT is coupled to the input
shaft of the EVT such that its associated rotor and
the stator function as a grid-connected induction
generator (fixed-speed "Danish Concept" scheme).
The second rotor associated with the output shaft of
the EVT, is fed by a variable frequency drive
(VFD), which is used as the driving machine of a
low-speed flywheel. The flywheel operates at
variable speed and is controlled to minimize
fluctuations in the power injected into the grid
caused by wind turbulence. Thus, an integrated
wind energy conversion and power smoothing
structure is proposed, specially designed to be used
as an RDG system in rural areas with access to
electrical utility through a weak grid. Compared to
the typical and previously mentioned scheme, the
two main advantages of the presented
generation/smoothing  topology are: (a) the
integration of the two machines into a single
physical structure resulting in a more compact,
simple, and economical system and (b) the electrical
power handled by the converter that feeds the
flywheel driver is smaller than the one required if it
were operated with a separate machine.

2 System Description and Problem

Statement
Figure 1 shows a diagram of the proposed wind
power conversion system with integrated smoothing
capability. It consists of a VAWT, a multiplier
gearbox, an EVT, and a low-speed flywheel.

Figure 2 shows the internal structure of the EVT
[11]. There is a stator winding, a cup-shaped rotor
(rotor 1), and a wound rotor (rotor 2). Shaft 1 drives
the cup-shaped rotor which has an inner face and an
outer face. The outer face has a squirrel cage, so the
stator and the outer face of rotor 1 can be considered
as an induction machine. On the other hand, the
inner face of rotor 1 has a permanent magnet
arrangement which generates a rotating magnetic
field around rotor 2. In this way, the machine has
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two mechanical ports and two electrical ports, such
that electrical and mechanical power can flow from
one to the other depending on the electrical
excitations of both windings and the relative speeds
and torques that are exerted on both shafts.

Vertical axis
wind turbine

flywheel EVT T w,
W, g 2
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Fig. 1: Integrated generation/smoothing system
diagram
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Fig. 2: EVT internal structure

In this proposal, the high-speed shaft of the
gearbox is coupled to shaft 1 of the EVT. The stator
is directly connected to a weak grid, such that rotor
1 and the stator act as an induction generator. This
configuration causes the turbine speed to stay within
a small range close to the synchronous speed
imposed by the grid frequency. The flywheel is
driven by rotor 2 of the EVT whose winding is
connected to the output of the VFD, also fed by the
grid. The VFD regulates the torque of rotor 2 to
establish its idle speed and regulate the power flow
between shafts.

2.1 EVT Stator Power Fluctuation Caused
by Wind Turbulence

The VAWT is coupled to shaft 1 of the EVT

through a multiplier gearbox with a speed ratio a, so

that the rotation speed of shaft 1 of the EVT is w1:
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Wy, = awr )

Where wr is the speed of the turbine. The speed
w1 varies according to Newton’s law of rotational
dynamics (2):

dwy _ 1 _ _
dr I (TTl Teml Temz)

)

Where: Jri: Total inertia of shaft 1: Jp; = J; +
Jr/a? with J; inertia moment of rotor 1 and Jr the
inertia of the turbine itself. Tt1: torque exerted by
the turbine referred to shaft 1. Temi: electromagnetic
torque between rotor 1 and the stator of the EVT.
Tem2: electromagnetic torque between rotor 1 and
rotor 2 of the EVT.

The torque exerted by the VAWT referred to
shaft 1 of EVT is given by (3), [16]:

Try = =0.5pARVCy 3)

Where p: air density, A: capture area (A=D.H,
turbine diameter D times height H), v: wind speed
and Cr: torque coefficient (depends on wi; and V).
Temy in (2), is the torque that arises from the
interaction of the rotating magnetic field established
by the stator winding with the bars of the outer face
of rotor 1. Since this part of the EVT configures a
traditional induction machine, for Tem1 to occur,
rotor 1 must rotate at a different speed from the
magnetic field produced by the stator (there is a
slip) which rotates at the synchronous speed ws:

w; =2l ©

P1

Where fe1 is the electrical frequency of the
stator, fixed by the grid and p; is the number of pole
pairs of the stator winding. Considering that rotor 1
operates at a speed close to synchronous speed (low
slip), it is possible to calculate Tem: through a linear
approximation given by (5), [17]:

Tem1 = K¢ (w1 — wy) (5)
Where Kg is the slope of the torque-speed
characteristic whose value depends on the amplitude
of the flux in the air gap (determined by the ratio
Vsl/fe1) and the resistance of rotor bars. Neglecting
losses in the stator winding of the EVT, the
electrical power injected to the grid (Ps) can be
calculated as:
Ps = Tem1 ws

(6)
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Taking a time span of less than 10 minutes, the
wind speed V reaching the VAWT can be
decomposed as a mean value V, and a turbulence of
relatively rapid variation v; [18]:

vV =0y + v (7

Turbulence is random and is mainly caused by
ground friction and vertical wind displacement due
to thermal heating. The repetition period of
turbulence, corresponding to the peak in the high-
frequency zone of the Van der Hoven spectrum, is
on the order of one minute, [18]. As for the
turbulence amplitude, this can be estimated using
the IEC61400-2 standard, which provides a Normal
Turbulence Model. In many practical cases, it is
sufficient to consider that the turbulence intensity is
equal to 20% of the mean wind speed, as suggested
by DNV GL in 1993, [18].

Although turbulence is a complex phenomenon
and cannot be exactly represented by deterministic
equations, recent studies propose representing it as a
sinusoidal variation to facilitate the analysis, design,
and simulation results comparison, [19], [20]. Wind
variation can thus be described as (8):

v =vy + Visen (2rf;t) ®)

Where V; and f; are the amplitude and frequency
of the equivalent turbulence, respectively.

The torque of the VAWT resulting from
introducing (8) into (3) is composed of a constant
component and a variable component due to the
turbulence. The nonlinear dependence of Tt1 on V
produces harmonics of f; on the turbine torque but to
simplify the system analysis, controller design, and
the sizing the flywheel inertia, only the fundamental
component is considered here. Therefore, it is
assumed that this component exhibits a cosine
variation (9):

Tr1 = Tr10 + Tripcos(2mfyt) )

Where Trio is the mean torque, Trip and f, are
the amplitude and frequency of the torque variation
caused by turbulence, respectively.

To analyze power fluctuations on the stator of
the EVT using (6), the variation of w1 produced by
(9) must be evaluated, as Tem: depends on w1 (5).
The relationship between the variable component of
Tr1and o is evaluated assuming that Tem2=0. Then,
a transfer function Gi(S) can be derived from (2):

wqi(s) _ 1
Tr1p(s)  sJr1+Kg

Gi(s) = (10)
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Gi(s) has a low-frequency gain G1p=1/Kg and
exhibits a real pole. This means that the VAWT
behaves like an inertial low-pass filter with a cutoff
frequency f1 given by (11):

_ _Kg
h 21 e

Y

Therefore, the magnitude of the variation of w:
caused by Trip will depend on the relation f, /fi. For
instance, if f;>>f1, the variations of w1 will be small
due to the attenuation produced by the moment of
inertia Jri. On the contrary, if fy<<fy, this
attenuation is very small, and then w1 can be
calculated using Gig and (9) as:

T
w, = 110 4 T—;”cos(anpt) = wio twyp (12)

K¢ K

Where w1 is the mean component and w1y is the
variation due to wind turbulence.

If fy <<fi, Tem: and Tt are almost equal, as the
reaction torque produced by the moment of inertia
of the VAWT is very small. Therefore, neglecting
second-order terms, the power injected to the grid
by the stator of the EVT can be approximated as:

PS = TTlO W1o + TTlp W1g COS(ZT[fpt) =

= PSO + PSp (13)

In (13) Pso is the mean power and Psp the
variable power due to the wind turbulence.

3 Compensation of Power Fluctuations
In the previous section, it was assumed that the
electromagnetic torque Tem2 (Which arises from the
interaction between the field of the permanent
magnets located on the inner face of rotor 1 and the
winding of rotor 2) has remained null. However,
Tem2 can be adjusted to any desired value through
the VFD. Equation (2) indicates that if the VFD is
properly managed, it is possible to neutralize the
effect that Tr1p has over w1. If Tem2 is made equal to:
Temzp = TTlpCOS(ZTCfpt) (14)

The speed w: will not vary in the presence of

the considered turbulence. This means that Temy will
not vary either and therefore, Ps will not be
disturbed. The drawback of applying (14) is that T+
should be measured, which is costly and complex.
However, it is possible to find the appropriate value
of Temx if a controller is used to minimize
fluctuations in Ps (Psp). Psp is thus obtained by
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subtracting the mean value of Ps (Ps) obtained, in
turn, through low-pass filtering:

(15)

Then, Temzp is derived:

TemZp = KC(Pspref - Psp) (16)
Here Kc is the gain of the controller and Psprer is
set to 0. To ensure that the flywheel is always
capable of absorbing/delivering energy, its idle
speed must be set in an intermediate value. Thus, a
proportional speed control loop is used (17):
Temao = Kco(eref — w3) (17)
Where Kcg is the controller gain and warer is the
reference speed. It is convenient to set warer=m10, the
speed of shaft 1 of the EVT corresponding to the
mean value of the wind speed. The closed-loop
transfer function between w; and Temoo has a pole at
frequency fa:

f _ KCO
==
21 12

(18)

Therefore, Kco must be adjusted such that the
frequency components of flywheel speed caused by
wind turbulence are outside the bandwidth of the
idle speed controller, that is f<<f,.

Summarizing, to achieve the objectives already
mentioned, the reference value Temarer for the internal
torque controller of the VFD should consist of two
terms:

Teeref = Tem2p *+ Temao (19)
3.1 Sizing of the Flywheel
If the aerodynamic and bearing losses of shaft 2 are
negligible, the evolution of the rotation speed of the
flywheel is governed by (20):

dw, 1

ac ETemZ (20)

Where Jr=J>+JF is the total moment of inertia
associated with shaft 2 of the EVT, with J; inertia
moment of rotor 2 and Jr the inertia of flywheel
itself.

If a perfect compensation for Ps is reached, it
means that the value of Tem2 given by (14) is applied
and the variations of shaft 1 speed are completely
canceled. Under the assumption that initially m>=wmo
(considering an ideal idle speed control loop and
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that this controller does not provide any corrective
action facing a fast speed change), the introduction
of (14) into (20) leads to the expression of the
instantaneous speed of the flywheel:

TTlp

= 27, Jra COS(Zﬂfpt) + W1o

e2))

w»

The first term in (21) represents the departure of
the flywheel speed concerning the idle speed due to
Tem2p-

The instantaneous power of the flywheel (pr)
can be obtained by multiplying (14) and (21):

pr = Trip wio cos(anpt) +
2
T1ip

T
+ afy J1a en(4mfyt) = p1z + pyrp (22)

In (22), the first term (p12) is the power
transmitted from shaft 1 to shaft 2 through
electromagnetic coupling Tem2. The second term
corresponds to the power provided by the VFD
(Pvep), which has twice the frequency of pio.

It is observed that the proposed compensation
technique cancels the power disturbance in the
stator of the EVT due to wind turbulence, deriving it
to the flywheel through the electromagnetic
coupling between both shafts. However, a residual
fraction of this disturbance reaches the grid through
the VFD. Therefore, an appropriate criterion for
sizing the moment of inertia of the flywheel is such
that the peak value of the second term in (22) is a
small fraction of the peak value of the first term. If
we call this fraction Kp:

Pyrpmax = Kp Piamax (23)

Neglecting J> (As JF=>>J,) the required moment
of inertia Jr for the flywheel to comply with (23), is:

Jp = P12max
F 4nfy w10% Kp

(24)

4 Simulation Results

To evaluate the performance of the control scheme
for attenuating power fluctuations in the weak grid,
a computational model of the system was
developed. This model is based on the equations
presented in Section 2 in which the main
characteristics and parameter values of each part of
the model are detailed below.
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4.1 VAWT

Three straight-blade Darrieus-H VAWT with a
height of H=11.8m and rotation radius of R=10m
(capture area A=236m?), fixed pitch. Nominal power
Pr=100kW for a wind speed v=12m/s. The torque
coefficient Cr in (3) is calculated with (25):

C

_Ss
Cr(hB) = F( F-csB—ca)e fit e (29)

Where Aiis calculated as (26):

1 1 0.035
- = — (26)
A; 225140088  B3+1

In (25) and (26), S is the pitch angle (=0 in our
case), and A=(wtR)/V is the ratio of the tangential
blade speed to the wind speed. The numerical values
of the coefficients in (25) are: ¢1=0.4332, c,=116,
¢3=0.4, c4=5, cs=21, ¢=0.0128. The moment of
inertia of the turbine is J1=52000kgm?. The turbine
is coupled to shaft 1 of the EVT through a speed
multiplier gearbox with a ratio of a=38.75. This
leads to a rotation speed of shaft 1 of the EVT of
1550RPM for turbine operation in rated conditions.

42 EVT

Stator winding: 4 poles, 380V/50Hz, rated power
Pn=100kW, synchronous speed ns=1500RPM.
Ke=117.67Nm/(1/s). The rotor of shaft 2 has 4 poles
winding, 380V/50Hz, and is fed by a 25kW VFD.

4.3 Flywheel

Using the sizing procedure of Section 2 and
adopting Kp=1/5, applying (24) results in
J=48Kgm?. Given the low speed of the flywheel,

its mechanical and aerodynamic losses are
considered negligible.
In a preliminary step, a simulation was

conducted to observe how wind turbulence affects
the behavior of the VAWT, with the power
fluctuation attenuation controller disabled. The
results are shown in Figure 3. Figure 3(a) shows the
wind speed profile used in the simulations. Starting
from a stable wind speed of v=10m/s, after the
turbine reached its rated speed, at t=105s, a
sinusoidal turbulence with an amplitude of 2m/s
appears (representing a turbulence intensity of 20%,
[18]). The frequency of turbulence is 16.66mHz,
corresponding to the peak of the Van der Hoven
spectrum (approximately 1 cycle per minute). In
Figure 3(b), the variation of the turbine torque
(referred to as shaft 1 of the EVT) is shown, and it is
observed that its shape is also sinusoidal with the
same frequency as the turbulence, as indicated in
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Section 2. Using (11), the frequency of the
mechanical pole of shaft 1 dynamics can be
calculated, resulting in fi=0.54Hz. Since the
frequency of the turbulence is much lower than the
pole frequency fi, nearly all the resulting torque
disturbance of Figure 3(b) is directly transferred to
the electromagnetic torque Tem: (Figure 3(d)).
Evidence of this fact is the small value of the torque
with which the inertia reacts, Figure 3(c). After the
start-up transient, the turbine speed stabilizes, and
shaft 1 of the EVT reaches approximately
n=1525RPM (Figure 3(e)). Due to the steep slope
(Kg) of the torque-speed characteristic of the
generator composed by the EVT stator and bars on
the outer face of rotor 1, the appearance of
turbulence causes a very small speed variation
around this value, approximately +/-25RPM.

The preliminary simulation confirms that the
turbine's inertia has a negligible filtering effect on
wind turbulence and the need to add a system to
reduce the Tem variations is justified.

This is why the entry into operation of the
proposed smoothing system is enabled to attenuate
the power fluctuations caused by wind turbulence,
and the results are presented in Figure 4, Figure 5
and Figure 6.

In Figure 4, the dynamic behavior of the
mechanical variables associated with the flywheel is
shown. The flywheel's accelerating/decelerating
torque is controlled by the VFD feeding the inner
rotor windings. As the dynamic of this loop is
determined by short electrical time constants, the
torque applied to the flywheel (shaft 2 of the EVT)
almost instantaneously copies the torque reference
signal. This reference consists of two components:
Tem2o generated by the flywheel’s idle speed control
loop, and Tem2p generated by the control loop for the
power smoothing in the EVT stator. Initially, to
bring the flywheel into operation, only the slow-
speed control loop for idle speed is enabled. This
loop has a speed reference Narer consisting of a step
from 0 to 1525RPM at t=50s, as shown in Figure
4(a). A proportional gain Kce=0.3 for the idle speed
closed loop is used and produces a torque reference
Tem2o according to (17), which is shown in Figure
4(c). Once the flywheel speed is stabilized (Figure
4(b), t=1025s) the power smoothing loop is enabled.
From this moment, the torque reference Temz has an
additional component Temop calculated through (16)
with a controller gain Kc=—0.35. This loop produces
a Temzp that is sinusoidal with no DC component
(Figure 4(d)) resembling the desired torque given in
(14) for ideal conditions. Temzp produces fluctuations
in the flywheel's speed which varies between 1000
and 2000RPM around its idle speed (Figure 4(b)).
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On the other hand, it can be observed that the
control loop for the idle speed of the flywheel is
indeed slow, presenting a very small gain at the
frequency of the turbulence (16.66mHz) since the
frequency of the pole f, calculated using (18) is
ImHz. Therefore, due to its limited bandwidth, it
exerts minimal corrective action when facing rapid
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speed changes, resulting in a small ripple in Temzo, as
shown in Figure 4(c). Since mechanical and
aerodynamic losses are not considered, the total
Tem2=Temoo+Tem2p constitutes flywheel acceleration
torque, Tj in Figure 4(e).

(b

{a)

(d)

(w) Ys]

S

Fig. 3: Effect of wind turbulence on turbine variables (values referred to shaft 1 of the EVT and compensation
disabled)

Tem2p Tem?20 n2 n2ref

Tem2
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(ch
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Fig. 4: Mechanical variables of the flywheel (shaft 2 of the EVT and compensation enabled from t=1025s)
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Fig. 5: Mechanical variables on shaft 1 of the EVT (compensation enabled from t=1025s)
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Fig. 6: Power at different points of the system (compensation enabled from t=1025s)

Figure 5 shows the effect on the variables
related to shaft 1 of the EVT when the proposed
power smoothing system is activated. It can be seen
in Figure 5(d), that the speed of shaft 1 (n1) stops
showing significant variations after t=1025s
because the variations in turbine torque caused by
turbulence (Figure 5(a), referred to as shaft 1 of the
EVT) are compensated by equal and opposite
variations in Temz, as depicted in Figure 5(b). Since
the electromagnetic torque, Tem: only depends on
the shaft 1 speed, it also ceases to undergo
significant variations after t=1025s, as illustrated in
Figure 5(c).

In Figure 6, the effect of the smoothing
controller on the power at various points of the
system is shown. When the controller is enabled
(starting from t=1025s), mechanical power is
transferred from shaft 1 to shaft 2 through the air
gap that exists between the internal face of rotor 1
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and rotor 2. This power, P1, (Figure 6(b)) is the
product of Tem> and the rotational speed of rotor 1.
As a result, the power in the stator of the EVT, Ps
(Figure 6(a)) becomes almost constant from that
moment onwards (with a value of around 60kW,
corresponding to the average wind speed of 10m/s),
as its variations are redirected towards rotor 2 of
the EVT. The product of Tem2 and shaft 2 speed n;
is the flywheel power P; (Figure 6(c)). P is
composed of P12 and the power that is managed by
the VFD. Neglecting losses in the winding of the
inner rotor, the power contributed by the VFD Pyrp
(Figure 6(d)) can be calculated as the product of
Tem2 and the speed difference between shaft 1 and
shaft 2. It is observed that Pvep has twice the
frequency of P12. Finally, in Figure 6(e), the power
delivered to the weak grid is shown. Before the
appearance of turbulence, 60kW corresponding to a
constant wind speed of 10m/s is injected. From
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t=105s to t=1025s a power fluctuation due to wind
turbulence is observed, varying between 20kW to
100kW. This large disturbance in the power (40kW
peak value) is injected by the stator of the EVT
because the smoothing control system is disabled.
Upon enabling the control system, from t=1025s,
the initial mean power (60kW) remains unchanged,
but the power fluctuation is significantly reduced as
the observed new peak value is slightly above 7kW.
This corresponds to an attenuation factor of about 5
times, the value that has been adopted in the
flywheel sizing stage. This residual power
fluctuation is constituted only by the power
managed by the VFD, as variations in Ps disappear
because are transferred to the flywheel.

5 Conclusions

In this study, we propose a wind energy conversion
system that integrates, in a compact form, two
functions: power generation and power smoothing.
The system has been specifically designed for rural
areas in southern Patagonia, Argentina, where
challenging environmental conditions and abundant
wind resources are prevalent.

The most prominent features of the proposed
system are:

e Owing to simplicity and robustness, a VAWT
Darrieus-H type has been selected as the wind-
to-mechanical energy conversion device.

e A low-speed flywheel is employed as a short-
term energy storage device to smooth power
fluctuations caused by wind turbulences. This
type of flywheel does not require sophisticated
materials, special bearings, or a safety
container.

o The flywheel is coupled to the VAWT through
an EVT.

o The EVT integrates both the generator and the
motor to drive the flywheel in a single
electrical machine, resulting in a more
compact, simple, and economical system than
the traditional scheme based on separated
machines.

e The chosen EVT is based on induction
machines, for reliability and robustness.

e The way the EVT windings are powered and
connected is unusual. Only one VFD is
required, which is used to feed the inner rotor
of the EVT. The stator winding of the EVT is
directly connected to the grid. This constitutes
a simple and low-cost alternative.

e As a significant fraction of the fluctuating
power (generated by the wind turbulence) is
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transmitted through the electromagnetic

coupling between both rotors of the EVT, the

VFD-rated power is reduced in comparison

with a standard independent flywheel module.

e The proposed control system is
straightforward and for its practical
implementation a device with low computing
power and the measurement of electrical
variables are only required. Any simple and
commercially available PLC (Programmable

Logic Controller) would be more than

adequate.

The results of the conducted simulations have
been encouraging, showing a significant reduction
of the fluctuation in the injected power into the
weak grid (around five times in the studied
example). Additionally, they validate the
theoretical analysis of the system, especially the
method for sizing the flywheel to achieve a desired
fluctuation attenuation factor.

In future work, an attempt will be made to find
an alternative control strategy to achieve a higher
level of attenuation of the grid power fluctuation
without the need to increase the size of the
flywheel. On the other hand, it is planned to use
controllers based on advanced techniques which
can enhance the system’s dynamic performance.
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