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Abstract: This paper presents a theoretical study of the dynamic behaviour of a wind turbine con-
sisting of a wind rotor, a speed increaser with fixed axes, and a counter-rotating electric generator,
operating in variable wind conditions. In the first part, the dynamic analytical model of the wind
turbine mechanical system is elaborated based on the dynamic equations associated with the compo-
nent rigid bodies and the linear mechanical characteristics associated with the direct current (DC)
generator and wind rotor. The paper proposes a method for identifying the coefficients of the wind
rotor mechanical characteristics depending on the wind speed. The numerical simulations performed
in Simulink-MATLAB by MathWorks on a case study of a 10 kW wind turbine highlight the variation
with the time of the kinematic parameters (angular speeds and accelerations), torques and powers for
wind system shafts, as well as the mechanical efficiency, both in transient and steady-state regimes,
considering variable wind speed. The analytical and numerical results are helpful for researchers,
designers, developers, and practitioners of wind turbines aiming to optimise their construction and
functionality through virtual prototyping.

Keywords: renewable energy; wind turbine; counter-rotating electric generator; dynamic modelling;
simulation; variable wind speed

1. Introduction

In the global effort to achieve the ambitious targets for decarbonisation of the energy
system, at a national and global level, wind energy plays a significant role now and a
major one in the future. Thus, the European Union (EU) aims to move to 100% clean
energy by 2050 as an important step in achieving climate neutrality, the energy sector being
responsible for more than 75% of greenhouse gas emissions (GHG) at the European level,
according to the European Green Deal [1]. This goal can be achieved by using renewable
energy sources, a key role being granted to increasing wind production by improving
wind energy systems, especially installed offshore. In all decarbonisation scenarios, which
consider the high-level implementation of renewable energy systems, it is emphasized that
the main source of electricity generation will be wind power by 2050 [1,2] with a share of
over 36% of the total [3,4]. Thus, wind energy had a total installed capacity of 743 GW at
the end of 2020 [5], with an increase to over 6000 GW foreseen by 2050 [4], as wind power
remains an efficient and affordable technology of producing clean electricity in a safe and
sustainable way. Energy management considering the variability of renewable energy
sources and the reliability of networks and systems facing utility grid outages remains a
challenge for energy systems with a high share of renewables [6-8].
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The wind energy sector is gaining more and more popularity among researchers,
developers and investors. They have paid attention to the behaviour of onshore and
offshore wind systems and their components in different operating conditions. Their
optimal design and modelling are permanent challenges in ensuring the high energy
performance of wind systems, operating under variable wind conditions. Therefore, the
dynamic behaviour of wind turbines is of significant interest as it influences significantly
the conversion system functional performance, output power, and reliability.

The dynamic modelling of wind turbines in order to identify and control their be-
haviour or their functional optimization has drawn the attention of many researchers in
recent decades. The research in this field is addressing either the dynamics of the entire
wind turbine/farm or the dynamic modelling of a component of the wind conversion
system: wind rotor, speed increaser, or electric generator. Different dynamic modelling
approaches are presented in the literature, while the simulation is mainly performed with
the MATLAB-Simulink software package.

Cottura et al. present in [9] the modelling of a floating wind turbine under a broad
spectrum of sea and wind conditions. The dynamic model is compared with the FAST
reference model (fatigue, aerodynamics, structures, and turbulence), a reference software
for modelling offshore wind turbines, the errors between the two models being reported as
being below two percent. A similar concept is presented in [10] where the hydrodynamic
performance of the floating foundation of an offshore wind turbine is analysed based
on Reynolds-Averaged Navier-Stokes simulations. The FAST dynamic model allows the
performance investigation of the floating platform under operational and storm conditions.
A rigid multibody dynamic model for a floating offshore wind turbine and its dynamic
responses are presented in [11]. The authors use the Euler-Lagrange equations for system
motion, while the dynamic response under four load cases is validated against the FAST
model.

The dynamic of the onshore wind systems is addressed as well in the literature,
referring mainly to general theoretical models, based on customised models that can be
developed. For instance, Santoso and Le present in [12] a dynamic model that includes
aerodynamic, mechanical, and electrical components of a turbine operating at a constant
wind speed. The model is simulated in four case studies to prove its validity. Equivalent
models of wind farms operating at constant wind speed are proposed in [13]. These
dynamic models offer high accuracy of the dynamic response regarding the simulations of
the energy system and a reduction in the simulation time compared to the detailed model
of the actual wind farm.

A dynamic model of a fixed-pitch angle wind turbine simulator is presented in [14],
which includes different wind turbine profiles for which the mechanical power characteris-
tics of the wind turbine are assigned. The model allows defining the mechanical power and
torque as functions of the wind speed. A similar concept is presented in [15], where the
Blade Element Method is used to determine the power coefficient of a turbine consisting of
a wind rotor, a speed increaser, and a conventional electric generator. The model considers
the hydrodynamic data for the rotor, the inertia characteristics of the whole system, fric-
tional losses, and the electromagnetic torque of the generator. Qi et al. propose in [16] a
method to improve the dynamic response of a wind turbine by a torque error feed-forward
control and the blade-pitch angle servo control. The mechanical system model is based on
the FAST code, the results being validated on a five megawatt wind turbine. The dynamic
behaviour of wind turbines under stormy wind conditions is presented in [17]. The authors
use the beam theory to couple the wind turbine dynamic model to the unsteady aerody-
namic model to generate the dynamic response of the system. The results are simulated
on two wind turbines of two and six megawatts. The dynamic model of a wind turbine
without a gearbox is presented in [18], the simulation performed in MATLAB-Simulink
considering load flow, fluctuations in wind speed, and transient and output power.

The researchers in the field have paid particular attention to the dynamics of the
gearbox, the literature proving that the dynamic behaviour of speed increasers is closely
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related to the dynamic behaviour of the wind systems. A gear transmission of Ravigneaux
type is used in [19] to propose a dynamic analysis method based on a general algorithm for
determining the transmission ratio, transmission torques, and efficiency. Another method
for dynamic modelling uses numerical integration of Runge-Kutta type [20], and considers
nonlinear dynamic characteristics of a speed increaser with one input and one output.
Another nonlinear dynamic model is presented in [21], which considers a planetary speed
increaser with an input and an output for which the load distribution on the gears is studied,
the algorithm being based on the lumped parameters method. To improve the load-sharing
capacity on the component gear pairs, Zhu et al. present in [22] a dynamic model of a
planetary speed increaser with flexible pins. The dynamic behaviour of the wind system
is also studied using the lumped parameter model, in which the stiffness of the bodies is
predicted using the finite element method. Another approach is proposed by Fan et al.
in [23] that discusses the dynamics of a speed increaser depending on the power vs. speed
curve; the dynamic effect due to different input powers on the mechanical characteristics of
the speed increaser is also investigated. A dynamic analysis of a planetary speed increaser
is developed in [24] using the torsional multibody model, used to investigate the transient
response of the transmission. Different planetary speed increasers for wind and hydro
applications are proposed and dynamically analysed in [25,26] as transmissions with one
input and one output. A new planetary speed increaser with two inputs and one output is
proposed by Lin et al. [27] and its dynamic responses are simulated using the fourth order
Runge-Kutta method. The time-domain dynamic response of heavy-duty planetary speed
increasers is studied in [28] by using the lateral-torsional coupling modelling method; the
method is validated on a two megawatt wind turbine gearbox. Wang et al. developed
in [29] a dynamic model for a multistage planetary gear transmission by using the lumped
parameter method to obtain the load-sharing coefficients for each planet gear pair under
variable input speed and internal excitation.

Unlike the previously presented results that refer to gear transmissions used as speed
increasers, ref. [30] proposes a new variant of a cycloidal planetary transmission for re-
newable energy systems and analyses its dynamic behaviour, the efficiency values being
experimentally validated.

A general approach to the steady-state efficiency analysis of speed increasers with
both one or two inputs and one or two outputs is proposed in [31]. The authors concluded
that the in-parallel or split-power transmissions used in wind turbines with either two
counter-rotating rotors or a counter-rotating generator have higher efficiency than serial
transmissions.

Another approach in dynamic modelling is the use of controllers adapted for wind
turbines with a double-fed induction generator, which allows the estimation in real time of
dynamic behaviour compensating for the external disturbances action [32]. The optimal
design of proportional-integral controllers integrated in on-grid permanent magnet syn-
chronous generators from variable-speed wind turbines is addressed by Qais et al. in [33]
by proposing a transient search optimization algorithm.

Aiming to improve the performance of the electric generators for wind turbines, a
counter-rotating generator with permanent magnets for built environment applications
is proposed and analysed in [34-36]; the counter-rotating generator is proved to have a
higher efficiency than the conventional one, with a low starting torque, it is compact and
scalable.

The literature survey concludes that the dynamic behaviour is performed only for
systems with one input and one output or two inputs and one output, i.e., wind turbines
with a conventional electric generator. In the vast majority of the presented research, the
wind rotor and generator have nonlinear models, which lead to a dynamic model with a
high complexity. In addition, some onshore theoretical models consider the wind turbines
operating under constant wind speed. Generally, the numerical simulations are performed
on high-power wind systems using Matlab-Simulink. As a result, the authors did not
identify in the literature relevant results regarding the generalized dynamic modelling
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of the mechanical system for the class of wind turbines with single wind rotor and a
counter-rotating electric generator, which would enable obtaining, in a simpler way, the
dynamic response under variable wind speed.

The paper aims to cover the gap by proposing a novel algorithm for dynamic mod-
elling of single-rotor wind systems that include a counter-rotating electric generator and a
speed increaser with one input (connection to the wind rotor) and two outputs (connec-
tions to the rotor and stator of the electric generator), meant also to be used in real very
attracting low-power applications, e.g., in the built environment. The power generated
by the wind rotor is branched to the generator rotor and stator, a solution that brings
several advantages compared to the conventional wind turbines (with fixed stator): higher
mechanical efficiencies, a more compact speed increaser (with lower kinematic ratio), and
a self-balancing electric generator in operation. The dynamic modelling is performed
under variable wind conditions. It combines the classical equations associated with the
rigid bodies with fixed-axis rotational motion (mechanical moments of inertia, kinematic
transmission ratios, and the efficiency of the cylindrical gear set) with the linear equations
associated with the mechanical characteristics for both the direct current (DC) generator
and the wind rotor, respectively, on its quasilinear active working sector in operation. The
linear equations of the wind rotor mechanical characteristic are expressed as functions
of wind speed. The motion and efficiency equations in the dynamic regime are defined
analytically and simulated for the case study of a 10 kW wind turbine, the numerical results
validating the generalized theoretical model.

The paper is organised as follows: Section 2 presents the configuration of the wind
turbine with counter-rotating generator and the analytical model for angular speeds and
kinematic ratio; Section 3 is devoted to the dynamic analytical modelling; in Section 4 the
numerical simulations and analyses are performed for a specific scenario; and Section 5
provides the conclusions.

2. Problem Formulation

Wind turbines with counter-rotating electric generator are characterised by a mechani-
cal system with higher inertia versus the ones with conventional electric generator, due to
the rotation of the generator stator, which usually is characterised by a higher mechanical
moment of inertia than the generator rotor. Therefore, identifying the transient dynamic
behaviour of these wind turbines when changing the wind speed is a challenge in expand-
ing the implementation of wind turbine solutions with counter-rotating electric generators
and also for their better operation.

The modelling of the dynamic response of wind turbines with counter-rotating electric
generator was further developed for a generic wind turbine including a simple gearbox.
The analysed wind turbine consisted of a wind rotor R, a fixed axes speed increaser SI with
one input and two outputs, and a counter-rotating electric generator G, characterised by
the rotation of the rotor GR and stator GS in opposite directions, Figure 1.

The speed increaser SI was derived from a cylindrical planetary gear set with one
satellite gear, which functioned as a fixed axes mechanism obtained by connecting the
satellite carrier H to frame 0. Thus, the mechanical power input in the speed increaser
was achieved through a ring gear 2, which was connected to the wind rotor R and to the
generator stator GS, which engaged with two or more evenly distributed gears 3. The
gears 3 engaged simultaneously with gear 1, which ensured the transmission of mechanical
power to the generator rotor GR. The ring gear 2 and gear 1 had the same revolute axis,
namely the central axis. As a result, the input mechanical power was distributed on two
branches to (Figure 1c):

- the generator rotor GR, through the speed increaser SI, with speed amplification;
- the generator stator GS, without changing the input speed due to the direct connection
between the wind rotor R and the stator GS.
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Figure 1. Single-rotor wind turbine with counter-rotating electric generator: (a) conceptual scheme;
(b) kinematic scheme (upper-half front view); and (c) block scheme.

The angular speeds of the gears and the kinematic ratios, under the conditions of the
branched transmission of mechanical power from the input 2 = R to the outputs 1 = GR
and 2 = GS, can be obtained based on the scheme from Figure 1b:

—v
wy = 71 = —tand;; wy = WgR 1)
v

wy = 722 = tan dy; wy = WR = Wgs ()

. WGR w1 tan &, 1) Zn
iopr=k - _Ala_ B2 ©)

WR wo tan 0o 1 Z1

. waGs

IGS R = TR =1 4)

where wy is the angular speed of gear x =1 ... 3; v,—the peripheral linear speed on the
pitch circle of radius ry of gear x = 1... 3; 61 ,—the angle between the straight lines given
by the center of rotation of gears 1, 2 and the origin and the tip, respectively, of the speed
vector v12; z1,»—the teeth number of the gears 1, 2; i, _,—the kinematic ratio (i.e., the ratio
of angular speeds) when the rotation motion is transmitted from body x to body y.

In the operation of an electric generator, the relative angular speed of the rotor to
the stator wg (referred to as the angular speed of the electric generator) is a characteristic
parameter for the generated electric power:

WG = WGR — WGs = Wy — W) )

As aresult, the total amplification ratio of the angular speed i g achieved by the wind
turbine with counter-rotating generator can be determined with the following relation:

. w WGR — W —tan d; — tand r z
WR WR tan &, 1 Z1
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The dynamic modelling of the wind turbine from Figure 1 was performed under the
following premises:

- the moving components (gears, the wind rotor, the rotor and stator of the electric
generator) were rigid bodies with the mass distributed evenly and, also, geometrically
symmetrical in relation to their own axis of rotation; therefore, the centre of mass of a
body was a fixed point, located on the body fixed axis of rotation;

- only the frictional losses in the gearing were further considered, while the frictions in
the revolute joints, materialised by bearings with low friction coefficients (due to the
rolling friction), were neglected;

- the wind rotor and the electric generator were not adjusted during operation, which
means that the pitch angle of the blades did not change in operation, and the adjust-
ment parameters of the electric generator remained constant in operation;

- the wind rotor and the electric generator had known mechanical characteristics of
linear type with constant coefficients. The mechanical characteristic of a wind rotor is
a complex 2D curve, which can be approximated with a linear function in the steady-
state regime. Moreover, the DC generators are characterised by a linear dependence
between the driving torque and the angular speed of the electric generator wg;

- the electrical losses inside the generator were neglected in this study.

The main stages of the proposed dynamic response modelling of the wind turbine
mechanical system are depicted in Figure 2 and further presented. Based on the conceptual
diagram from Figure 1, the input parameters in this algorithm were the wind rotor radius,
efficiencies of gear pairs and teeth numbers of the gears from the speed increaser, the
torque-speed characteristic of the electric generator, and the inertial properties of the
components. In the first stage, the kinematic modelling of the wind turbine mechanical
system was performed by obtaining the transmitting functions for the angular speeds and
the other angular speeds that are dependent on the independent speed of the wind rotor.
For this mechanical system, three dynamic equations can be described, corresponding to
the three rigid bodies to which the mechanical transmission can be reduced. The dynamic
equations can be obtained by various approaches, in this case by using the Newton-
Euler method. The mechanical characteristics (torque-angular speed dependence at a
shaft level) of the wind rotor and the electric generator were added to the kinematic and
dynamic equations of the mechanical system. This study considered the case of DC electric
generators, characterized by linear characteristics modelled by linear functions, as well
as by the equality in absolute value of the torques on its rotor and stator, both mobile
with rotations in opposite directions. The mechanical characteristic of the wind rotor can
be linearized on the active operating area, the coefficients of the linear function being
dependent on the wind speed. These equations enable the calculation of the differential
motion equation of the system that describes the behaviour in transient and steady-state
regimes depending on the independent kinematic variable (the motion of the wind rotor).

The motion equation can be solved by using Simulink-Matlab software and obtains
the system dynamic response (i.e., variation over time of the parameters of independent
motion). Once the dynamic response is established, all the other kinematic parameters and
torques that are associated with the mechanical transmission shafts are obtained explicitly
based on the previous set of equations, including highlighting the changes in mechanical
efficiency during wind turbine operation. The proposed algorithm is a general one and
can be applied to any wind turbine with a single wind rotor and a counter-rotating electric
generator, regardless of whether the mechanical characteristic of the wind rotor is linearized
or not, the speed increaser has fixed axes or is of planetary type, and the generator is either
a DC or an AC. For the sake of simplicity and better understanding, the simplified case of
fixed axes speed increaser and linear mechanical characteristics is considered in this paper.
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Figure 2. Flowchart of the proposed dynamic modelling for single-rotor wind turbines with counter-rotating electric

generator.

3. Dynamic Modelling

The dynamic equations of a general system of motor(s)-mechanism-effector(s) type
describe the system motion under the action of actuation and resistance forces/torques.
The dynamic equations of a wind turbine under the premises mentioned in Section 2 are
homogeneous linear differential equations of second order. The angular acceleration and
speed of the wind rotor interfere with and define the independent motion of the mechanical
system.
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The dynamic modelling method uses the equations of the Newton-Euler formalism
and implies the prior isolation of each body by replacing the connections between the
bodies by the corresponding reaction forces. It is followed by the description of the Newton-
Euler equations for each body, according to the general expression when the origin of the
coordinate system attached to the body coincides with the body centre of mass cm [37]:

F\ (mlIz O aem 0
(T)_(o Jcm><s)+(wxlmw> @

where F is the resultant force vector acting on the centre of mass, m—the body mass, I;—the
3 x 3 identity matrix, acm—acceleration vector of the centre of mass, T—resultant torque
vector acting on the centre of mass, Jom—moment of inertia defined about the centre of
mass, w—angular speed vector of the body, and e—angular acceleration vector of the
body.

In the case of symmetrical bodies with a fixed axis of rotation (i.e., the centre of mass
cm is a fixed point on the axis of rotation), Equation (7) can be simplified in the following
scalar form:

T=]-¢ 8)

where T is the resultant torque acting on body, [—moment of inertia around the body
motion axis, and e—angular acceleration of the body.

3.1. Dynamic Equations of Component Bodies

Based on the scheme from Figure 1a, the considered wind turbine can be decomposed
into the following rigid bodies:

- body B1: the assembly consisting of the sun gear 1, the generator rotor GR, and the
connecting shaft, Figure 3a;
- body B2: the assembly wind rotor R—ring gear 2—generator stator GS, Figure 3b;
- a number s3 of gears 3 and their shafts (body B3), evenly distributed around the
central axis, Figure 3c.
The positive direction of the angular speed and torque vectors for all the bodies B1
... B3 is defined to the right (Figure 1), while ], denotes the axial moment of inertia of the
body x=1... 3, wy—the angular speed of the body x, and Ty—the resultant torque acting
on the body x.
Thus, considering the body B1 characterised by the fixed-rigid connection between
gear 1 and the generator rotor RG, the following equations can be written (Figure 3a):

W1 = WGR (9)

Jier =Ter—Th (10)
Similarly, the kinematic and dynamic equations of the B2 body, characterised by the
connections R = 2 = GS, can be described by (Figure 3b):

WR = Wy = Wgs (11)

Jogo = Tr — Tr + Ts (12)

The mechanical power is transmitted from ring gear 2 to gear 1 through s3 theoretically
equal flows, corresponding to s3 number of gears 3 that are mounted in parallel between
gears 2 and 1. As a result, the body B3 is driven theoretically by a torque T3, defined by
relation (13):

T .
T3 = 512_3112_3 (13)
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which comes from the energetic equilibrium equation with friction for the gear pair
2-3:

Trwom, 3 = s3T3ws (14)
where i 3 = wy/ w3 = z3/7; is the kinematic ratio of the gear pair 2-3, and n, ;—the
efficiency of the gear pair 2-3.

Gear 3 is also subjected to a reaction torque T3; from gear 1:

.
T3 = ¥11_3n3_1 (15)

defined as well based on the energetic equilibrium equation with friction for the gear pair
3-1:
s$3T31wanz 1 = Tiwy (16)
where i1 3 = wi/w3 = —2z3/z is the kinematic ratio of the gear pair 1-3, and n3 ;—the
efficiency of the gear pair 3-1.
As a result, the dynamic equation for the body B3 is:

Jaes = Ts2 + T51 (17)
which by considering Equations (13) and (15) becomes:

s3J3e3 = Taiz 3Ny 3 + Tlil,sﬂgf_ll (18)

Relation (18) models the transmission of mechanical power from gear 2 to gear 1 in
the general case of considering the inertial effects of the body B3 and the impact of gear
friction; if the mass of body 3 is neglected (i.e., J3 = 0) or if the turbine is operating in a
steady-state regime (i.e., 3 = 0), Equation (18) takes the particular form:

Taip 1My 1 +T71 =0 (19)

which expresses the energetic equilibrium condition of the speed increaser SI in the premise
of considering friction in gear pairs, in which:

. wr . . 21
ip1=—"=ip3"i31=—— (20)
w1 Z

and
M2 1 =M23"M31 (21)

3.2. Mechanical Characteristics

The set of dynamic equations of the three bodies Bl ... B3 is completed with the linear
mechanical characteristics with constant coefficients of the wind rotor and the counter-
rotating electric generator, respectively:

- the wind rotor R

b
TR:—aRwR—i—bR,OSnga—R, ag > 0, bg > 0 (22)
R

- theelectric generator G

b
Tg = —agwg +bg, wg < aﬁ, ac > 0, bg < 0 (23)
G
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where ar, br, ag, b are the constant coefficients under the steady-state regime, and, by
definition, Tg = Tgr. Moreover, the functional specificity of an electric generator ensures
the torque equilibrium condition between the rotor GR and the stator GS:

Ter + Tes =0 (24)

According to the chosen positive direction (see Figure 3), the mechanical characteristic
of the wind rotor is active in quadrant I (Tg > 0 and wpg > 0), while for the electric generator
in quadrant II, (T > 0 and wg < 0) for absolute values of the angular speed w larger than
the critical value |bg /ag|, which delimits the operating modes as motor and generator of
the DC machine, Figure 4. Therefore, in the dynamic analysis, the electric machine will be
considered in idle functioning regime (i.e., Tg = 0) until the required operating speed as a
generator is reached:

T = 0 for wg > Z—G (25)
G
A T Nm
TG = —ac-wec + be
br

Tr = —ar-cwr + br

\ @ [rad/'s]»

belac ™, br/ar

? be

Figure 4. Linear mechanical characteristics of a wind rotor (R) and a DC generator (G).

In the present study, it was assumed that the electric generator was not adjusted
during operation, and the pitch angle of the wind rotor blades was not changed. Instead,
the mechanical characteristic of the wind rotor changes with the variation of the wind
speed, as the mechanical power Pr generated at the wind rotor shaft depends on wind
speed value [38]:

1
Pr = ErcpCpr%{v?U (26)

where p is the air density, Cy)—aerodynamic power coefficient, rr—radius of the wind rotor,
and v,—the wind speed.

In the general case, the coefficient Cp depends on the wind speed vy, the angular
speed of the wind rotor wg, and the blade pitch angle (3. Since, in this study, the pitch angle
was considered constant 3 = 0°, the general relation of the power coefficient Cp [38—40] is
obtained through particularisation in the following form:

(o)) —%
Cr=01 x*Cg ce M+ cs5A (27)

1
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where A is the tip speed ratio:
A= CRIR (28)
(47
and 11
—=<- 29
NOA (29)

where ¢; = 0.5176, c; =116, c3 =5, ¢4 =21, c5 = 0.0068, and ¢¢ = 0.035.
Thus, the mechanical characteristic of a wind rotor Tgx = Tgr(wg, vy ) can be described
analytically by Equation (30):

Tg

P 1 c10 (1) gl
= R _ 77Tpr%7}§u Pw (227w Cxcg —C3 | - e “4(agry —¢6) +¢s5 (30)
WR 2 WRYR \ WRFR

Considering the air density p = 1.225 kg/m?, the mechanical characteristic of a wind
rotor with the radius g = 5 m is illustrated in Figure 5 for different values of wind speed
vy. There is a distinct evolution of the torque T on the three zones A, B and C (Figure 5a),
with approximately linear shapes, rounded at the transition from one zone to another.
Thus, the torque T remains constant with the increase in the angular velocity wg up to a
threshold value of the angular speed (which increases with the increase in the wind speed,
zone A), followed by an ascending evolution to the maximum value (max Tg, zone B) and
a lower slope decrease on zone C—the normal operating area of the wind rotor. It can also
be noticed that the maximum power points (max Pr) are found in zone C, at higher values
of the angular speed wp than those corresponding to the maximum torque points (max Tg).
Moreover, regardless of wind speed, the maximum power points are located at the limit of
the approximately linear sector of the mechanical characteristic from zone C. Therefore, it
is reasonable to consider the hypothesis of mechanical characteristics of wind turbines as
linear functions with constant coefficients at a given value of the wind speed, under the
condition that the wind turbine operates at optimal angular speed values (corresponding
to the maximum power point) or higher.

Considering the curves in zone C approximated by linear functions, described accord-
ing to Equation (22), the influence of increasing wind speed on the wind rotor mechanical
characteristic can be summarised as follows (Figure 5b):

e it causes the increase in the angular speed during idle operation (i.e, TR = 0), meaning
the increase in the bR/aR value.
e itleads to the increase in the characteristic slope and to the increase in the bR value,
implicitly.
As a result, both coefficients ag and by are directly influenced by the wind speed and
thus the wind rotor operates under a different mechanical characteristic when the wind
changes its speed.
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Figure 5. The influence of wind speed on the mechanical characteristic of a wind rotor: (a) mechanical
characteristic zones; (b) linearized active sector of mechanical characteristics.

3.3. System Motion Equation
The wind system motion in the dynamic regime is described by a second-order
differential equation represented as a function of the independent input motion of the wind
rotor R, i.e., the angular speed wr = @r and angular acceleration eg = @, where @r is
the angular displacement of the wind rotor, 9gr = der/dt and ¢ = d*>or/dt?.
According to Equations (10) and (18), the torques T7 and T, are obtained:

Ty =Tg — e (31)

s3J3e3 — Tig am; .
12 3M2 3
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and considering Equations (11), (12), and (31), the angular acceleration is obtained:

ER = —% p (33)
Iz + R +sslns
in which the following obvious replacements are considered:
€1 = 11.2€2; €3 = i3 2€2; Tgs = —Tg (34)
Equation (35) is obtained from Equations (23), (5), and (11):
Te = —ag(i1 o — )wgr + bg (35)

The motion equation of the wind system is obtained replacing Equations (22) and (35)
in (33): ‘ ‘
—lar +ag(ip 2 —1) A2 1) |wr+ |bgr +be( 2+ —1
€R = |: (11271 )} |: (T]271 )} (36)

2 2
) 32
hagT thtssfans

The following a priori known constant parameters interfere in the differential Equation (36):

ar, br, ac, b, J1, J2, J3,11 2, i32M2 1,12 3 (37)

in which the parameters ag and bg are dependent on the wind speed, according to linear
trend lines in Figure 5b.

The time variation of the independent parameters (¢r, g, ®r) is obtained solving
Equation (36) under given initial conditions, which describes the evolution in time of
the kinematic (displacements, angular speeds, and accelerations) and dynamic behaviour
(torques, powers, and efficiency) of the wind system and its components. Equation (36)
is numerically solved using Simulink-MATLAB by MathWorks, aspects of which are
presented in Section 4.

3.4. Mechanical Efficiency

The energy loss due to friction in a mechanical system is expressed by mechanical
efficiency, as a measure of how the mechanical input power is transmitted through the
mechanism to the outputs. The mechanical efficiency is a variable quantity in the tran-
sient regime, significantly influenced by the system’s inertial properties, which tends
asymptotically towards a maximum value specific to the steady-state system operation.

Thus, the relation for the mechanical efficiency of the wind turbine is established
starting from its definition, in which Equations (22) and (35) are replaced:

_Towg _ —ag(iio —1wg +bg
TR(UR —aRwR+bR

n= (h2—1) (38)
Equation (36) is solved as a function of wg and the mechanical efficiency in the
transient regime is obtained after the replacement of the obtained solution in Equation (38):

_— (i1 2 —1)arbg — (i1 2 — i)zﬂc(bR —€erJ") (39)

(22 —1)abg — (112 — 1) (12 —1)agbg — arer/*

N2.1 21

where J* is the equivalent mechanical moment of inertia of the system reduced at body 2:

2 2

i i
' =22 4 +sfs2 (40)
N2.1 N2.3
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Equation (39) shows the dependence of efficiency on the angular acceleration e of
the wind rotor; in a steady-state regime (i.e., eg = 0), the expression of the mechanical
efficiency can be simplified as follows:

N=Mo1-— (41)

Unlike the conventional wind turbines with a wind rotor and conventional generator
(with fixed stator), in which the speed increaser has the efficiency independent of the speed
amplification ratio, the stationary mechanical efficiency of wind turbines with counter-
rotating generator depends on both the efficiency of the speed increaser SI with fixed axes
(i.e.,np 1 =My 3N3 1) and the kinematic ratio i1 », according to Equation (41). Given that
the kinematic ratio i;_, has a negative supraunitary value and n, ; < 1, it is obvious that
n > 1y 1. Thus, it can be concluded that wind turbines with counter-rotating generator
have a better mechanical efficiency in a steady-state regime than the conventional systems
that integrate the same speed increaser.

4. Results and Discussions

The numerical simulations of the dynamic model presented in Section 3, developed
for the wind turbine with counter-rotating electric generator described in Section 2, aim
to highlight the evolution in time of the mechanical power parameters (i.e., torque and
angular speed) for input and output shafts, as well as the angular acceleration and the
system mechanical efficiency, in the conditions of sudden changes of the wind speed. Thus,
we considered a wind turbine with a rated power of 10 kW at a nominal wind speed of
8 m/s, characterised by the parameters from Table 1, in a operating scenario in which the
wind turbine started under the action of a 8 m/s wind (stage I), after which the wind speed
dropped sharply to 6 m/s after 8 s (stage II) and then returned to 8 m/s after 15 s (stage III).
Since the linear model adopted for the mechanical characteristic of the wind rotor is valid
only on the useful area of this characteristic (see Figure 5, zone C), in stage I the initial
starting phase was ignored (which is not the object of this research) and the time of 0 s
was chosen at the moment when the angular speed of the wind rotor reached the value
corresponding to the maximum power max Pg.

Table 1. The parameters of the 10 kW wind turbine with counter-rotating generator.

Component Parameter Value Unit
Wind rotor
vw =8m/s ag 111.16 Nm/s
br 2388.2 Nm
Uw=6m/s ag 83.208 Nm/s
br 1341 Nm
Speed increaser
i1_2 -9 -
i3 2 2.25 -
i1_3 —4 -
N23=M31 0.975 -
L | 0.9506 -
53 3 -
Electric generator
ag 3 Nm/s
be —395 Nm
Inertial parameters
I 25 kgm?
I 75 kgm?

I3 0.25 kgm?
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The dynamic analytical model of the wind turbine was implemented in the Simulink
module from Matlab by MathWorks. The obtained graphical results including the mechan-
ical efficiency of the wind system are systematised in: Figure 6 for the input (wind rotor R)
and output components (electric generator G), Figure 7 for the rotor GR and the stator
GS of the electric generator, and the distributions of the torque and power of the wind

rotor on the two branches towards the speed increaser input and towards the stator GS are
illustrated in Figure 8.
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Figure 6. The dynamic behaviour of the wind rotor R and electric generator G in relation to wind speed modification: (a)
angular speed; (b) angular acceleration; (c) torque; (d) mechanical power; and (e) mechanical efficiency.
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Figure 7. The dynamic behaviour of the generator rotor GR and stator GS in relation to wind speed modification: (a) angular
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Figure 8. The dynamic distribution on gear 2 and the generator stator GS of the: (a) torque and (b) mechanical power

generated by the wind rotor R.

In stage I of the considered operating scenario, the wind turbine passed through a
transient period until entering the steady-state, i.e., characterised by constant values of the
kinematic parameters and torques, Figure 6a-d. Typically, the beginning of the steady-state
regime is identified when the angular accelerations become null, Figure 6b. In this transient
stage, the system was accelerated, a significant part of the wind rotor power Pr was used
to overcome the inertial resistance of the mechanical components and the accumulation of
kinetic energy, implicitly.

The electric generator started producing electricity only when the speed wg; became
equal to the value bg/ac = 131.67 rad/s (see also Figure 4), shortly (about 0.1 s) after
the entry of the wind rotor into the active area of its mechanical characteristic. At each
operating time, the ratio between the angular speeds wg and wg and the ratio between
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the angular accelerations ¢ and ¢, respectively, was constant and equal in this case to
ic g = —10.

In the steady-state operating regime during 4 to 8 s, the electric generator was operated
with a power of 10 kW (Figure 6d) at an angular speed = 153.4 rad /s (Figure 6d).

The decrease in the wind speed to 6 m/s after 8 s of operation (Stage II) caused the
change in the mechanical characteristic of the wind rotor (see Table 1) and also the crossing
of a transient stage (of about 3 s) towards a new steady-state operation, Figure 6a—d. The
significant decrease in the wind rotor power Pg to ~2.67 kW and of the driving power of
the electric generator Pg to ~2.56 kW, i.e., a reduction of ~25% of the rated power when
the wind speed has dropped to only 75% of its nominal value, is noted in Figure 6d. This
significant decrease in power is due mainly to the large decrease in torques (Figure 6¢) and
less of the angular speeds (Figure 6a).

It is also worth noting the atypical evolution of the mechanical efficiency 1, which
became supraunitary under the conditions of the definition from Equation (37): according
to Figure 6d, the power of the wind rotor Pg decreased suddenly with the decrease in the
wind speed, but the power Pg changed progressively due to the active effect of the kinetic
energy, accumulated in the previous stage, which was added to the mechanical energy
produced by the wind rotor. The efficiency 1 in a steady-state regime was higher than the
efficiency of the speed increaser (1 _1), i.e., 95.53% vs. 95.06%.

In stage III of the numerical simulation scenario, the wind speed returned suddenly
to the nominal value v, = 8 m/s, after 15 s of operation. The variation in the functional
parameters was relatively similar to the one from stage II, symmetrically to the horizontal
axis. A sudden decrease in efficiency can be noted (Figure 6e) given that the power of the
wind rotor was used at the beginning mainly to accelerate the mechanical system and less
to increase the power Pg.

The evolution in time of the kinematic parameters and torques for the two mobile
components of the electric generator, in the three stages of the simulation scenario, are
presented in Figure 7. The generator rotor GR had an angular speed increased by igr g = —9
and higher than speed of the stator GS, implicitly (igs r = 1), Figure 6a. The angular
accelerations egr and egg (Figure 7b) had similar evolutions to those illustrated in Figure 6b,
given that egg = eg and egr = € + £Gs, which are derived from Equations (11) and (5),
respectively.

The symmetry of the torques curves for the two components of the electric generator
(Figure 7c), characterised by the connection relationship from Equation (24), could also be
observed. Since the torques T¢s and Tgr were equal in absolute value, the variation of the
powers Pgs and Pgr depended significantly on the values of the angular speeds wgg and
wWgR- As a result, the leading share of power was brought by the rotor GR, characterised by
an angular speed higher than the stator GS speed; at the same time, the rotor GR also had
the most significant power drop with the decrease in wind speed in stage II, Figure 7d.

The torque Tr generated by the wind rotor R was dynamically distributed on two
branches to gear 2 (speed increaser input) and the generator stator GS, the relation between
these torques being influenced by the system inertia in the acceleration/deceleration phases,
according to the dynamic relations from Equations (10), (12), and (18). Thus, in the transient
phase of stage I, the torque Tr was used to accelerate the system and to balance the inertial
resistances dynamically, implicitly, which were due to the mechanical moments of inertia
J1 and 3, on the one hand, and J,, on the other hand, Figure 8a. The resistances generated
by the gearing friction forces also interfered in this process. Once the electric generator
was put into operation, the resistant mechanical torque of the generator was added to the
resistances mentioned above. The active effect of the kinetic energy accumulated in stage I
can be observed at the beginning of stage II (Figure 8a), the torque T; being higher than Tx.
Similar evolutions and conclusions can be found for the powers Pg, P», and Pgg, according
to Figure 8b.
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5. Conclusions

This paper presented a generalized dynamic modelling approach of the mechanical
system of a single-rotor wind turbine with counter-rotating DC generator, which integrates
a mechanical speed increaser on the power flow to the generator rotor GR and a direct
connection of the generator stator GS to the wind rotor R. The proposed modelling algo-
rithm considered, besides the dynamic equations of the component rigid bodies, the linear
mechanical characteristics of the electric generator and wind rotor.

The analytical study and the numerical simulations of the considered case study in a
functional scenario with three stages drew the following conclusions:

- The proposed dynamic modelling algorithm, synthetically explained in Figure 2 and
detailed in Section 3, is a novel and general approach for the class of wind turbines
with a single wind rotor and a counter-rotating electric generator. It enabled us to
derive the motion equation and obtain the dynamic response and operating point of
the mechanical system in a number and a well-defined sequence of steps, regardless
of the type of components of the wind system.

- The proposed modelling for the linearization of the active sector of the mechanical
characteristic of the wind rotor simplified the analytical modelling of the dynamic
response, without introducing significant errors in relation to their nonlinear model
regardless of the value of wind speed vy,: the obtained linear functions are character-
ized by higher values of the statistical parameter R-squared (R? > 0.998 for the case
study of a 10 kW wind turbine, Figure 5b).

- The proposed analytical approach enabled us to identify the wind system dynamic
behaviour at wind speed change both in a transient regime and a steady-state regime,
in a particular case characterised by zero angular accelerations.

- The use of a counter-rotating generator in a wind turbine has the advantage of higher
mechanical efficiency and kinematic ratio ig g than in a wind turbine of identical
power that contains a conventional electric generator (with fixed stator).

- The proposed diagrams depicted in Figures 6-8, i.e., the variation of the mechani-
cal power parameters, enabled us to draw valuable conclusions for the functional
optimization of the wind turbine.

The authors aim to extend in future the simplified modelling of the mechanical
characteristic of the wind rotor through a succession of linear functions covering the entire
range of angular speed wg variation, which will enable the complete identification of the
dynamic behaviour in the starting phase. We also intend to validate the theoretical results
by using specialised rigs experimentally.
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Nomenclature

a,b  Coefficients of mechanical characteristics
acm  Acceleration vector of mass centre

B Body

DC  Direct current

F Force

G Electric generator

GR  Electric generator rotor
GS  Electric generator stator
H Satellite carrier

I Kinematic ratio

I Identity matrix

J Moment of inertia

T Equivalent mechanical moment of inertia
m Mass

P Power

R Wind rotor

r Radius of the gear pitch circle
SI Speed increaser

T Torque

v Linear speed

Uw Wind speed

z Gear teeth number

5 Angle of the speed vector
€ Angular acceleration

n Mechanical efficiency

w Angular speed
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Abstract. The paper presents a theoretical study on the dynamic behavior of
a wind system composed by two counter-rotating wind rotors-planetary speed
increaser-conventional generator. Its dynamic analytical model is developed by
using the Newton—Euler method, in the assumption of rigid bodies and known
linear mechanical characteristics of the two wind rotors and of the direct current
generator. Numerical simulations were carried out in MATLAB-Simulink on a
700 kW wind turbine case study, which allowed highlighting the time variation
of the kinematic parameters, torques and powers for the system shafts, both in
transient and steady-state regimes. Analytical and numerical results are useful to
researchers, designers and developers of wind turbines, who aim to optimize their
construction and functionality through virtual prototyping.

Keywords: Renewable Energy - Wind System - Counter-Rotating Wind
Turbine - Planetary Gearbox - Dynamic Modelling - Simulation

1 Introduction

The optimal design of wind energy systems faces permanent challenges in ensuring
high energy performance, their dynamic behavior playing a significant role in relation to
their functional performance, power output, reliability and lifetime. Dynamic modeling
of wind turbines (WT), used for their behavior identification and control or functional
optimization, has attracted the attention of many researchers in the last decades. Various
dynamic modeling approaches are presented in the literature, while numerical simulation
is mainly performed with the MATLAB-Simulink software package.

Numerous dynamic studies consider the wind system (WS) as a whole [1-9], based
on the wind speed considered as main constant input parameter [3, 4, 7, 10]. Various
mechanical characteristics of the wind rotors and the generator are considered in the
system modeling, either of polynomial [1] or linear [6, 11].

The researchers paid special attention to the dynamics of speed increasers (SI) used
in wind systems, their response being decisive for WS dynamic behavior. Most of the
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speed increasers presented in literature are 1 degree-of-freedom (1-DOF) [2, 6, 11-18]
and rarely 2-DOF transmissions [5, 19].

The most common dynamic modeling methods are Newton—Euler [6, 20] and
Lagrange [8, 15-18, 21]. One of the software frequently used for numerical simulation
of analytical dynamic models is Matlab-Simulink [2—4, 6,7, 9, 10, 16, 17], which allows
identifying the time variation of representative kinematic and dynamic parameters, such
as angular speeds [3, 6-9], torques [3, 6-8, 21], powers [3, 6-8].

The development of dynamic models is needed for WS dynamic effect analysis and
optimization. Moreover, according to the best knowledge of the authors, there are not
relevant results in the literature on generalized dynamic modeling of the mechanical
system for the WT class with counter-rotating wind rotors and conventional electric
generator. The paper aims to cover this gap by developing a dynamic modeling algorithm
for this WT class, through the Newton—Euler method, to identify the motion equation
and to simulate numerically the dynamic behavior of a 700 kW wind turbine.

The rest of the paper is organized as follows: the formulation of the problem is
introduced in Sect. 2, the kinematic and dynamic modeling algorithm of a counter-
rotating WS with 1-DOF planetary speed increaser is detailed in Sect. 3, the numerical
results obtained by simulating the analytical model in Matlab-Simulink are presented in
Sect. 4, and the final conclusions are drawn in Sect. 5.

2 Problem Formulation

This study aims to present a specific algorithm for analytical dynamic modeling of a
counter-rotating WS with 1-DOF planetary increaser and traditional electric generator
(with fixed stator) and to identify its dynamic response in the start-up transient regime by
numerical simulation of the theoretical model in the Matlab-Simulink software. In this
respect, it is considered the WT depicted in Fig. 1 (half-upper side), composed by two
wind rotors (R1—the upwind rotor, R2—the downwind rotor), an electric generator G
and a 1-DOF cylindrical planetary speed increaser 1-2-3-4-5-H. The powers generated by
the two wind rotors are summed up in the generator, a solution that brings the advantage
of more power and a compact speed increaser (with a lower kinematic ratio) compared
to conventional wind turbines (with a single wind rotor).

The considered Sl is a planetary transmission derived from a novel solution proposed
by the authors [22], composed of three central gears (1 = 0, 2 and 3), a double satellite
4-5 and a satellite carrier H, with three external links: two inputs (H and 2) and an output
3 connected to the generator G. The rotors R1 and R2 are designed and adjusted to rotate
in opposite directions and are connected to the speed increaser inputs. As a 1-DOF speed
increaser, it has the property of increasing the output speed relative to the input speed, as
well as summing up the torques generated by the two wind rotors. The 1-DOF planetary
transmission with three external links has by default one independent external motion
(of the upwind rotor R1) and two independent external torques (e.g., Tr2 and 7).

The dynamic modeling of the WS depicted in Fig. 1 is carried out by using the
Newton—Euler method under the following assumptions:

e all system elements are geometrically symmetric rigid bodies with homogeneous
spatially distributed mass;
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Fig. 1. Structural scheme of the 1-DOF wind system with two inputs and one output.

w

o theinertial effect of satellites 4-5 is reduced to the H element (i.e., the axial mechanical
moment of inertia of the satellite carrier also includes the contribution of the satellites);

e the mechanical moments of inertia of the SI components are fully transferred to the
shafts of the wind rotors and of the generator rotor. Thus, the planetary transmission
can be modeled dynamically only with the help of static equations, without affecting
the WS dynamic behavior;

e only the friction on gear pairs is considered (the friction in bearings is neglected);

e the nonlinear mechanical characteristic of the wind rotors is approximated by five
successive linear functions, on five specific speed ranges;

e the generator is a direct current (DC) electric machine and has a linear mechanical
characteristic, implicitly.

The WS dynamic response is simulated for a numerical case that allows the rotors
R1 and R2 to operate simultaneously at their maximum power in steady-state, knowing
that the downwind rotor R2 only benefits from a part of the input wind energy. Also,
the system is controlled to activate the load (connecting the generator to the grid) only
after the generator has reached the required speed. In these conditions, the time variation
of some specific mechanical parameters (speed, torque and power), for all transmission
shafts in start-up regime, is further addressed.

3 Kinematic and Dynamic Modeling

The WS (Fig. 1) has associated the block diagram from Fig. 2, in which the SIis modeled
as a transmission composed by two planetary gear sets connected in parallel: a 1-DOF
PU1 (1-4-5-3-H) and a 2-DOF PU?2 (2-5-3-H). The block diagram shows the torques
T and rotational speeds wy of the transmission shafts x =1, 2, 3, H.

Figure 3 shows the dynamic schemes of the component subsystems obtained by
isolating them from the analyzed WS (Fig. 1), where J, represents the axial mechan-
ical moment of inertia of a subsystem x, reduced to its shaft. The assumption of SI
transmission without inertial masses (see Sect. 2) is considered.

Applying the method of isolating the component subsystems [11, 14], the following
kinematic and dynamic correlations can be written for PU1, PU?2 and the connections
between them:
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Fig. 2. Block scheme of the 1-DOF wind system with two inputs and one output.
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Fig. 3. Dynamic schemes for the WT subsystems: a) the speed increaser without inertial masses;
b) the element H equipped with rotor R1 and satellite gears 4-5; c) the central gear 3 with the
generator shaft, d) the central gear 2 and the rotor R2.

specific equations of PU1 (1-4-5-3-H) and PU2 (2-5-3-H) (Fig. 3a):

[ )
w3 — oy (1 —ig1) =0 w3 — w2ip2 — wp (1 — i) =0
UPI : { T+ T31io1my; =0, UP2: { Tan + T3ipany =0 )
Ty +T351+Tg =0 T +T3+Th2 =0
e specific correlations for the wind rotor R1 and satellite carrier H (Fig. 3b):
WR1 = WH
:JHEH =Tr1 — (Tu1 + Th2) @
e specific correlations for the generator G and gear 3 (Fig. 3c):

w3 = WG (3)
Jzez =Tg — (T31 + T32)

specific correlations for the wind rotor R2 and gear 2 (Fig. 3d):

e )
Joga =Tpy — T2
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where ig1, ig2 and no1, Mo are the internal kinematic ratios and internal efficiencies of
the planetary units PU1 and PU2, respectively, and the superscripts x and w are the
efficiency coefficients.

3.1 Kinematic Functions

Considering the motion of the primary rotor R1 as independent, based on the Egs. (1)—(5)
the expressions of the dependent angular velocities and accelerations (of shafts 2 and 3)
can be obtained:

w3 =wp (1 —iog), &3 =¢g(l—ip1) &)

o2 — i1
02 i02

2 — i1
H————

(6)

wr) = wy

3.2 Torque Functions and the Equation of Motion

The system of dynamic equations, obtained by extracting the torque equations from
Egs. (1)—(5), and considering the torques Tg> and T as independent, has as solution
the expressions of the dependent torques (722, T'1, TH1, TH2, T31, T32, TR1):

i02 — io1 i0177;

Ty =Tro — hen———, Ti = —Tginny — Tn—o + Jzezionny,  (7)
102 1027
Ty1 =Tg(io1ng — 1) + T2 foury —1 —Jes(ioing — 1), Tuo =T L (8)
01 i021(; o1 ' 0215
1
T31 =T + Too——; —J3¢3, T3 =—-Tnn—7 )
1027n 1027
Tri =Juen + Tai + THo. (10)

The equation of motion of the wind system can be obtained by replacing relations
(7)—(9) in Eq. (10):

Tr1 — Tg (iormg, — 1) — TRZ(M - 1)

i021(,

Y

EH = . i X
Iy — Jz(w)("“”@' - 1) + J3 o1 — D) (iorng; — 1)

i02 i0210)

where the external torques Tr1, 7' and T g, have the expressions given by the mechanical
characteristics (linear functions, see Sect. 2) of the wind rotors and generator:

Tr1 = —ariwr1 + br1, Tro = —arowro + bra, T = —acwe + bg (12)

where ag1, bri, ara, bra, ag and bg are constant coefficients.
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4 Results and Discussions

The numerical simulation of the WS dynamic behavior, modeled by the equation of
motion (11), is carried out for the case study of a 700 kW wind turbine with rated
wind speed of 14 m/s. The two wind rotors have diameters equal to 34 m. The intrinsic
parameters of the speed increaser are: ig; =-29, igp =-17.4, 01 =Mp2 = 0.972 = 0.9409,
x = -1, w =-1. The mechanical characteristic of the electric generator is defined by the
constant coefficients ag = 0.1 kNs and b = 6.22 kN. The mechanical characteristics of
the wind rotors are non-linear functions [6], and the solution of their approximation by
linearization on five intervals was chosen. Since R2 rotates in the opposite direction to
the R1, characterized by definition of positive values of the power parameters, it operates
in quadrant 3 (both the moment and the angular velocity are negative, Fig. 4a), while
the electric generator operates in quadrant 4, Fig. 4b.

- 400 — 0 100 200 300 400
E TRl == =TR2 E o \
g 300 g, Mo
ot s

3 [t .
= i .

90 -10 o,

o
100 -15 G,
o
20 A\
- o o,
& 4 ~ 2 ] 2 4 & 8 25 N
~— 00 Ay
& 30 X
~ oy
-200 -35
wr [rad/s] we [rad/s]
a) b)

Fig. 4. Examples of linear mechanical characteristics of: a) wind rotors, b) DC electric generator.

4.1 Determination of the Mechanical Characteristics of Wind Rotors

For a constant wind speed, the torque generated by a wind rotor varies non-linearly with
speed, Fig. 5: in the first part the torque increases slowly at low values (zone I), followed
by an approximately linear increase (zone II) and then a transitional evolution (zones III
and IV) to a final approximately linear shape of torque decreasing (zone V). Zones IV
and V are exploited in operation, the maximum power point being located in zone IV,
according to Fig. 5.

The mechanical characteristics of the two wind turbines are linearized in this study on
the mentioned five zones, the values of the coefficients ag; » and bg; » being systematized
in Table 1.

4.2 Dynamic Response

The WS analytical model, defined by Egs. (5§)—(12), was implemented in a Matlab-
Simulink application and numerically simulated under the following assumptions:

e the system starts from rest at a constant wind speed v,, = 14 m/s (the rated wind
speed), i.e. the mechanical characteristics of rotors R1 and R2 (with equal diameters
of 17 m) from Table 1 are used;
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Fig. 5. Torque versus speed curve (mechanical characteristic) of the wind rotor: a) R1 and b) R2.

Table 1. Coefficients of the mechanical characteristics of the rotors R1 and R2 on five zones.

Zone Rotor R1 Rotor R2

agy [kNms] bRy [kNm] agy [kNms] bra [kNm]
I — 3.7862 +10.569 —2.1769 —4.8434
I — 85.186 — 138.854 — 55.966 +60.148
1 —51.869 —33.423 —30.593 +6.0773
v +46.683 + 331.546 +34.898 — 157.527
v + 148.044 778.146 + 101.663 — 355.067
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e the electric generator is activated (connected to power grid) after its speed reaches
the value bg / ag = 62.2 rad/s, corresponding to the transition of the electric machine
to generator mode;

e the wind system reaches the steady-state regime in zone IV (Fig. 5); its operating
point corresponding to the maximum power point of the wind rotors.

The main results of the numerical simulation, in the transient regime of starting from
rest at the rated wind speed, are depicted in Fig. 6, from which the following aspects can
be highlighted:

e the starting time of the wind system is approx. 60 s, i.e. the time period the system to
enter in steady-state (null accelerations);

e in the first 33.5 s, the system is increasingly accelerated as a result of the rotors
traveling through zone I and partially zone II, having only inertial resistance as load;

e when wg = bg / ag = 62.2 rad/s (at time = 33.5 s, on zone II) the generator is
connected to the power network and starts producing electricity; thus, the two wind
rotors receive a new workload: the generator resistant torque, increasing linearly with
generator speed;

e after generator activation, the system continues to increase the speed (Fig. 6a) until
reaching the steady-state regime; the angular acceleration increases rapidly in zone
II and then in zone III (entry time = 39.3 s), followed by a decreasing to zero after
entering zone IV (at time = 42.2 s, Fig. 6b);

e the torques generated by the rotors R1 and R2 also increase rapidly on zones II and
III, followed by a decrease on zone IV until the operating point is reached, Fig. 6c¢.
Despite of equal diameters, the rotor R1 produces a torque ~ 3 times higher than R2
(the downwind rotor), that receive wind with significantly lower speed (~ 9.3 m/s)
than R1 (14 m/s);

e the input and output powers have a similar variation to the torques; the upwind rotor
R1 extracts ~ 3 times more power from the wind than R2. The powers of the rotors
R1 and R2 are positive quantities (being input powers to the speed increaser), and the
power of the generator is negative (output power);

e the wind system reaches in steady-state the operating point, power and efficiency at
values specified in Table 2.

5 Conclusions

The paper presents an analytical dynamic modeling algorithm of a wind system from a
novel class: WT with two counter-rotating rotors and 1-DOF speed increaser. The main
output of the dynamic modeling is the equation of motion, expressed as a differential
relationship between the independent motion (i.e., the angular velocity and acceleration
of the rotor R1) and the independent external torques. The equation of motion was
solved numerically and the WS dynamic behavior in transitory regime, including the
identification of the operating point in the steady-state, was carried out in a specific
application developed in the Matlab-Simulink software. The obtained analytical and
numerical results allowed highlighting the following general conclusions:
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Fig. 6. Dynamic behavior of the wind system: a) angular velocities, b) angular accelerations, c)
torques and d) powers.

Table 2. Kinematic and dynamic parameters at the operating point (in steady state).

Parameter Rotor R1 Rotor R2 Generator G
Angular speed w [rad/s] 4.024 —2.683 120.733
Torque T [kNm] 143.673 — 63.897 — 5.854
Power P [kW] 578.140 171.433 —706.771

Mechanical efficiency: n = 94.24%

e The proposed kinematic and dynamic modeling algorithm, based on the decomposi-
tion of the system into its components, the distribution of the moments of inertia of
the speed increaser elements to its external shafts and the application of the Newton-
Euler method, allowed to successfully obtain the differential equation of motion and
all the correlations for torques, angular speeds and accelerations.
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The wind system crosses the transient regime in two phases: at the beginning, the
wind turbine operates at idle and has only the inertial resistance as load; in the second
phase, the generator is connected to the power grid to provide electricity, and hence
a new load from the generator is accompanied the inertial load.

The wind system stabilizes once entered into steady state regime; the values of its
kinematic and static parameters represent the system operational point. In this regime
only the generator load charges the system, the inertial load vanishes because of null
accelerations.

The developed model allows the identification of the values of all kinematic (velocities
and angular accelerations) and dynamic (moments, powers) parameters in steady
state, as well as their evolution during the transient regime.

Wind turbines with counter-rotating rotors have the advantage of higher powers
(approx. 30% higher) than traditional ones (with a single wind rotor), which is also
confirmed by the paper results.
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Abstract: The paper addresses the dynamic modeling and numerical simulation of a novel
single-rotor wind system with a planetary speed increaser and counter-rotating direct
current (DC) generator, patented by authors, during the transient stage from rest. The
proposed analytical dynamic algorithm involves the decomposition of the wind system
into its component rigid bodies, followed by the description of their dynamic equations
using the Newton—Euler method. The linear mechanical characteristics of the DC generator
and wind rotor are added to these dynamic equations. These equations allow for the
establishment of the close-form equation of motion of the wind system and, implicitly, the
time variation of the mechanical power parameters. Numerical simulations of the obtained
analytical dynamic model were performed in MATLAB-Simulink in start-up mode from
rest for the case study of a 100 kW wind turbine. These results allowed highlighting the
time variation of angular velocities and accelerations, torques, and powers for all system
shafts, both in the transient regime and steady-state. The implementation, in this case, of
the counter-rotating generator indicates a 6.4% contribution of the mobile stator to the
generator’s total power. The paper’s results are useful in the design, virtual prototyping,
and optimization processes of modern wind energy conversion systems.

Keywords: renewable energy; wind turbines; counter-rotating electric generator; dynamic
modeling; simulation; transient regime; steady-state

1. Introduction

Wind turbines can shut down during operation, typically due to lack of wind, high
wind speeds, or need for maintenance, and followed afterward by their transition from rest
to operation state. The start-up of medium-large wind turbines is carried out automatically
and in a controlled manner, and prior knowledge of their dynamics is typically employed
in controllers. Thus, dynamic behavior in transient regimes represents a challenge for
researchers and an advantage for designers in the optimization of the control system and
wind system design [1-3].

An important issue in approaching the wind system dynamics concerns the assump-
tion of variable wind speed and identification of system dynamic behavior in transient
regimes owing to the change in wind speed or starting from rest. Dynamic studies refer
to both the wind system as a whole [2-7] and its component subsystems, such as electric
generators [8] or mechanical gear transmission [9-11] with the role of speed increasers with
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fixed axes [2,12], mobile axes [7,13-17] or combined [18-26]. The overwhelming majority
of speed increasers are monomobile (single degree of freedom, 1-DOF) mechanical trans-
missions [2,16,19,20,23-25,27,28] and rarely differential (2-DOF) transmissions [5,17]. The
dynamic response of wind systems can be electrical or mechanical, depending on the type
of power pursued: electrical or mechanical power, respectively.

Aiming at improving the performance of electric generators, in conjunction with
their overall size reduction, various counter-rotating type generators [2,17,20,29,30] are
addressed in literature: with permanent magnets [31], with liquid metals [32], DFIG (Double
Fed Induction Generator) that uses a back-to-back Pulse-Width converter Modulation
(PWM) for bidirectional control [8], etc.

Dynamic analysis of wind systems and their subsystems requires the use of specific
software such as FAST v8.16 (Fatigue, Aerodynamics, Structures, and Turbulence) for
aero-elastic dynamic modeling [1,33,34], MATLAB-Simulink [1,2,18,24,35,36], with results
having errors below 2% compared to FAST, Ansys 15.0 [15], SIMPACK [33,34] based on
dynamic multibody modeling, PSCAD/EMDTC [37], etc. These software packages allow
the identification of various representative dynamic parameters related to mechanical
efficiency [2,16,38], shaft speeds [3,36,38] and torques [38-40], mechanical powers [3,29,38],
and for electrical response: current intensity [36,38] and voltage [38].

Modeling the dynamic response of a wind system requires also knowledge of the me-
chanical characteristics of both the wind rotor and the electric generator. In literature, these
features are modeled as nonlinear [8,27,33] or linear [2,20] functions. Thus, Neagoe et al. [2]
addressed the dynamic modeling and simulation of a 10 kW wind turbine with a single
wind rotor and counter-rotating generator, equipped with a classical transmission with
fixed axes, by considering only one linearized zone of the WR mechanical characteristic: the
working zone. The dynamic numerical simulations cover scenarios of wind speed changes
during operation by maintaining the operating point on this working zone. However,
this research did not consider the starting phase from rest or optimizing the generator’s
load entry. Similarly, a single linear function for the working zone is proposed for power
flow modeling in the steady state of a dual-rotor wind turbine with a counter-rotating
generator [20].

In most cases, the dynamic response is an analytical or grapho-analytical result, the
most common dynamic modeling methods applied for wind turbines being Newton—
Euler [1,2,13,41-43], Lagrange + Runge-Kutta [6,22,28,39,40], lumped parameter the-
ory [10,26,44] or polynomial chaos [12]. Generally, the approaches of WT dynamics consider
the gearbox effect in a simplified model by neglecting the rotation of the satellite gears in
planetary transmissions.

The dynamic behavior of a wind energy conversion system also depends on the
moment when the electric generator is connected to the grid: either from the begin-
ning [2,29,35,45] or at a time after start-up [36,41]. Oyekola et al. [36] stated that syn-
chronous or DC motors can be operated as induction generators if their shaft rotation speed
overcomes the synchronous speed. However, this study did not address the optimiza-
tion problem or the impact of the generator connecting time to the grid on the system’s
dynamic behavior.

Based on this literature review, the following gaps emerge:

e  Choosing an appropriate model of the mechanical characteristics specific to the oper-
ating condition of the wind system is still a challenging issue;

e  The rotation of the satellite gears from planetary speed increasers is typically neglected;

e  The choice of the optimal time for connecting the electric generator to the grid.
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Aiming at dealing with these gaps and deepening the understanding of the optimal
functioning of a wind system, the present study brings contributions and focuses mainly
on the following aspects:

(@) The dynamic modeling is carried out analytically by applying the Newton—Euler
method and the MATLAB-Simulink R2014a software in numerical simulations;

(b) The functional compatibility of the wind system is ensured by the planetary speed in-
creaser, whose input is connected to the wind rotor, and its two outputs are connected
to the generator rotor and stator, respectively;

(¢) The satellite’s own rotation was considered in dynamic modeling by using an equiva-
lent axial moment of inertia;

(d) The mechanical moments of inertia of the transmission components were reduced at
the shafts of the wind rotor and the electric generator;

() The nonlinear mechanical characteristic of the wind rotor is linearized on four zones;

(f) The dynamic system response is given by a simulation module that allows the genera-
tor to connect to the grid after the wind rotor enters the maximum power zone. This
simulator also allows the identification of the dynamic behavior of the considered
subsystems through specific parameters such as power, torque, speed, and efficiency.

Based on the actual reported results, to the best of our knowledge, the dynamic
behavior of this type of wind system with a counter-rotating generator and planetary
speed increaser has not been significantly addressed in the literature. Aiming to cover
this literature gap, the paper proposes a generalized algorithm for close-form dynamic
modeling of single-rotor wind turbine class with planetary speed increaser and counter-
rotating generator, patented by authors [46].

The subsequent sections of the paper are organized as follows: Section 2 introduces
the conceptual and block diagrams of a counter-rotating wind turbine and formulates
the dynamic modeling problem. Section 3 details the proposed generalized algorithm for
analytical dynamic modeling. Numerical results for a 100 kW wind turbine are presented
and discussed in Section 4, and the paper concludes in Section 5.

2. Problem Formulation

Designing wind systems with counter-rotating generators is challenging owing to
the branched power flow in planetary transmissions from a single input to dual outputs.
The generalized modeling and numerical simulation of the dynamic response of this wind
turbine (WT) type is addressed in this paper. Without reducing the generality, a case study
of a 1-DOF wind system is considered (Figure 1), consisting of a wind rotor R, a planetary
speed increaser (SI) with one input (satellite-carrier H) and two outputs (gears 1 and 2)
connected to a counter-rotating electric generator G. The rotor GR and the stator GS of the
generator are both mobile and rotate in opposite directions.

The block scheme in Figure 1b highlights the interactions between the three key
components of the wind system: mechanical power is transmitted from the wind rotor R
via the shaft H to the speed increaser SI, which distributes the output power to both the
rotor GR and stator GS. Obviously, the two power outputs are not independent, the rotor
and stator of the generator being permanently characterized in operation by equal and
opposite torques (i.e., Tgs = —TGRr).

The speed increaser is a planetary mechanical transmission with cylindrical gears (1-5,
Figure 1), three of which are sun gears (1, 2, and 5 = 0), and the solidarized gears 3 and 4
form a double satellite. In practical applications, the planetary transmission includes ns > 2
equiangularly arranged double satellites (3—4).
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Figure 1. Single-rotor wind turbine with counter-rotating electric generator: (a) conceptual scheme;
(b) block scheme.

The power input of the speed increaser (i.e., the satellite carrier H) is solidarized with
the wind rotor R. Satellites 3—4 engage on the one hand with a fixed ring gear 5 and on
the other hand with the sun gear 1, connected with the generator rotor GR, and with the
ring gear 2, coupled to the generator stator GS. The angular speed of a counter-rotating
generator G (wg) is given by the relative speed of the rotor GR with respect to the stator GS:

WG = WGR — WGs = W1 — Wy. (1)

As a result, the kinematic amplification ratios, which describe the transmission of the
rotational speed from the wind rotor to the generator rotor (i,1) and to the generator stator
(iz2), respectively, and the total amplification ratio (i,) achieved by the wind turbine, can
be established through the following relations:

w1 wy w1 — Wy

ial = iaZ = iaG = = ial - ia2/ (2)
wH wH

wH
where wy is the angular velocity of the body x = 1, 2, H; i;y—the amplification ratio from
the input R to the elementy =1, 2, G.

The dynamic modeling of the analyzed 1-DOF wind system aims to identify its
equation of motion eg = f(wg, Jx, cst), where Jy is the mechanical axial moment of inertia
of the body x =1, 2, H, and cst represents the set of other constant parameters. The motion
of the input shaft (of the wind rotor R) is considered as an independent kinematic variable
of the wind turbine. By solving this differential equation, the time variation of the torques
and kinematic variables (velocities and angular accelerations) related to all system shafts is
obtained; the numerical simulations are performed under the assumption of starting the
system from rest at a specified constant wind speed.

In the proposed dynamic modeling, the following working premises are considered:

(1) The rotational elements have geometric symmetry with respect to their own axis of
motion, and they are rigid bodies with uniformly distributed mass; as a result, the
mass center of a body is located on its own axis of rotation;

(2) The inertial masses of the mobile elements in the planetary transmission are reduced
to their outer shafts; thus, the correlations of the torques in the planetary units coincide
with those of static conditions;

(3)  Only the gearing friction losses are considered, neglecting the friction in bearings;

(4) The pitch angle of WR blades does not change during operation; therefore, the adjust-
ment parameters of the wind rotor remain constant during operation;
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(5) As 1-DOF transmission is employed, the system has one independent motion at-
tributed to the input element, i.e., the wind rotor;

(6) A direct current (DC) generator is used, and implicitly, its mechanical characteristic is
a linear function with constant coefficients; during generator operation, the balancing
condition of the torques of the rotor GR (Tgr) and of the stator GS (Tgs) is described
by: Tgr + Tgs = 0;

(7) The mechanical characteristic of the wind rotor is modeled over four rotational
speed intervals by linear functions with constant coefficients, obviously at a con-
stant wind speed.

Dynamic modeling of the WT mechanical system from Figure 1 is based on the block
scheme depicted in Figure 2a, in which the planetary speed increaser is modeled by two
planetary units (PU) I (H-5-4-3-1) and II (H-5-4-3-2), connected in parallel.

(b) (c) (d) (e)

Figure 2. (a) Block scheme of the wind turbine and its decomposition into components: (b) wind

rotor; (c) intermediate shaft; (d) planetary units; and (e) generator rotor and stator.

By decomposing the wind system from Figure 2a, the six structural components repre-
sented in Figure 2b—e are obtained, characterized by specific kinematic and dynamic equa-
tions, according to the methodology detailed in Section 3. In the proposed approach, the
axial moments of inertia of the components are reduced on the outer shafts of the planetary
transmission (i.e., the shafts of the R, GR, and GS bodies) [37]. Thus, the torque equations
for the components in Figure 2c,d can be described by the classical relations established un-
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der steady-state conditions and for the other components, depicted in Figure 2b,e,—under
dynamic conditions.

The axial moment of inertia of the n;, satellites 34, mounted in parallel, is reduced
to the satellite-carrier H axis based on the principle of equalizing their kinetic energy. The
satellite body has a combined rotation (around its own axis) and revolution (around the
fixed sun axis) motion; its kinetic energy is considered equal to that of a virtual body with
motion around the sun axis having an equivalent moment of inertia J;y:

1 1
Ks = E”s (msvzcs ‘|‘]swsz) = E]SH(-U%—II 3
oG 2 w 2
Jsg = nsmg <w;> + 155 ((,U;) ’ (4)
in which
Ws _ WHTWsH _ g WsH _ 4, WsH _ 1 WsH =1—1iss, vgs = wy -1y, (5)
WH wH wH WHs5 Ws5H
yielding to
Js = 15 (msr%—] + ]s(l - i45)2)/ (6)

where m; and Js are the mass and the axial mechanical moment of a satellite 3—4, respectively
(Js is established with respect to the own axis of rotation), ry is the radius of satellite axis
arrangement on the carrier H, and i45 is the kinematic ratio of the gear pair with fixed
axes 4-5 (i.e., ig5 = z5/z4, where z4 and z5 are the numbers of teeth of gears 4 and 5,
respectively).

Next, the main steps of the dynamic modeling algorithm are presented, based on dy-
namic equations of the transmission external shafts, modeled by the Newton-Euler method,
the kinematic and static equations of both planetary units I and II, and the mechanical
characteristics of the wind rotor and counter-rotating electric generator.

3. Dynamic Modelling

The dynamic equations of the wind system components in the mentioned working
premises are linear differential equations of the second order with constant coefficients; they
can be obtained by applying the Newton-Euler method considering the positive direction
of angular velocity and torque vectors according to Figure 2.

According to premise (2), the following kinematic and static equations can be written
for the two planetary units PU-I and PU-II [16], see Figure 2d:

= 1 —1 = 1 —1
pua: { W1 wnll—ion) pp g w2 =wn(l—in) 7)
wgTymy + Ty =0 wyThony + w21 =0

where Ty is the resultant torque acting on the element x; i1, ipp, and 111, 12 are the internal
kinematic ratio and the efficiency of PU-I and PU-II, respectively, and Ty = Ty + Tgo—
Figure 2b.

The relations for the kinematic ratios and transmission efficiencies, specified in Table 1,
can be easily derived from Equation (7).

According to the block diagram in Figure 2 and Equation (2), Table 2 illustrates
the dynamic schemes of the three WT components, resulting from the decomposition
of the wind system into distinctive rigid bodies, as well as their related kinematic and
dynamic equations.
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Table 1. Transmission ratios and efficiencies.

PU ig1,2 41,2 N1,2
_.3 —i 1—igg
I Z4 21 1 lo1 1711‘0] /nOl
II 5.3 1—1 =2
7z 7 02 1—ig2/Mo2

z; is the no. of teeth of the gearj = 1...5 (see Figure 1); ng1, nop—internal efficiency of PU-I and PU-1], respectively;
MNo1 =MNo2 = né, where 1, is the efficiency of a gear pair with fixed axes.

Table 2. Schemes and dynamic equations of the WT components.

Body Dynamic Schemes Equations

i H‘-‘
R=H > 2
= — _ wyg = WR
Figure 2a — == Jueg = Tr — Ty

w1 = WGR
1=GR W1 = WH - g
Figure 2e ' €1 = €f g1
Ji Jier = —Th + Ter
(i
o, w2 = Wes
2=GS e — ___e Wy = Wy “ g
Figure 2e : N : € =€y - ip
RN Y Tes g2 = =T + Tgs
Y
L J2

€y is the angular acceleration of the body x = 1,2, H; Jg = Jr + Jsur + JsH, J1 = Jo1 + Jou1 + Jor, J2 = Jg2 + Jon2 +
Jcs, where g—gear and sh—shaft.

The set of equations in Table 2 is augmented by the linear mechanical characteristics
with constant coefficients of the wind rotor (R) and generator (G):

Tr = —arwg +bg; Tg = —ag(wgr — wgs) + b, (8)

where ag, br, ag, bg are constant coefficients under steady-state conditions, and by defini-
tion Tg = Tgg-

The mechanical characteristic of a wind rotor is a nonlinear function [33,35], which can,
however, be acceptably approximated by straight line segments; in this study, four-zone
nonlinear characteristic modeling was adopted (Figure 3): zones I and II are used at start-up,
zone III includes the point of maximum power Py, and zones III and IV designate the
working zones of the wind rotor. Obviously, the coefficients ar, br in Equation (8) are
replaced specifically by ag;, br;, i = 1.. .4 for each of the four zones I. . .IV.

Obviously, linearizing the WT mechanical characteristic leads to inaccuracies in the
calculated torque T, as qualitatively shown in Figure 3. For the case study presented in
Section 4, the most significant torque errors are recorded in zone III, with a relative error
value of less than 3.4% (its maximum value near the midpoint of zone III, Figure 3), an
acceptable level in numerical simulation of such a complex system.
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25
Wind speed vy = 10.5m/s F; N
Wind rotor radius rz=11.25m nan0g
20
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i
5 : \
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0
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wg [s7]
Figure 3. The mechanical characteristic of a wind rotor modeled by four linearized zones.
Substituting the gear ratio and efficiency relations from Table 1 into the kinematic,

static, and dynamic equations from Table 2 and corroborating with Rels. (4) and (5), the
equation of motion is obtained:

wr [a6 (ig1ie2 (M1 +M2) — N2i2 — M%) — arninz] + be (Maiar — Miia2) + br1M2 ©)
Jii2mo + Li2my + Jumima

ER =

This equation of motion is a nonhomogeneous second-order differential equation
in one variable (independent motion parameter:wg, where eg = d;’—t’{). This differential
equation is solved by numerical integration in MATLAB-Simulink R2014a under known
initial conditions: the starting from rest is considered (w R(t=0) = 0), and the electric
machine is coupled to the grid (i.e., the load is activated) when it switches to generator
mode (wg > Z—g).

The dynamic behavior in a transient regime can be determined by solving the equation
of motion (9), obtained using Rels. (7), (8), and Table 2; based on the solution of independent
motion, it becomes possible to derive the time evolution of power parameters for all
transmission shafts.

4. Results and Discussions

Using the previously presented dynamic model, a numerical response is targeted for a
100 kW wind system with parameter values provided in Table 3.

Table 3. Constant intrinsic parameters of the wind system.

a [kNms]

i . . 2
Zl 10 lll b [kNm] T] ] [kgm ]
Z1 = 19 aRr1 = —0.328, le = 1.866
=135 . ie0m i =15.8052  agy = —11.536,bgp = —20533  m, =0.9560  J; =0.1-10°
z3 = 58 0} o 5 0837 ip = —1.0837 ags = 2.298, brs = 34.014 1y = 0.9195 J,=1-103
74 =20 02 == i,c = 16.8889 ars = 20.259, bgy = 121.065 1, = 0.8468 ] =200 - 103
75 =97 ag = 0.368, bg = 27.975

The wind turbine has a nominal power of 100 kW, generated by a wind rotor with
a diameter of 22.5 m at a nominal wind speed of 10.5 m/s. The start-up of the wind
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system is performed from rest, and the electric generator load is applied at the time when
wg = bg/ag = 76 s~1. Thus, the wind system goes through three phases:

(1) In the first phase, the mechanical energy generated by the wind rotor is used exclu-
sively to overcome inertial resistance (implicitly, to accelerate the system);

(2) Inthe second phase, when the generator is coupled to the grid, the generator-resistant
torque is added to the inertial load;

(3) In the third phase, the wind turbine enters into a steady state (i.e., zero accelerations),
obtaining the operating point described by the values of the angular velocities and
torques, as well as the powers of all the shafts of the wind system, Table 4.

Table 4. Operating point of the wind system in steady-state.

Torque Angular Speed Power

Shaft [KNm] [s1] kW]
R=H 23.208 4.704 109.17
Hi1 21.600 4.704 101.61

H2 1.608 4.704 7.56
1=GR —1.256 74.317 —93.34
2=GS 1.256 —5.097 —6.40
G —1.256 79.414 —99.75

The results of the numerical simulation in MATLAB-Simulink R2014a, based on the
equation of motion (9) and all the other equations of the analytical model, are depicted in
Figures 4-6. The diagrams in these figures highlight the two moments of time delimiting the
three phases of the WT transition from rest to steady-state: the electric generator enters the
load at ~260 s, and the stabilization of the system takes place at ~280 s (i.e., the starting time).

8 0.2
= I % s . i i
in ' 1) [ O _. ............
G b~ : —
£ R e
pigly 19 ] —— fGr'IU
- 3 : ; :
5 i A : :
1 =] i
o H H H H <
D 1 | | 1 .
5 50 2 25 —0.05 ' ] '
0 50 100 T.I\l'l 200 250 300 0 50 100 150
ime [s] Time [s]
(a) (b)
25 120
204 100
= — i
E 154 - TR 80
Ly Z 60t
= 10 - §
=] = 40
=3 5. [
o - [ T R T
= "
0 0
-5 i ] =20 ‘i i i
50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s]
(c) (d)

Figure 4. The wind system dynamic response: (a) input vs. output angular speeds; (b) input vs. out-
put angular accelerations; (c) wind rotor vs. generator torques; (d) wind rotor vs. generator powers.
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Figure 5. The dynamic response at the wind rotor side: (a) wind rotor vs. input torques; (b) wind
rotor vs. input powers.

Figure 4 shows comparatively the time variations of the kinematic parameters, torques,
and powers from the system input vs. output. Worth noting the quasi-linear variation of all
input parameters and output motions in the first part of the start-up phase 1, characterized
by T¢ =0 (i.e., the generator runs idle) and wind rotor operation on the zone I (see Figure 3).
Since the torque generated by the wind rotor has low values at start-up (I'r ~ 2 kNm,
Figure 4c), the system requires a long time (~220 s) of slow increase in speed (Figure 4a)
and implicitly in angular acceleration (Figure 4b) as a result of inertial resistance. Once the
wind rotor enters zone II (time #; ~ 220 s), the system is rapidly accelerated as a result of the
greater torque extracted by the wind rotor from the wind. The wind rotor torque reaches its
maximum value at the end of zone II (at time t; ~ 255 s), followed by a torque decrease into
zone III for ~5s. At time t3 ~ 260 s, the electric generator enters the load (i.e., the wind system
goes into phase 2), as the operating conditions of the DC electric machine as a generator are
being met: wg > bg/ag = 76 s~!, Figure 4a. The generator torque increases rapidly up to
the value T = 1.25 kNm (Figure 4c), with the decrease to zero of the angular acceleration
(Figure 4b) and implicitly the entry of the system into steady-state (at time t4 ~ 280 s).

In phase 3, the generator power stabilizes at Pg ~ —100 kW, the mechanical power
extracted from the wind being Pr = 109.4 kW, Figure 4d; implicitly, the transmission
efficiency has the value: nyyr = —Pg/Pr = —Tg - wg/(Tr - wr) = 0.9138. The efficiency
nwr has a value close to the value n; and is significantly higher than n, (see Table 3);
thus, the advantage of power branching in complex mechanisms compared to the serial
connection of component mechanisms is also well emphasized.

Figure 5 shows the distribution of torques and mechanical power on the inputs of
planetary units I and II, as well as the influence of inertia on the WT dynamic behavior.
In the first part of phase 1, a significant difference between the driving torque T and the
resistant torque Ty is noted (Figures 2 and 5a). This fact is owing to the insignificant values
of the torques Ty and Tpyp, also caused by the reduced inertial resistances of the output
shafts (the values of the moments of inertia J; and J, being much lower compared to [f: [y
~ 2000-J1 = 200-J,, see Figure 2, Tables 2 and 3); this reduced inertial effect of the output
shafts is also confirmed by their relatively reduced values of angular accelerations. As a
result, the torque Tr is mostly used to overcome the inertial load of the input shaft H. Once
the generator enters the load, the Ty torque increases much faster than T, becoming the
major component of Ty in the steady state. Although the GR rotor and GS stator torques
are equal in steady-state, the significant difference between Ty and Tp» is explained
by the large differences in the amplification ratios i;; = 15.8052 and i;; = —1.0837 (see
Table 3) corresponding to the two power branches. The power variation on the input
shafts (Figure 5b) follows a similar evolution as the input torques (Figure 5a): most of the
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wind rotor power (over 93%) is directed to the planetary unit I and, implicitly, to the GR
rotor—the body with the highest rotation speed.
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Figure 6. The dynamic response at the generator side: (a) generator angular speeds; (b) generator
angular accelerations; (c) generator rotor vs. output 1 torques; (d) generator rotor vs. output 1
powers; (e) generator stator vs. output 2 torques; (f) generator stator vs. output 2 powers; (g)
mechanical powers.
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Figure 6 illustrates the WT dynamic behavior at the output side, characterized by
the branched power transmission via the rotor GR and the stator GS, respectively; the
contribution of the mobile stator to the overall performance of the wind system is particu-
larly highlighted. The output angular speeds and accelerations (Figure 6a,b) have a linear
dependence on the independent motion of the wind rotor; according to the relations in
Table 2, they follow the variation profile of the angular velocity wg and acceleration ¢g,
respectively (Figure 4a,b), with values amplified with the ratios i,1, is2, and i,¢, respectively.
Note the much lower speed and acceleration of the GS stator compared to the GR rotor,
and finally, the smaller power contribution from the GS stator vs. GR rotor due to the large
inequality: iz | <<i,1. Obviously, this situation can be improved by optimizing the ratio
between i;; and i1, as well as the large ratio between the inertia of the GS stator and the
GR rotor.

At the time the generator enters the load (= 260 s), the torques T; (Figure 6¢) and T;
(Figure 6e), respectively, the powers P (Figure 6d) and P, (Figure 6f) reflect the inertial
impact of the output shafts (1 and 2). Although the two shafts have different moments of
inertia (J, = 10J1, see Table 3), the large acceleration difference in favor of shaft 1 = GR makes
the inertial resistance of shaft 1 greater than that of shaft 2 (maximum 0.172 vs. 0.118 kNm)
in phase (1). In steady-state, the high angular velocity of the GR rotor allows it to receive a
much higher power compared to the GS stator (i.e., | Pgr | =93.34 kW > | Pgg | = 6.40 kW).
Thus, the power contribution of the GS stator to the total power of the generator is ~ 6.4%
(Figure 6g), the largest share of the power flow being distributed to the GR rotor.

The results of the dynamic numerical simulations, based on the analytical dynamic
model developed in this study, allow the identification of the WT dynamic behavior in the
transient regime during starting-up from rest, as well as the values of the operating point
parameters in steady-state.

5. Conclusions

The paper proposes a generalized algorithm for dynamic modeling of the wind system
class of type: single-rotor, 1-DOF planetary transmission, and counter-rotating generator.

The counter-rotating generator requires a dual-output speed increaser, leading to a
branched power flow configuration where the input power is distributed to the two parallel-
connected planetary units. The analytical equation of motion is derived by combining the
dynamic equations of the shafts, the mechanical characteristics of the wind rotor and electric
generator, and the kinematic and static equations of the planetary gear transmission, which
together describe the complex interactions within this system. This system of equations
allows the analytical establishment of the wind system equation of motion and implicitly
its operating point by numerical solution in transient mode and in steady-state.

The analytical study and the results of the numerical simulations carried out on
a case study of a wind turbine with a rated power of 100 kW allowed us to draw the
following conclusions:

e  The proposed generalized modeling algorithm allows obtaining analytically the equa-
tion of motion of the wind system, formulated as a nonhomogeneous differential
equation of the second order in a single independent variable, describing the wind
rotor motion;

e By numerically solving the equation of motion, using the MATLAB-Simulink R2014a
software, the dynamic response of the wind system in transient mode and the operat-
ing point in steady-state are obtained;

e  The analysis of the dynamic response in transient mode, when starting from rest at
constant wind speed, allowed the identification of the starting time of the wind system,
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as well as the stresses induced by the inertial load alone and by its combination with
the generator load;

e  Unlike the case of traditional wind turbines, equipped with a conventional generator
with a fixed stator, the counter-rotating generator allows an additional input of power
brought by the mobile stator GS; in the analyzed case, the additional power supply by
GS in steady-state is ~6.4%.

The proposed generalized algorithm can be applied, with rigorous adaptations, to
other types of wind systems, regardless of their complexity: with one or more wind rotors,
with conventional or counter-rotating electric generators, with fixed-axis or planetary speed
increaser. Likewise, the developed MATLAB-Simulink R2014a model can also be applied
iteratively for the purpose of constructive-functional optimization of this particular type
of wind system, as well as in the simulation scenarios of variable operational conditions
determined by the change in wind speed.

The authors intend to address in the future the dynamic optimization of such wind
systems and the validation of theoretical results through the experimental research of some
functional models on specialized testing rigs.

6. Patents

Saulescu, R., Neagoe, M., Visa, M., Jaliu, C., Munteanu, O., Totu, I. Cretescu, N.
Monomobile planetary speed increaser with two counter-rotating outputs, Patent no RO
131740 B1, 29 November 2023.

Author Contributions: Conceptualization, M.N. and R.S.; methodology, M.N. and R.S.; software, R.S.
and M.N.; validation, M.N. and R.S.; formal analysis, M.N. and R.S.; investigation, R.S. and M.N.;
resources, R.S. and M.N.; data curation, M.N. and R.S.; writing—original draft preparation, M.N. and
R.S.; writing—review and editing, M.N.; visualization, R.S.; supervision, M.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

ag speed coefficient in the generator mechanical characteristic
ag speed coefficient in the wind rotor mechanical characteristic
be torque term in the generator mechanical characteristic

br torque term in the wind rotor mechanical characteristic
DOF  degree of freedom

DC direct current

DFIG  double fed induction generator
FAST  fatigue, aerodynamics, structures, and turbulence

g gear
G electric generator
GR generator rotor
GS generator stator
H satellite carrier

i kinematic ratio
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io internal kinematic ratio

ig speed amplification ratio

] mechanical axial moment of inertia
Ks kinetic energy

m mass

N number of satellites

P power

PWM  pulse-width converter modulation
PU planetary unit

r radius

R wind rotor

t time

T torque

n efficiency

Mo internal efficiency
Ng efficiency of a gear pair
w angular speed

€ angular acceleration
SI speed increaser

sh shaft

v linear speed

WR wind rotor
WT wind turbine

zj number of teeth of gear j
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Abstract

In the worldwide effort to decarbonize the electricity generation, increasing the energy performance of renewable energy
conversion systems is a continuing global concern and challenge for stakeholders. In this context, the paper presents the results of
a comparative study on energy performance of four counter-rotating wind turbines of different types. In this regard, the authors
propose a new reconfigurable structure of a counter-rotating wind system, able of operating in four distinct cases: with traditional
electric generator (with fixed stator) or counter-rotating generator, with monomobile (torque adding) or bimobile (speed adding)
speed increaser. These functional cases are obtained by the appropriate command of two intermittent clutches. A generalized
algorithm for kinematic and static analytical modeling of the reconfigurable wind system in steady-state regime is proposed in
the first part. Also, a new approach for optimizing the main design parameters, such as the ratio of wind rotor diameters, is
detailed. The numerical simulations of the obtained closed-form model, for optimized value set of design parameters and various
wind speed values, showed a slight energy advantage of using counter-rotating generators and monomobile transmissions, but
accompanied by drawback of increased complexity. The main results of the paper, i.e. the new reconfigurable wind system
concept and its analytical steady-state model of speeds, torques and efficiency, are useful for researchers and practitioner
interested in developing optimized counter-rotating wind turbines.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the TMREES22-Fr, EURACA, 2022.

Keywords: Wind turbine; Counter-rotating rotors; Speed increaser; Counter-rotating generator; Energy performance; Steady-state regime

1. Introduction

The counter-rotating wind turbines (CRWT) are a recent alternative with higher energy performance to the
conventional wind systems (with single wind rotor and electric generator with fixed stator). A large number of
research works have been recently devoted to CRWTs by studying various factors influencing their performances.
As shown in [1,2], counter-rotating wind systems require certain distances between counter-rotating wind rotors
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Nomenclature

ac

ag

bg

bp
Cl,2
Cp
CRWT
DC
DOF
G

GR

GS

H
HAWT

Vw0

SEIRNEEE R

speed coefficient in the generator mechanical characteristic
speed coefficient in the wind rotor mechanical characteristic
torque term in the generator mechanical characteristic
torque term in the wind rotor mechanical characteristic
clutch 1,2

aerodynamic power coefficient

counter-rotating wind turbine

direct current

degree of freedom

electric generator

generator rotor

generator stator

satellite carrier

horizontal-axis wind turbine

kinematic ratio

internal kinematic ratio

internal static ratio

speed amplification ratio

ratio of the parameters b and ag

ratio of the downwind and upwind rotors radius
ratio of the angular speeds of the wind rotors
number of external links

power

rated power of wind turbine

planetary gear set

upwind/downwind rotor

radius of the wind rotor

speed increaser

torque

torque value at the operating point

speed of equivalent uniform flow at the rotor R
undisturbed wind speed

rated wind speed

number of gear teeth

blade pitch angle

efficiency

internal efficiency

tip speed ratio

air density

angular speed

angular speed value at the operating point

with equal [2-4] or different [5-8] diameters, and may include counter-rotating generators [1,9—11]. An important

performance parameter of wind systems is the power coefficient (Cp); in the case of counter-rotating rotors with

the same diameter, Cp increases theoretically from 0.59 (Betz’s limit) to 0.64 [2,4,7,12—14], which represents an
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improvement of 8%—-9% when the distance between the rotors is close to the radius of the rotor, and 7% when
the diameter of the upwind rotor is 25% of the downwind rotor diameter [6]. It was found experimentally that
the wind turbine rotational speed of the wind turbine is also influenced by the blade pitch angle B; thus, as
increases, the rotational speed decreases, which leads to a decrease in the power coefficient [3,7,12,15]. The annual
energy production can be increased by using counter-rotating turbines by about 43.5% [12] or by about 21% at a
nominal wind speed of 10.6 m/s [7]. Whang [16] demonstrated that his proposed counter-rotating wind system can
generate energy as efficiently as a conventional 3-blade system, but at a slower rotor speed, which means lower
noise operation.

The integration of two counter-rotating rotors can improve the performance of wind turbine systems with
conventional generator, even in low power systems. These CRWTs integrate a speed increaser with two inputs
and one output. This topic has been theoretically approached in various works [17-20], in which dynamic aspects
or power flow were analyzed in the case of 1-DOF (degree of freedom) or 2-DOF speed increaser, thus allowing
the reduction of rotor size while increasing the energy input.

Also worth noting that the parallel transmission of mechanical power from wind turbines to the electric generator
has a better efficiency than serial transmission. A specific algorithm for the conceptual synthesis of speed increasers
integrated in wind energy conversion systems was proposed in [21], as a useful tool in the design process of wind
turbines: with single vs. two counter-rotating wind rotors, with 1-DOF vs. 2-DOF speed increaser, and conventional
vs. counter-rotating electric generator.

The use of counter-rotating electric generators is a relatively recent approach in the domain of wind turbines.
Thus, variants of generators with permanent magnets, connected directly to the wind rotors, have been proposed [9,
10]. A three-phase synchronous electric generator with counter-rotating armatures, with 1 kW rated power at rated
speed of 750 rpm, was analyzed in [10]. Popescu et al. highlighted both the difficulties in execution with a high
degree of complexity, as well as a number of advantages, such as: the increase of the relative speed between the
armatures of the electric generator, and the increase of the power extracted from the wind, respectively. Further
development was proposed by Yanan et al. [11], which introduces a new type of twin-rotor wind turbine and
electrically excited synchronous generator. Another variant of electric generator used in a counter-rotating turbine
is the induction turbine (TRIAS) [22], intended for applications that supply power directly to the grid, which allows
a reduction of losses by about 27% compared to a conventional generator.

Increasing the performance of wind turbines is the main goal in their optimization process. Herzog [14] stated
that a wind speed loss of 1% leads to a 3% decrease in power; moreover, he showed that the upwind rotor extracts
74% of the power, while the downwind rotor only 26%. The fact that a counter-rotating turbine is more efficient at
lower rotor rotational speeds has been demonstrated in [4], which states that Cp = 0.37 at tip speed ratio A = 6,
while a counter-rotating system reaches Cp = 0.39 at A = 5. Kumar [23] also showed that compared to [7], for an
increase in the distance between the two rotors from 0.5 to 0.65 times the rotor diameter, it reaches a maximum
power increase of 9.67%. Mitulet [24] confirmed that two counter-rotating rotors with different diameters (2.46 m
upwind rotor and 2.66 m downwind rotor) increase the output power in the range of 37-45.2%, depending on the
wind speed. No [25] presented detailed procedures for modeling the dynamics and aerodynamics of the 1| MW wind
turbine system.

Aiming at highlighting their performances, wind systems with counter-rotating rotors and/or counter-rotating
generators have been investigated vs. conventional systems. Farahani [26] analyzed a two-input wind system, in
which the main (upwind) rotor has twice the diameter of the downwind rotor. Climescu [27] and Saulescu [28]
considered different operating situations for wind turbines with one vs. two counter-rotating rotors, with vs. without
speed increaser (1-DOF or 2-DOF) and electric generator with fixed vs. mobile stator. Their dynamic behavior was
investigated and compared, concluding that the use of counter-rotating turbines for applications with Class 1 wind
potential allows energy generation at lower nominal speed than in conventional cases. Similar comparative analyzes
were also presented in [29]; it concluded that the counter-rotating turbine solution ensured more compact rotors and
higher efficiency of mechanical transmission (81.7% compared to 71.3% for the considered conventional turbine).
A variable wind speed dynamic approach was presented in [30] for a 10 kW turbine consisting of a wind rotor,
speed increaser and counter-rotating electric generator.

The literature presents various studies, in general, on particular solutions of counter-rotating wind systems,
without identifying significant results on optimizing the ratio of wind rotor diameters, respectively the impact of the
type of electric generator and the type of speed increaser on the energy performance of the wind system. As a result,
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the main purpose of the paper is to propose, model and optimize a novel wind system capable of transforming wind
energy into electricity with high efficiency, by considering the class of wind turbines with counter-rotating wind
turbines, counter-rotating generator and planetary speed increaser. Thus, a new reconfigurable counter-rotating wind
system is proposed in Section 2, for which four distinct operating cases of 1-DOF or 2-DOF turbines are considered,
with traditional (with fixed stator) or counter-rotating generator. The kinematic and static analytical modeling of
this reconfigurable wind system is presented in Section 3, and the optimization of the system design parameters
is addressed in Section 4. A relevant numerical example is described in Section 5, along with discussions on the
results obtained for four cases. The conclusions of the paper are drawn in Section 6.

2. Problem formulation

The proposed comparative analysis addresses four categories of horizontal-axis wind turbines (HAWT) with
two counter-rotating coaxial rotors R1 and R2, which integrate a single degree of freedom (1-DOF) or differential
(2-DOF) speed increaser (SI) and a conventional (with fixed stator, GS = 0, Fig. 1a) or counter-rotating electric
generator (in which the rotor GR and the stator GS are mobile and rotate in opposite directions, Fig. 1b). By
convention, R1 is the upwind rotor and R2 - the downwind rotor. The two rotors Rl and R2 can have the
same or different diameters, and the speed increaser is usually a planetary transmission. It is already known that
branched (in parallel) transmission of mechanical power from wind rotors to the generator is achieved with higher
efficiencies than serial transmission [20]. Based on these considerations, the energy performance of the counter-
rotating wind turbines, under similar operating conditions, can be significantly different depending on their category;
thus, identifying their behavior is a challenge for researchers and a goal for designers in determining the optimal
solution.

Fig. 1. Conceptual scheme of wind turbines with counter-rotating rotors and: (a) conventional generator; (b) counter-rotating generator.

The problem of modeling and identifying the energy performance of the four counter-rotating wind systems is
addressed in the following hypotheses:

the wind turbines have the same set of wind rotors and the electric generators have identical characteristics;

the wind rotors R1 and R2 have optimized uneven diameters, according to a proposed approach;

the rotors R1 and R2 rotate in opposite directions;

the pitch angle B of the rotor blades is considered at constant value: 8 = 0°, for both R1 and R2 rotors;

the GR rotor and the mobile GS stator rotate in opposite directions, thus leading to an increased speed of the

electric generator (defined as the relative speed between GR and GS). For inertial reasons, the speed of the

GR rotor is typically higher than that of the GS stator;

e the speed increaser is based on a reconfigurable planetary transmission with two inputs, which can operate
both as 1-DOF and 2-DOF mechanism, with one or two outputs, by the appropriate control of two intermittent
clutches C1 and C2, Fig. 2;

e without reducing the generality of the proposed method, for the sake of simplicity of the analytical approach,

it is considered that the wind turbines are equipped with two wind rotors and electric generators of direct

current, whose mechanical characteristics are linear functions with constant coefficients;
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| R s

> Gr

Fig. 2. Structural scheme of the proposed reconfigurable counter-rotating wind system (upper half section).

e the modeling and functional simulation of the four wind turbines are performed in stationary conditions, at
three wind speeds: the rated speed, a speed close to the cut-in value and an intermediate speed.

The proposed speed increaser (Fig. 2) is a planetary transmission with cylindrical gears, consisting of two sun ring
gears 1 and 2, which mesh with the satellite gears 4 and 5, and a sun external gear 3 engaged with the satellite gear
5. The transmission has two inputs (of mechanical power), due to the connection of the satellite carrier H to the
rotor R1 and the gear 2 to the rotor R2. It can have a single output to the generator rotor (3 = GR) or two outputs
(3 = GR and 2 = GY). The transmission can also operate as a 1-DOF drive (by attaching the gear 1 to the base 0)
or 2-DOF (when the gear 1 moves idle). Thus, the speed increaser is a transmission with adjustable configuration,
property ensured by means of the clutches C1 and C2, for which the following coding is introduced:

e C1 = 0 — the clutch C1 is engaged, i.e., 1 = 0; C1 = 1 — the clutch C1 is disengaged, i.e. the gear 1 has idle
motion;

e C2 = 0 — the double clutch C2 is engaged with the base 0, i.e. GS = 0; C2 = 1 — the clutch C2 is engaged
with the gear 2, i.e. GS = 2.

The complex SI in Fig. 2 can be decomposed into two planetary gear sets PGS1 (1-4-5-3-H) and PGS2 (2-5-3-H),
respectively, each characterized by an internal kinematic ratio io; » and an internal efficiency no; »(Fig. 3).

The main parameters of the energy performance considered in this study refer to the mechanical power provided
by the wind rotors, the mechanical power driving the generator and the transmission efficiency. These energy
performance parameters can be identified by applying the algorithm depicted in Fig. 4, considering in a general
approach the following four operating cases ensured by the proposed planetary transmission:

e Case A: bimobile (differential) transmission with two inputs and two outputs (2-DOF, L =4; C1 =1 & C2
=1=>w #0, 71 =0),0 = wgs;

e Case B: monomobile transmission with two inputs and two outputs (1-DOF, L = 4; C1 = 0 & C2
w1 =0, T #0), v = wgs;

e Case C: bimobile transmission with two inputs and one output (2-DOF, L = 3, C1 =1 & C2 = 0 =>
w1 # 0,01 #0,T1 =0, w # wgs, wgs = 0);

e Case D: monomobile transmission with two inputs and one output (1-DOF, L = 3, C1 =0 & C2
w; =0,T1 #0,w # wgs, wgs =0).

1 =>

Il
o
Il
\

3. Wind system modeling

The kinematic and static modeling of the mechanical systems, corresponding to the four wind turbines, uses
the block diagram from Fig. 3, which specifies the torques 7, and the angular velocities w, related to the isolated
subsystems (PGS and shafts); this modeling is based on the general relationships in the theory of gears [31]. Thus,
starting from the definition of the internal kinematic ratios ip; and igp, and assuming that all gears have the same
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®R1 OGR

Tr1 Tor

[O))

e 2R 25 G $ ®as
> oo >

Tr2 ~Tor  Tar Tos —Ts Tas

Fig. 3. Block scheme of the reconfigurable wind system.

module, the numbers of teeth are modeled by:

, .H  W3H 7521
101 2131 = = =
Wi1H 23 24
. .H w3H 22
l=l3p=—"=——" =
W2H <3
21l —24=25+23 =22 — 25
() (1 —1p2
| =35 ¢
2101 — 102 — 1 (1)
22 = —z3ln
1—ip 1 +ip
4 = 33 . .
2. 2101 — 1l — 1
1+ipn
5 = —13 )

where z3, ip; and gy are considered independent design variables.
As the wind rotors should rotate in opposite directions in all operation cases (i.e., wgi/wga< 0), it is necessary
that |ig;| > |ip2]|, which leads to the restriction: z; > z;(by default: z5 > z4).
According to Fig. 3, the planetary speed increaser is characterized by the following analytical correlations related
to its isolated subsystems:
e input shafts:
WR1 = WH WR2 = W2R

and ()
Tri — Ty =0 Tro —Thr =0

e internal shafts:
WH = WHq = WHp Wy = WyR = W2gs
, and
Ty —Tya —Tapy =0 |Tog —To+Tos =0
w3 = W3q = W3

I3—T3, — T3 =0

3)
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Input data

Structural scheme of the wind system, Figure 2
Rated power, Pgy

Rated wind speed, 1,4

i Noi- Moz kg kz. Ky. iy. iy - optimized (Sectiond)

v

Block scheme of the wind system - identification of components, Figure 3

* upwind wind rotor R1 * downwind wind rotor R2

* electric generator rotor GR » electric generator stator GS

* planetary gear set PGS1 (i, 1p1) » planetary gear set PGS2 (ip;, Mg2)
» intermittent clutch C1 * intermittent clutch C2

4

Kinematic model, Table 1

« angular speed transmitting function of the planetary gear sets

« kinematic equations of the connections between components

« numer of theeth equations

Input parameters: 0z, and Oy, (2-DOF Cases A and C); g, (I-DOF Cases B and D)
Output parameters: Oz, (1-DOF Cases B and D), 0gz, 0gs, 0, 0y, 03, Og =0gg - Ogs
Remark: 0gs=0for C2=0; 0, =0for CI=10

v

Torque model, Table 1

« torque transmitting functions of the planetary gear sets

« static equilibrium equations of the components

« static equilibrium equation of the electric generator, Tz + Tgs=0;

Input parameters: T, (2-DOF Cases 4 and B) ; Tz, and Ty, (1-DOF Cases B and D); (ig12. Nor2)
Output parameters: Tz, (2-DOF Cases A and B), Tgz, Tos, Te. Tan T 10703 Tos T T

. J

Power and efficiency model, Table 1
Inpur parameters: T, ©,; (ig; 2. Nor2)

J N\ & N N

Output parameters: P.= T,- o, (x =RI, R2, G, GR, GS, H, Ha, Hb, 2, 3, 3a, 3b); 1|

Y

Steady-state operating point model, Table 2

* mechanical characteristic of the wind rotors R1 and R2

* mechanical characteristic of the electric generator G

Inputs: kinematic and torque model; the mechanical caracteristics
Output parameters: operational point at the input level ( &gy 5 and Tgy )

Fig. 4. Flowchart of the proposed analytical modeling of the reconfigurable wind system.
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(] planetary gear sets:

w3 — wiigr —wy (1 —ig) =0

PGS1: {Ti + Tsaionny) =0 and

T+ T3a+Tha =0

. . “4)
w3 — wrip — wp (1 —ip) =0
PSG2:3T, + T3bi027’)g§ =0
L+ T3+ Ty, =0
in which:
Ts, ;
X1 = sgn (w3g T3,) = sgn <603H—3> = sgn ( 101. ) =-1 )
—w31 T34 1 —ig
T .
%> = sgn (3 Tyy) = sgn (m) = sgn( o ) = -1 (©)
—w3 T3 1 —ip

The general relations (4) have the following particular forms: Cases A and C, in which w; # 0,77 = 0 and
implicitly T3, = 0, Ty, = 0, i.e. PGS1 operates idle; Cases B and D, in which w; = 0, T} # 0 and implicitly
w3 —wy (1 —ig) =0, i.e. PGS1 becomes a 1-DOF planetary gear set.

e transmission connections with the generator stator and rotor:

W3 = WGR w25 = WG

an (7N
Ter—13=0 Tos—Ths=0

e the equations of the global wind system:
(@r1TR1 + w2 TR2) 1 + w6RrTGR + wGsTGs =0 ®
TRi +Tro +T1 +Tgr +Tgs =0
e clectric generator equations:
WG = WGR — WGS
)

T = Tgr = —Tgs

in which, by convention, the angular speed of the electric generator is defined as the relative speed between its rotor
and stator, and the generator torque is considered the torque of the rotor GR (equal and opposite to the torque of
the GS stator).

The relations (2)...(9) allow the analytical determination of the expressions of torques and angular velocities for
all shafts of the wind system (Table 1): in Cases A and C, depending on the independent variables (wgi, Tri, ®Wg2),
and in Cases B and D, depending on (wg;, Tr1, Tr2) parameters.

The operating point of the analyzed wind systems (i.e. the values of kinematic and static parameters in steady
state regime for all shafts) can be determined based on the relationships in Table 1 and on the linear mechanical
characteristics with constant coefficients of wind rotors and electric generator (see Fig. 5):

- the wind rotors R1 and R2

b
Tri = —agiwgr1 +bg1,0 < wpy < a—R], agy > 0,bg; >0 (10)
R1
bro
Try = —apywp2 + bro, = <wrr <0,ary > 0,bgy <0 (11)
R2

- the electric generator G
b
Tc = —agwe + bg, wg > —G, ag > 0,bg >0 (12)
ac

where the values of the parameters ag; > and bg;, depend on the properties of the wind rotors and they change
with the wind speed.
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Tro=—aryop2 + bro

Fig. 5. Linear mechanical characteristics of the wind rotors (R1 and R2) and the DC generator (G).

Table 1. Analytical expressions of kinematic and static parameters of the four CRWTs.

Parameter Case A (2-DOF, L =4)

Case B (I-DOF, L =4)

Case C (2-DOF, L =3)

Case D (1-DOF, L = 3)

wpy (iga —io1) /io2

wRy wR2 wR2 g1 (o2 —io1) /io2
i) —i i i) —i i

o] wkl% +“’R2% 0 le%erRZ% 0
oGS oR2 g1 (o2 —io1) /ioz 0 0
oGR wgy (1= i) +@Roinn wpy (1=ig1) wpy (1= i) +wRoio2 og1 (L=igy)
oG (01 = g2) (1 —ip2) opyior (1—io2) /i opy (1-ip) +©r2ip2 ogy (L=igp)
TRy ~Tg1 TRa ~TRyigz/ (ig2 — 1) TR2
7y 0 ~Tg1 —TR2 0 [Tr1i02 + Tr2 (02 — 1)]io1/ [io2 (io1 = 1)]
THa 0 (Tr1 +TR2) (io1 = 1) /i1 0 [Tr1i02 + Tr2 (02 = )] /i
THp TR [7R1 = Tr2 (g1 = D] /01 TR ~Tra (i2 — 1) /in -
T34 0 (Tg1 + TR2) /ip1 0 = [Tr1io2 + Tra (o2 = 1)1/ [i02 Gor — 1)]
T3 Tr1/ (io2 = 1) [Tr1 = Tr2 (i1 = D]/ [ior (o2 = 1)] Tr1/ (ip2 = 1) ~Tra/i2
T ~TRiig2/ (ip2 — 1) =[Tr1 = Tra (i01 = 1)]i02/ [fo1 (io2 = 1)] ~Tryioa/ (g2 — 1) TR2
TGR Tr1/ (io2 = 1) [Tr1i02 + Tr2 (02 — io1)]/ [io1 (o2 = 1)] Tr1/ (io2 = 1) ~[Tr1i02 + Tr2 (o2 —i01)]/ [i02 (o1 = 1)]
) I—ipgp Tr1iop+Tr2(i02—i01) _ o1 (io2—1) oR1(igp—1)=wroioy Tr1io2+Tr2 (i02—io1) i02 (i1 1)

1—ipy TR1io2+TR2(i02—i01) 701 (i02—1) op1 (ip—1)-wRaioy TR1i02+TR2(i02—i01) 02 (i1 —1)

— . X — . X
Notes: i1 =‘01'70}v i02 =’02"0%? Y =-lLxy=-lwy=0gy, w3=0GR, g =wR1: Ty =TR1. hp =TR2, T3 =25 =TGR = ~Tgs-

The Eq. (2)...(12) define a determined linear system whose solution represents the torques and angular speeds

related to the wind system shafts, to which its efficiency 7 is added, Table 1. Thus, the expressions of the kinematic
and static parameters of the operating point for the input shafts (of the wind rotors R1 and R2) are presented
in Table 2, used to calculate all the other wind system parameters, according to the relations in Table 1. These
expressions have been obtained using the Maple software and include the constant coefficients of the mechanical
characteristics (ag and ag; 2, bg and bg;») and the internal kinematic ratios (ig; and ipp), which are subject to
optimization in the design process.

4. Optimal synthesis of CRWT design parameters

The main design parameters of the wind turbines come from the three basic components: (a) the radius rg; and
rgp of the R1 and R2 wind rotors, respectively; (b) the internal kinematic ratios ig; and iy of the planetary gear
sets; (c) the coefficients ag and bg of the generator mechanical characteristic. The values of these parameters can
be optimized at the level of the reconfigurable wind system based on functional harmonization of the wind rotors
and the electric generator.

4.1. Optimization of the wind rotor radius ratio

In certain applications, the wind rotors have equal diameters, which leads to a sub-optimal use of the downwind
rotor due to the reduction of wind speed at its level, as will be emphasized in Section 5. The rotor radius ratio
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Table 2. Operating point parameters for the wind rotor shafts.
Case A (2-DOF, L =4)

~ (2= )[ri+bro)aglia—D)—arabgl+arabri . ~ _  api@gi—bri—bra

@R = —— —— JWRy = — e
(fo2—1)(ar1+ag2)ag (g —D+agiags R2

= (ioz—1)[(@rabri—ar1br2)ag ip—D—agiagabc] . = ~

Tr1 = ) 3 Tro = —agawr2 + br2

(io2—1)(ar1+ar2)ag (o —1)+ar1ar2

Case B (1-DOF, L =4)

io2[br1i02+br2 (fo2—io1) —bGioi (fo2—1)] ~ ~ ; ;
—— e —— ——; Wr2 = g (ip2 — i i
agtioaioz+ara (ioa—ion) (ioa—io1)+agiorior (o2 —1) (2 —1) ’ liz &1 (o2 = ion) /io2
Tor = agi1bginiol (la—1)—ar1braioz (foz—io1)+ag briiotion o2 —1) (foz—1)+arabri oz —io1) (lo2—io1)
R1 = e - . > > ) =
o aguioaioa+ara(ioa—ion) (ioa—io1)+agioiior (o2 —1)(io2—1)
Tro = aga (io1 — i02) @WR1/i02 + br2

Case C (2-DOF, L =3)

WR1 =

DRl = @;1)(116sziozfathGHaGbR]miﬁ+ﬂk2bR1 By = _E(flm@m*bm)*bkz(ﬁfl)
(LUZ*1)(i02*l)“G“R2+HGaRli02i02+aRlaR2 ’ aga(ioa—1)

= ioo—1)[(@r1bRa—ar2bR1)aGio2+ara(agbr1—ar1bg)] . F ~

Tr1 = — o2=1) ; Tro = —ag2wpr2 + bro

(f02—1)(ipa—Dagaga+agagiinioz+agiags

Case D (1-DOF, L = 3)

io2[br1i02+bR2 (lo2—ior) —bGioa (i1 —1)] ~ ~ . . .

—— —— ———; Wr2 = wg1 (ip2 —io1) /i

artiozios-taga(ioa—io1) (io2 —io1) +agioaioa Gor —Dior—1)* K2 m1 o> OI)LOZ
le _ uRIbGiOZiOZ(iOI*1)*(11?]hizioz(iozfio‘])+acbmi()zioz(im72(1'()1*l)#’aszRl(iOZ*"OI)(iOZ*i(TI)
- agyioaiga+agaioa—ion) (io2—io1)+agiozioa ior —1) (io1 —1)
Tra = aga (io1 — i02) ®R1/i02 + br2

WR1 =

kr = rgo/rgr1 can be optimized provided that both rotors operate simultaneously at maximum power (i.e., at the
maximum value of the aerodynamic power coefficient Cp) and to provide equal torques in absolute value (as required
in Case A, see Table 1).

The mechanical power Pg at a wind rotor shaft is modeled by the relation [26]:

P—l C,riv’ 13
R—27T,0 p'RVw (13)

where p is the air density (p = 1.225 kg/m?).
The power coefficient Cp depends on the tip speed ratio A and the pitch angle of the blades g; in the assumption
B = 0°, the expression of the power coefficient Cp becomes [26]:

Cc) _“ 1 1 WRYR
Cr=ci|—=—c3)-e i +csh, —=——ce, A= 14
P 1()” 3) st T n T C6 ox (14)

where ¢; = 0.5176, ¢ = 116, ¢c3 =5, ¢4 = 21, ¢5 = 0.0068, ¢ = 0.035.
The wind rotor mechanical characteristic results as follows [30] :
P 1 clv oV ey —tRL2 .
Trrs = R12 _ —npr;’el zU%n 2[ 1VR1,2 ( 2VRI2 erce — 63) e ‘4(wR1,er1,z ce) +CSi| . (15)
w12 2 7 BT LoriarR12 \@R127R12
The maximum mechanical power Pg,,, of a wind rotor at any wind speed, regardless of the rotor radius, results

for the maximum value of the coefficient Cp(i.e. Cpmax = 0.47952), obtained for A* = 8.100 as a solution of the
equation dCp/dX) = O:

_1
csh 4+ 664(66 '\)cl [cacy — (co + c3¢4 + crc4c6) ] = 0. (16)

Considering the average wind speed on the downwind rotor as modeled in [25]:

a7)

the two counter-rotating wind rotors have in operation the same torque at their maximum power points (as required
in case A, Table 1), i.e. Prinax/®ky = Promax! @}y, if:

2 2
r 19 (r w? A*v
(ﬂ) 1__<L1> DR _ | gy, = 2 0R2 (18)
R 27 \rg2 Wy ’ rR12
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Table 3. Values of the CRWT design parameters.

Parameter r g rR2 io1 io2 no1 no2 ag bg
Value 20 m 234 m -29.157 —17.5 09506 0.9506 0.0525 kN  2.100 kNm
ms

kg = 117, ko, = 1.488, i, = 46, bg /ag = 40 s™!, 71 = 258, zp = 350, 23 = 20, 24 = 73, z5 = 165

yielding to the equation:

2
@ [1_;% _ (19)
with the solution:
kg = rra/rgi = 1.17055. (20)
It should be noted that in this situation the ratio of input rotational speeds, k, = —w},/@k,:
k= TRVRU g L g Q1)
FR1 UR2 31 — %é

has a constant value irrespective of wind speed.
4.2. Optimization of the internal kinematic ratios

The wind rotors R1 and R2 can operate simultaneously at their maximum power, including in the case of 1-DOF
wind systems (Cases B and D), if:

w

wg2 = wgy (o2 — io01) /ix = —wgr1/ ke = i1 = iy = 1.672i. (22)

Also, in the design phase in case A, a certain amplification speed ratio i, = wg/wg1 can be required and thus
the following condition is fulfilled:

i =1—1i,/(1+kg,). 23)
4.3. Optimization of the electric generator parameters

The choice of the electric generator (based on the coefficients a; and bg) has a major impact on the behavior
of the wind system, being directly influenced by the operating point of the wind rotors and implicitly influence
the output power. For the rated wind speed, the angular speed (@g;) of the rotor Rl at maximum power (and
implicitly for the rotor R2 and the electric generator) can be determined by following the steps in Sections 4.1 and
4.2. Thus, according to Table 2, a first relation between the coefficients ag and b is obtained; by imposing the
ratio kg = bg/ag which ensures the generator operation (i.e., W > k¢), a determined system of two independent
equations and (ag, bg) is thus derived.

5. Numerical results and discussions

The numerical analysis of the reconfigurable wind system in Fig. 2 aims to identify the energy behavior of the
four wind turbines (Cases A, B, C and D), in steady-state regime, for various values of wind speed, starting from
the analytical model presented in Section 3.

The set of input data (values of the design parameters) in Table 3, established according to the algorithm in
Section 4, is further considered. The rated power Pgo of wind turbines is close to 1 MW at the rated wind speed
Vo = 12 m/s.

The mechanical characteristic of wind rotors, Eq. (15), is a nonlinear function. However, it presents a quasi-linear
profile on the normal operating range of the rotor, i.e. for angular speed higher than the one corresponding to the

1164



M. Neagoe and R. Saulescu Energy Reports 8 (2022) 1154-1169

a 16 - b 160

max T Wind speed v, = . Wind speed v, =
140 R AT 140 max Tl ~12 m's
120 o —10 ms 120 AL AN\ —10m's
/ .' Bm's ’ \ Bm's
100 —6H m/s - —6m's
— 7 \
E 4 / ’% PRJ N, —4 m/s —4 m/s
% b
-z
= 60 /
<y, \
;Z‘\ ] \
“\
6 7 8 9 o : 2 3 4 5 6
Ulm 1"36"’51 -y, [rad/s]
- 160 23 646 136, 300 =
160 v=-42.602x +343.302 y d l ' S ¥ o 1 Wind speed v,
140 R? = (1.9986 " mld-,ﬂ}“’-‘mi 47 14 Y h 12 m/s
120 y=-28.441x + 152.755 ,* 9 tighs 120 y=-41.942x + 151356, 8 srifa
R2 = ().9988 / ™ e R?*=0.9988 o —i /5
100 ’ \, —4mfs 100 ’
_ ¢ = i
E g0 e 2 %0 7
i go ¥ = 14111x +37.929 i = o ¥ =-20.906x +37.734 g
- ry O
o R?=0.9983 e RZ=0.9986 P
40 | v40 i
‘, ., ,J
20 i 20 i et
0 -\\'\ 0 ~ ;
0 ! 2 3 4 5 6 7 8 9 0 I 2 4 5 6

2 3
w0y, [rad/s] ~tdg, [rad/s]

Fig. 6. Nonlinear model of mechanical characteristics for: (a) the R1 rotor; (b) the R2 rotor; linearized mechanical characteristics on the
operating zone for: (c) the R1 rotor; (d) the R2 rotor.

maximum power point, see Figs. 6a and 6b. The expressions of the linearized mechanical characteristics, for the
operating areas of the rotors R1 and R2, are exemplified in Figs. 6¢ and 6d for three values of undisturbed wind
speed: 12 m/s (rated wind speed), 8 m/s (intermediate speed), and 4 m/s (close to cut-in speed).

The operating points of the four wind turbines were numerically simulated in Maple based on the input parameter
values as stated in Table 3; in this approach, the relationships in Tables 1 and 2 were used, which allowed the
calculation of the powers on the wind system shafts and of the efficiency. Thus, for the rated wind speed (12 m/s),
the power flows are depicted in Fig. 7 and the values of torques, angular speeds and powers on the input (R1 and
R2) and output (G) shafts are represented comparatively in Fig. 8.

The power flows (Fig. 7) are convergent from the inputs (rotors R1 and R2) towards outputs (GR and GS),
excepting the Case D (Fig. 7d) where a close-circuit power flow occurred and, consequently, a loss of useful power
is registered. It can be highlighted the negative effect of close-circuit power flow on the energy performance in Case
D, the output power decreasing for an increased input power compared with Case C.

The output power P; = Pggr + Pgs is higher for the systems with counter-rotating generator (Cases A and
B) by ~1.5% compared with Cases C and D (traditional generator), performance ensured by the system ability to
extract more power from wind, i.e. the input powers Pg; and Pg, are higher (by ~1.25... 2.5%, Figs. 7 and 8a).

As well, the Cases A and B are characterized by higher efficiencies: ~95.32% vs. 95.22% (Case C) and 95.05%
(Case D). The higher values of the wind rotor powers in Cases A and B come from the increase of the torques
(Fig. 8b) and also a slighter rise of the output angular speed w¢ (Fig. 8c).

The torques (Fig. 8b) and the angular speeds (Fig. 8c) at the generator are simultaneously higher in the Cases
A and B than in C and D. Because higher torques are transmitted in the Cases A and B, as a disadvantage, the
shafts of these transmissions should have higher diameters than in Cases C and D. Despite of its higher diameter,
the downwind rotor R2 generates less power (approx. 65%) than the upwind rotor R1 due to a decrease in wind
speed (to approx. 9.5 m/s, i.e. at 79% of the undisturbed wind speed) after crossing the R1 rotor.

The wind turbine with counter-rotating generator and 1-DOF transmission (Case B) provides slightly higher
power than the 2-DOF one (Case A): 0.15% vs. 0.1%. In contrast, the 2-DOF transmissions have the advantage of
less complexity, i.e. PGS 1 does not interfere with power transmission and thus gears 1 and 4 can be eliminated.

The wind speed influences significantly the energy performance of the analyzed wind turbines, the output power
P¢ decreasing rapidly with the reduction of the speed, Fig. 9. Thus, the operation of turbines at v,, = 8 m/s (2/3 of
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Fig. 7. Power flow (in kW) through the speed increaser for rated wind speed (v, = 12 m/s): (a) Case A (2-DOF, L = 4); (b) Case B
(1-DOF, L =4); (c) Case C (2-DOF, L = 3); (d) Case D (1-DOF, L = 3).

the rated speed) is accompanied by a decrease in power to about 1/3 of the rated power. The power supply becomes
insignificant at v,, = 4 m/s. It can be noticed that the output power differences between the four cases diminishes
with the decrease of wind speed and they are practically negligible for wind speeds less than 8 m/s.

6. Conclusions

The paper presents the analytical modeling and the numerical simulation results of the obtained close-form model
for four wind turbines with two coaxial counter-rotating rotors with horizontal axis, a reconfigurable planetary
transmission and a counter-rotating/traditional generator, aiming at highlighting their comparative performances.
The investigation of the energy behavior of the four wind turbines, in steady-state regime at various values of wind
speed, allowed drawing the following conclusions:

- The wind turbines with counter-rotating generator operate at higher powers than those with conventional
generator; however, they have the disadvantage of increased complexity due to the mobile stator and its
additional connections to the transmission.

- The 1-DOF wind turbines generally outperform 2-DOF ones, but they have the disadvantage of higher speed
increaser complexity and can be subject of close circuit power flow.

- The downwind rotor R2 generates less power (approx. 65%) compared to the upwind rotor R1, where
kg =1.17.

- Given the optimization of the design parameter values, according to the algorithm proposed in the paper,
the differences in energy performance between the four cases are practically insignificant. However, these
differences may become relevant for other value sets of the design parameters, such as for the kg ratio.
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Fig. 8. Values obtained for the four turbines at rated wind speed (v,, = 12 m/s) for: (a) power; (b) torques; (c) angular velocities.
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Fig. 9. Variation of the generator power with the wind speed for the analyzed four turbines.

- The choice in a practical application of one of the four wind turbine types requires a preliminary multicriteria

analysis, in which other criteria should be considered in addition to energy performance, such as: complexity,
cost, reliability, etc.

This steady-state analysis of CRWTs is to be extended by virtual prototyping under dynamic conditions, considering
the impact of wind speed variation on their transient behavior. Also, an important step on the path to commercializa-

tion is the validation of conceptual solutions through experimental testing using specialized stands, the development
of which is a future priority of the authors.
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Abstract: The improvement of wind turbine performance poses a constant challenge to researchers and
designers in the field. As a result, the literature presents new concepts of wind turbines (WTs), such as:
counter-rotating wind turbines (CRWTs) with two coaxial wind rotors revolving in opposite directions,
WTs with higher-efficiency and downsized transmission systems, or WTs with counter-rotating electric
generators (CREGs). Currently, there are a few solutions of WTs, both containing counter-rotating
components; however, they can only be used in small-scale applications. Aiming to extend the
use of WTs with counter-rotating wind rotors (CRWRs) and CREGs to medium- and large-scale
applications, this paper introduces and analyzes a higher-performance WT solution, which integrates
two counter-rotating wind rotors, a 1 degree of freedom (DOF) planetary speed increaser with four
inputs and outputs, and a counter-rotating electric generator. The proposed system yields various
technical benefits: it has a compact design, increases the output power (which makes it suitable for
medium- and large-scale wind turbines) and allows a more efficient operation of the electric generator.
The kinematic and static computing methodology, as well as the analytical models and diagrams
developed for various case studies, might prove useful for researchers and designers in the field to
establish the most advantageous solution of planetary speed increasers for the CRWTs with CREGs.
Moreover, this paper extends the current database of WT speed increasers with an innovative concept
of 1 DOF planetary gearbox, which is subject to a patent application.

Keywords: wind turbine; counter-rotating wind rotors; counter-rotating electric generator;
speed increaser; kinematic and static modelling; operating point

1. Introduction

In recent years, wind power has increasingly become a feasible alternative in providing electrical
energy to fossil fuels, although it is site-dependent and its conversion is influenced by the equipment
performance. Therefore, the increase of wind turbine (WT) efficiency and the better use of onsite wind
potential are goals which definitely pose a major challenge to researchers and designers in the field.
Different theoretical approaches and technical solutions have been developed and used to reduce
energy loss in WT conversion system; e.g., increasing nominal power or improving the conversion of
wind energy into electrical energy.

Over the years, research in the field of WTs has covered more and more issues regarding the
improvement of their performance by introducing new concepts of WTs with variations in both shape
and number of rotors and/or blades, by designing more efficient and downsized transmission systems
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for WTs, or by integrating new solutions of electric generators, etc. [1-8]. Thus, the range of WT
solutions that are currently available on the market has been steadily enlarged, from single-rotor
to counter-rotating systems, capable of operating with either horizontal or vertical axis [1,2,9,10],
and equipped with innovative mechanical transmissions and efficient electric generators. Consequently,
the literature presents new concepts of WTs that meet the requirements for increased performance
and optimal use of wind potential, such as large-capacity WTs using multiple, smaller rotors in
different spatial arrangements [11], counter-rotating wind turbines (CRWTs) with two coaxial wind
rotors revolving in opposite directions [10,12,13], or counter-rotating electric generators (CREGs)
composed by both mobile rotors and stators turning with opposite speeds, which increase the output
power of WTs. Moreover, for the speed of wind rotors (which is generally low) to comply with
the speed parameters of the electric generator, a gearbox—operating as a speed increaser—may be
integrated into WT conversion systems. Thus, both the wind rotor(s) and the electric generator can
operate at their maximum efficiency. The speed increasers for WTs can be of fixed-axes [3,14,15] or
planetary type [12,16-27], the latter being mainly used to produce high kinematic ratios, as is the
case with counter-rotation wind systems [23,24]. Other solutions of WT gearboxes are variable-ratio
transmissions [28] and hybrid planetary transmissions with incorporated control systems [29,30].

The analysis of the WT solutions presented in the literature in recent years allows their
systematization according to the type of the components that are integrated in the WT conversion
systems (i.e., wind rotors, transmission, and electric generator). The common WT is a single-rotor
system, with 1 degree of freedom (DOF) fixed axes or planetary transmission and a classical generator.
The use of counter-rotating motions with either the wind rotors or the electric generator improves WT
performance. The counter-rotating solutions span a variety of WT systems, as follows: (a) WTs with
CRWRs + 1 DOF gearbox + classical generator [13,18,31,32]; (b) WTs with CRWRs + 2 DOF gearbox +
classical generator [2,4,5,7-9,16,21,22,25,26,32-37]; (c) WTs with single wind rotor + 1 DOF gearbox +
CREG [1,20,32,38]; (d) WTs with CRWRs + 1 DOF gearbox + CREG [19,32,39,40]; and (e) WTs with
CRWRs + 2 DOF gearbox + CREG [32]. The use of (a) and (b) types of WTs leads to an increase in
efficiency of up to 64% during the steady-state regime versus the single-rotor type [2,4,7-9,16,32-35],
and to an automatic adjustment of rotors speed to the wind behavior [2,36]. Due to the relatively low
capacity of the CREGs, solution (c) is suitable to be implemented in the built environment. This type
of electric generators—characterized by increased efficiency as compared to the classical ones—can
be combined with wind rotors with two rows of blades, which are more efficient than those with a
single row of blades, leading to wind systems with higher electrical power than the conventional ones.
The behavior of such electric generators under dynamic conditions and their optimal functioning are
approached in [41,42]. Solutions (d) and (e) are hardly tackled in the literature. Type (d) WTs presented
in [39,40] are low-capacity systems, which contain complex fixed-axes gearboxes placed between
the CRWRs and the CREG. A similar solution, though with a less complex transmission system, is
proposed by the authors and described in [19]. Type (e) WT is presented merely as a concept in [32].

To conclude, the latest research in the field presents and analyzes—in a wide range of specialized
studies—the performance of WTs with either CRWRs or CREGs. The solutions including both
counter-rotating components are seldom addressed and are only suitable for low-capacity applications.
The main drawbacks of the CRWTs refer to the mechanical complexity, complex aerodynamic
characteristics, and higher initial cost compared to the single-rotor WTs. The dynamic behavior of
CRWTs depend on the arrangement of wind rotors: on the same or on opposite sides of the tower;
higher dynamic challenges are raised by the first case of CRWTs due to the influence of the wind rotors
on the airflows. The gearboxes integrated in these WTs have a complex structure consisting of spur
gear trains [40] or spur and bevel gear trains [39] with fixed axes and relatively low amplification
kinematic ratios.

With regard to the WT operation, the studies in the literature approach various topics, such as:
the impact of design parameters on WT performance, the increase in efficiency by using appropriate
control algorithms and strategies [43,44], the analysis of WT optimal design [32,37], or the comparison
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of different types of WTs in terms of energy output [24,28,29,45]. The dynamic analysis of CRWTs
is approached in [46,47], while numerical simulations of the aerodynamic performance of a CRWT
are presented in [5,9,48,49]. Different adaptive methods for fast optimal pitch angle control of the
WTs under variable wind speeds are proposed in the literature, e.g., by using artificial neural network
(ANN) controllers, fuzzy logic based controllers, or hybrid ANN-fuzzy controllers [50].

Aiming to extend the use of type (d) WTs to medium- and large-scale applications, this paper
introduces and analyzes a higher-performance WT solution, which integrates two CRWRs, a 1 DOF
planetary speed increaser with four inputs and outputs, and a CREG. The proposed system with
counter-rotating components has a compact design, increases the output power, and allows a more
efficient operation of the electric generator. The system structure, the kinematic and static properties
and correlations of the proposed speed increaser are described in Section 2. The kinematic modeling of
the planetary gearbox is presented in Section 3, while torque values and efficiency are analytically
modeled in Section 4. WT power flows, efficiency and operating point in steady state regime are further
analyzed in four different cases of the speed increaser functioning. Besides the proposed analysis
methodology and analytical models for efficiency and output power, the paper extends the database of
speed increasers for WTs with an innovative 1 DOF planetary transmission concept, which is subject to
a patent application.

2. Problem Formulation

The general scheme of a CRWT containing a CREG and a 1 DOF speed increaser is presented in in
Figure 1. The two rotors R1 and R2 are rotating in opposite directions; similarly, the electric generator
rotor (GR) and the electric generator stator (GS) have opposite rotations, thus increasing the relative
speed between them. The 1 DOF speed increaser (with the mechanism degree of freedom M = 1) has
four external links (L = 4, Figure 1b), the inputs being connected to the two wind rotors, while the
outputs to the rotor and stator of the electric generator.

The electric generator with fixed stator and mobile rotor which is rotating with a speed equal to
the relative speed of the CREG will be further referred to as equivalent electric generator.

Conventionally, the main input of the speed increaser is connected to the main wind rotor R1,
while the secondary input to the wind rotor R2; the two outputs are connected to the rotor GR and
stator GS of the counter-rotating electric generator.

The 1 DOF speed increasers have the properties of summing up the input torques generated
by the wind rotors R1 and R2, as well as transmitting an independent external motion (in this case,
the speed of the main wind rotor R1) to the other three external links, in a determined way. Therefore,
these speed increasers take up the mechanical power from two wind rotors with counter-rotating
motions and transmit it to the counter-rotating electric generator, on the condition of summing up the
input torques and the increase of the electric generator speed as well.

GS R1
il B2 77 77] s1 GS
7] L] B P
=15 Fan ke GR
s
2 4 R2 GR
(a) (b)

Figure 1. Counter-rotating wind turbine with counter-rotating electric generator: (a) general conceptual
scheme; (b) block scheme of the speed increaser (SI) with two inputs and two outputs (R1—main wind
rotor, R2—secondary wind rotor, GR—electric generator rotor, GS—electric generator stator, L—number
of mechanism inputs and outputs, M—mechanism degree of freedom).
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The 1 DOF planetary speed increaser has the following kinematic and static properties:

(@) conventionally, the angular speed wg; is considered as the independent parameter, while the
input speed wgy and the output speeds wgr and wgs depend on wgy. Due to the counter-rotating
motion between the generator rotor GR and stator GS, the relative speed w,g, given by:

Weg = WGR — WGS 1)

is higher than the speed of a classical generator with fixed stator (wgg).

(b) it has one transmission function of the external torques, defined by the qualitative relation:
c1Tr1 + 2Tra +¢c3Tgr + Tgs = 0 @)

where ¢;, i =1... 3 are constant coefficients.
The static property of the 1 DOF speed increaser, i.e., the weighted summation of the two torques
generated by the two wind rotors R1 and R2:

Tor = (a1Tr1 + 2Tr2) /(1= c3) ®)
is obtained knowing that the electric generator operation is characterized by:
Tgs = =Tgr- (4)

Based on the previous qualitative properties, the paper focuses on identifying the possible
functioning cases of the planetary speed increaser and, implicitly, of the wind turbine, as well as on the
dependence of its performance on two main parameters:

the amplification ratio:

IaR1-eg = Weg/ WR1 &)

and the input torques ratio:
ki = =Tra/Tra- Q)

Considering the general case illustrated in Figure 1, the paper highlights the performance and
features of this new type of WTs through an example that integrates a new planetary speed increaser
(Figure 2), which is subject to patent application. This speed increaser is obtained by linking in parallel
a bevel transmission with fixed axes 2-1”~1'-3 (denoted by I, Figure 3) and a 2 DOF planetary spur
gear set with one satellite gear 4-5-6-H (denoted by II). The bevel gear 3 transmits the motion to the
sun ring gear 4, which is connected to the generator stator GS, while the carrier H takes the motion
from the main wind rotor R1. The secondary wind rotor R2 drives the ring gear 4 and, thus, the stator
GS. The shaft of the rotor GR is connected to the shaft of the sun gear 6 in the planetary gear set II.

The component transmissions, the internal and external links of the planetary speed increaser
and the torques on the WT shafts are presented in the block scheme depicted in Figure 3, which is
associated with the conceptual scheme illustrated in Figure 2.
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GR

Figure 2. The conceptual scheme of a wind system containing: two counter-rotating wind rotors, a 1
degree of freedom (DOF) speed increaser and a counter-rotating electric generator.

T ( -Tu

-T2 b Ter

Figure 3. The block scheme of the 1 DOF planetary speed increaser.

The kinematic and static transmission functions of the speed increaser can be determined on the
basis of the kinematic and static equations (correlations), which characterize the isolated transmissions
I'and II, and the internal and external links according to the block scheme in Figure 3 [18,21,23]:

e  The correlations for the input shafts:

W3 = WR1
2=R1: , 7
{TR1—Tz=0 @)
wg = WR2
=R2:
8 {TRZ—ngo ®

e  The correlations for the output shafts:

We = WGR
6 =GR: 9
{TGR—T6=0 ©)
Wy = Wwgs
7 = : 1
GS {TGS_T7:0 (10)

e The correlations for the bevel mechanism with fixed axes I:
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. _w3_w3w1//__zlz_2 _ .
I EBY =G, T oy o, T T moaes T—> w3 = I Wwy a1
wZ’TZ’nE)Ul +w3T3 =0 => Ty = _10]w3
o1
fork; <1, w = +1, and ks > 1, w = -1, while 1y, = mnp1/My~3 is the interior efficiency of

transmission I, 151, and 1y~ 3 are the efficiencies of the two component bevel gear pairs, z;i—the
teeth number of the component gears,i=1,1",2, 3.
e  The correlations for the planetary gear set II [12,24]:
wé—w4i02—wH(1—i02) =0 ]
TewenMy, + Tawap = 0; x = sgn(wenTe) = sgn(ll_oizoz) =-1
Ty+Tys+Tg=0

I : (12)

where sgn is the sign function and ig; the interior kinematic ratio of the planetary gear set II.
e  The correlations for the connections between the planetary gear set II and the bevel transmission I:

(,Uz/ = ('UZ" e wz
2=2 =2": 13
{D—M—Hcﬂ (13)
Wy = WH
2" =H: 14
{U—mzo (14)
W3 = Wyg = Wy = Wwg
3=4=7=8: 15
{—T3—T4+T7+T8:0 ( )
e  The correlations for the external links:
Weg = WGR — WGS
(wr1Tr1 + WR2TR2 )Mot + WGRTGR + WwisTgs = 0 (16)

Teg = Tor = —Tgs
Tro = —kiTr1, ke =20

where we, represents the speed of the equivalent electric generator.

Based on the previous correlations, the kinematic and static modeling of the proposed planetary
gearbox (Figure 2) is further presented, along with the power flow and efficiency analysis for four
functioning cases of the speed increaser, defined according to the input torques ratio: (a) k; = 0,
(b) 0 <kt <1(c)kt =1, (d) kt > 1. The torque generated by a wind rotor can be controlled by adjusting
the pitch angle of the blades, which is considered in the paper through the adjustable parameter k;.

3. Kinematic Modeling

The aim of the kinematic modeling is to find out the kinematic transmitting functions of the speed
increaser by considering the power flows from inputs to outputs and based on the equations that
characterize both the isolated transmissions and the internal and external links, according to the block
scheme in Figure 3.

The speed transmitting function from the main wind rotor R1 to the generator rotor GR can be
expressed by:

WGR = WR1lgR1-GR (17)
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igR1-GR = fo2io1 + (1 —io2) (18)
where i;r1—gR is the amplification kinematic ratio for the main power flow; wind rotor R1—generator
rotor GR, based on the following speed relations:

we = wyigp + wi(1 —ip), ws = ipgWR1, WH = WR1. (19)

The speed transmitting function and the amplification kinematic ratio i, r1—gs on the power flow;
main wind rotor R1—generator stator GS, can be obtained:

WGs = WR1LR1-GS (20)

lar1-Gs = lo1 (21)
Similarly, the speed transmitting function from the secondary wind rotor R2 to the generator rotor
GR can be derived as follows:
WGR = WR2la R2-GR/ (22)
) . |
iaR2-GR = i02 + (1= 102)1-0—1 (23)
where i;ro_gr is the amplification kinematic ratio for the secondary power flow; wind rotor

R2—generator rotor GR. The angular speed of the generator stator GS in relation with the secondary
wind rotor R2 speed can be also established:

WGs = WR2IGR2-GS (24)

iar2-Gs = 1 (25)

Therefore, the kinematic parameters that characterize the two power flows from the wind rotors
to the equivalent electric generator are expressed by:

Weg = WR1lgR1-eg (26)
iaR1-eg = iaR1-GR — lar1-Gs = (1 —in2)(1 —in1) (27)
for the main flow, and:
Weg = WR2lq R2—eg/ (28)
. (1 —igp) (1 —ion)
laR2-eg = T (29)

for the secondary flow.

4. Modeling of Torques and Efficiency

The efficiency of the speed increaser n;,; depends on the efficiency values of the two component
transmissions, being influenced by the power flows and the torques on each branch, according to the k;
ratio. By considering the block scheme in Figure 3, the speed increaser efficiency can be obtained on
the basis of the following algorithm:

1. The torques transmitting function for the main power flow R1-eg is established by:
i
Tri = T3~ + Ty, (30)
To1

where the torques T3 and Ty are given by:
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i
T3 = _[ktTRl + TGR( - E)] (31)
No2
i
Ty = TGR(ﬁ - ) (32)
No2

Therefore, the torque Trq can be expressed as follows:

(1-a)-=%)

_ Jo
1 nmkt

Tr1 = =TGR

: (33)

2. The torques transmitting function for the secondary power flow R2-eg is established by the
following relation:
1 Jo (1 Jo2
Tro = —kiTr1 = TGR( No1 )( Tloz). (34)

_ lon
T Ao

3. The speed increaser efficiency ny,; is further determined:

_ werTor + wesTes _ (1—io1) (1 —ion)(1 - %kt)
wRr1TR1 + Wr2TR2 (1 - 10—1)(1 - io—z)(l —iorke)

Mo1 No2

Ntot = (35)

The relations for the kinematic and static parameters that are used in describing the wind turbine
with 1 DOF planetary speed increaser, as detailed in the block scheme in Figure 3, are shown in Table 1.

Table 1. The relations for the kinematic and static parameters as functions of the input parameters

(wr1, Tr1)-
Wy = Wy = Wyr = WH = WR1
T, Ty Ty Ty
i1 (ki—1) AL No1—iotki
T o (ki = 01 =10 ol
R1 No1~101 TRl ﬂo;—101 TRl MNo1~l01 i
W3 = Wy = Wg = W9 = WRy = WGs = WR1ip1
T3 Ty Tg Ty Tro Tes
oo (q_dou g 1-Lg 1 g
No (1-k) _ ‘102( o1 t) Troq—— o™t Tk Tk Trq— o
TR1 %0 Tra (1,«,71)(1, i ) Rl( _m)(l_ z‘oz) R1%t R1%t Rl( _iw )(1_ ’02)
o1 o2 no1 no2 no1 no2
we = Wgr = w1 [io2igr + (1 —ip2)] Weg = w1 (1 —ip1) (1 —ig2)
Tes Ter Teq
_ o1 X _ o1 X 1— 01 X
_ no1 _ no1 _ no1
i ) 5 i
o1 02 o1 no2 o1 no2
Remark: the relations are valid for k; < 1. For k; > 1,ng; has to be replaced by 1/1;.

5. Numerical Simulations and Interpretation

Based on the previous analytical relations, some relevant numerical results regarding the influence
of the amplification kinematic ratio i;r;_q and the k; ratio on the main kinematic and static parameters,
on the transmission efficiency and output power, as well as on the power flow through the speed
increaser are further presented.

The numerical simulations are focused on three main functional aspects:

(@) The correlative influence of the amplification kinematic ratio i,r; ¢, and the k; ratio on the speed
increaser efficiency; in this regard, a unitary input power at the main wind rotor is used, e.g., Py
=1kW (wgy = 1571, Try = 1 kNm).
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(b) The power flow distinct cases depending on the k; ratio values, for a particular value of the
kinematic ratio, i.e., izr1_eg = 18: four functional cases are identified, and detailed in the subchapter
5.2 under the assumptions of considering and neglecting the friction in the gear pairs.

(c) The operating point of the wind system for the previous four functional cases.

A numerical example of the planetary speed increaser characterized by ipy = —8, 191 = 0.9604 and
Moz = 0.9506 are further considered as basic solution in all the performed simulations. The variation
of the amplification kinematic ratio i;r; o, dependent on both the interior kinematic ratios of the
transmissions I and II, is analyzed in this paper only by changing the kinematic ratio iy; of the bevel
transmission and by maintaining the kinematic ratio ip at a constant value (igy = —8). Several scenarios
of adjusting the torque generated by the secondary wind rotor (i.e., the k; ratio) are discussed,
considering that the speed increaser has a closed loop power flow. The power flow and the operating
point simulations are carried out for ip; = —1.

5.1. The Influence of the Amplification Kinematic Ratio and the Input Torques Ratio

The amplification kinematic ratio of the main power flow i;r1-; depends on the interior kinematic
ratios ip; and igp, according to rel. (27), and it can significantly influence the speed increaser efficiency
for different values of the input toques ratio k;. Thus, starting from the basic speed increaser solution,
a variation of the amplification kinematic ratio i,r1—g = 18...144 (Figure 4) is obtained by changing
the value of the interior kinematic ratio in the range ip; = —1...—15. These results highlight the
following properties of the speed increaser:

- the 0y, efficiency does not depend on the i;r1—¢ ratio in the case k; = 1, i.e., the input torques
Tr1 and TR, are equal in absolute value, the efficiency being at its maximum value n;,; = 0.956,
Figure 4a,b;

- for lower values of the k; parameter (k; < 0.1), the 1, efficiency decreases continuously with the
increase of the amplification kinematic ratio, Figure 4b; the n,; efficiency has a growing trend
for higher subunit values (0.1 < k; < 1) and in the range of high values of the amplification ratio,
Figure 4b;

- if the secondary wind rotor generates higher torques than the main rotor, |Try| > Try (i-e., ks > 1),
the n;,; efficiency increases continuously with the increase of the amplification kinematic ratio
(Figure 4b, ks = 1.2).

The results of the numerical simulations for different values of the k; ratio in the case of the basic
solution (ig1 = —1, ipp = —8) are presented in Figure 5; accordingly, the following conclusions can
be drawn:

- the transmission efficiency increases with the increase of the k; ratio until the secondary wind
rotor torque becomes equal to that of the main rotor (k; = 1), after which it decreases continuously
with the increase of k; ratio, regardless of the value of the amplification ratio (Figure 5a,b);

- the useful mechanical power P at the equivalent generator input has a linear variation with
respect to k; (Figure 5¢,d), being directly dependent on the power introduced in the system by the
secondary wind rotor R2.

Therefore, this type of wind turbine can be designed to function with high amplification kinematic
ratios and efficiency, mainly when the input torques ratio k; is maintained around the unitary value.
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Figure 4. The variation of the speed increaser efficiency as a function of the amplification kinematic
ratio: (a) for three representative values of the k; ratio; (b) for k; < 1.2.
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Figure 5. The influence of the k; ratio on the speed increaser efficiency and on the output power P,:
(a) the TRy torque and ny efficiency variations; (b) the noefficiency variation around the maximum
value for different values of the i;r1.¢ ratio; (c) the power P, variation; (d) the powers and efficiency
variations for k; < 2.5.

5.2. Power Flow

Power transmitting from inputs to outputs can be done in an open or closed loop flow according

to the k; values, the power flow configuration also influencing the speed increaser efficiency. For equal

torques of the two wind rotors (k; = 1), the power transmitted by the bevel transmission I becomes

null (i.e., Ty = 0) and, therefore, it represents the limit value at which the change of the power flow
direction through this transmission occurs.

Considering the basic solution of the planetary speed increaser (ip; = —1, ipp = —8, 191 = 0.9604,

Mgz = 0.9506), the power flows without friction (Figure 6) and with friction (Figure 7) are analyzed in
four distinct functional cases depending on the value of the k; ratio:

Case 1: the torque of the secondary wind rotor is null Try = 0, i.e., k; = 0, Figures 6a and 7a.
This situation occurs when the secondary wind turbine is set so as not to generate mechanical
power, the gearbox thus running with one input and two outputs at the efficiency valuen;,; = 0.937,
in case of considering friction (Figure 7a);

Case 2: k; = 1, Figures 6b and 7b. In this situation, the bevel transmission I is no longer involved
in the mechanical power transmitting and, thus, decoupling of the two power inputs occurs:
the power generated by the main wind rotor R1 is entirely transmitted to the generator rotor GR,
the secondary wind rotor R2 ensures the power requirements for the generator stator GS, and the
power difference is transmitted to the GR rotor. In this case, the gearbox efficiency becomes
Mot = 0.956, Figure 7b.

Case 3: 0 < k; < 1, Figures 6¢ and 7c. The power of the main wind rotor R1 branches through the
two transmissions I and II, the flow through the bevel mechanism I merges with the power flow
of the wind rotor R2, which is then distributed to the generator stator GS and to the generator
rotor GR. In this case, for a power of the R2 rotor equal to 0.5 of the R1 rotor power; according to
Figure 7c, a gearbox efficiency of 1;,; = 0.949 is obtained.

Case 4: k; > 1, Figures 6d and 7d. In this case, the power generated by the secondary wind rotor
R2 is transmitted in a branched way to the stator GS and to the rotor GR by both transmissions I
and II. As a result, the power flow through the transmission I is reversed with respect to case 3,
a part of the power generated by the secondary wind rotor R2 being summed up with that of the
main rotor R1 and then transmitted to the generator rotor GR through the planetary gear set II.
For the numerical example, the planetary transmission efficiency is 1;,; = 0.952, Figure 7d.
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According to the numerical example, the planetary gearbox operates with higher efficiency for
values of the secondary wind rotor torques around the limit value (k; ~ 1), which corresponds to close
values of the two input torques. In the particular case k; = 1, the torque transmitted by the bevel
transmission I becomes null and, therefore, it has the role of a kinematic mechanism.

GR
1::2
. GS
0.5...0 0.056...0.11 0. 0.11...0.13
0.5...0 N 0.
R2 0...1 R2 1...1.4
(c) (d)
Figure 6. Power flow in the premise of neglecting friction for the case: (a) k; =0; (b) ks =1, (c) 0 <k < 1;
(d) ke > 1.
oA 0.885

| GR
0.4374
0.937
-] GS
0.052
0
(a)
1.199
2.159
\ GR
2.286
GS
0.199 0.127
\
R2 14
(0 (d)

Figure 7. Power flow in the premise of considering friction for the case: (a) ks = 0; (b) k = 1;
(@ k=05(<1);(d)ks=14(1).
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5.3. Operating Point

The stationary operating point of a wind system of the type: two CRWR-1 DOF speed
increaser-CREG, Figures 1 and 2, can be determined if the transmitting functions of the speed
increaser are known: three kinematic functions, relations (17), (20), and (24) and 1 function for torques,
relation (33), the mechanical characteristics of the two wind rotors and the mechanical characteristic of
the equivalent electric generator. The equality relation in absolute value between the torques of the
rotor GR and the stator GS, according to Equation (16), is added to the previous seven independent
equations. The values of the eight kinematic and static external parameters, associated to the four
external links described in Figure 3, which present the operating point in the WT steady-state regime,
can be obtained from these eight equations.

The hypothesis of linear mechanical characteristics for both wind rotors and the equivalent
electric generator is considered in this paper—a situation encountered in practice at direct current (DC)
electric generators.

Considering that the torque of the secondary wind rotor and, implicitly, its mechanical
characteristics can be adjusted through the k; ratio, the calculation of the operating point will
be further exemplified in four representative cases k; = [0; 0.5; 1; 1.4].

The mechanical characteristics of wind rotors can be expressed as follows:

Tri2 = —ar12WR12 + br1o (36)

and can be reduced to the equivalent output shaft (es) of the speed increaser (the shaft 6 = GR having
the torque unmodified, and the speed equal to the relative speed between the rotor and the stator of
the electric generator), obtaining a linear equation of the type:

Tes = _aes(CUGR - CUGS) + bes, (37)

where ag1 2, bri1,2, Ges, and bes are constant coefficients and T,s = Tggr. Note that the interior kinematic
ratios of the speed increaser (ip; and ip2) are known, and the coefficients agy, bro, aes, and bes depend on
the k; ratio.

Considering the relation of wg; derived from rel. (1) and (26):

WGR — WGS
Wp| = —————=— (38
™ =i (1-ign) )

the Tes expression is obtained:

aRlD

Tes = TR1D = ————————(wgr — wgs) + br1D, (39)
® (1—ig2)(1—ig1) ( )
where )
1— 0,
D o1 (40)

_ o )(q - de )
(1 No1 )(1 No2 )

The coefficients of the mechanical characteristics of the two wind rotors R1 and R2, reduced to the
output equivalent shaft es of the speed increaser are obtained according to Equations (37) and (39):

aR1D
(1—ig2)(1—ig1)

Knowing the mechanical characteristic of the equivalent electric generator:

s bes = leD- (41)

Aes =
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= Teg = AegWeg — beg (42)

where a,; and b, are constant coefficients, the operating point of the wind turbine in steady-state
regime can be obtained by solving the following system:

Tos = —esWes + bes
_Teg = aegweg - bgg (43)
_Tes + Teg =0

Wes = Weg = WGR — W§GS

The coordinates of the operating point on the equivalent output shaft (w,s, Tes) are thus obtained:

bee — b,
Wes = & eS, (44)
Aeg — des
Tes = —esWes + Des (45)

The values of all kinematic and static, external and internal parameters of the wind system can be
further determined by means of the numerical values of the coordinates (wes, Tes), calculated with the
relations (44) and (45).

For a numerical case of the wind turbine type presented in Figure 2, the values of the constant
parameters and of the operating point coordinates are tabulated (see Table 2 below) for four values of
the k; ratio. The operation point parameters can be graphically obtained by reducing the mechanical
characteristics of the two wind rotors to the equivalent output shaft es (Figure 8).

Table 2. Functional parameters of the wind turbine in steady-state regime.

WT Component Constant Parameters Pvanable ke
arameters 0 0.5 1 14
-1
- sz1= 0386 KNims wry [s71] 4.71 5.42 6.13 6.94
amn wind rotor bri= 73.5 kKNm Tg1 [KNm] 71.68 71.40 71.13 70.82
Pry [kW] 337.61 386.99 436.03 491.49
wgo [s71] 0 —5.42 —-6.13 —6.94
Secondary wind rotor R2 Tro [KNm] 0 ~35.70 ~71.13 —99.15
Pro [kW] 0 193.49 436.03 688.10
Speed increaser igR1-eg= 18 Mot 0.9366 0.9494 0.9559 0.9171
Equivalent output shaft e [K(Nms] ~ —0.0011  —0.0017  -0.0023  —0.0027
bes [KNm] -3.8243  -58153  -7.8063  —9.3360
-1
e g = 0.15 kNms weg [s71] 84.77 97.54 110.41 120.07
! & beg = 9 KNm Teg [KNm] -3.73 —5.65 —7.55 -9.01
Peg [KW] -31621  -551.11  -833.60 —1081.80

The results obtained by simulating the operating point also highlight the possibility of increasing
the mechanical power at the generator input by increasing the k; ratio, Figure 8. The optimal wind
turbine operation (i.e., with maximum efficiency) is achieved for torques of the secondary wind rotor
R2 adjusted to quasi-equal values of the main wind rotor R1 torques (i.e., k; = 1), Table 2.
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Figure 8. Graphical determination of the running point parameters on the equivalent output shaft for
the four analyzed cases (k; = 0; 0.5; 1; 1.4).

6. Conclusions

The performance of a new, patent-pending solution of a 1 DOF planetary transmission is analyzed
in this paper, meant to increase the speeds and torques in the counter-rotating wind turbines with
counter-rotating electric generator. The speed increaser is obtained by parallel connection of a two-step
bevel transmission with a 2 DOF planetary gear set. This example was used to explain the proposed
kinematic and static modeling algorithm that allows identifying the speed increaser efficiency and
performance of the wind turbine which integrates this type of gearbox, by solving the stationary
operating point problem.

Using the properties of 1 DOF transmissions with two inputs and two outputs of summing
up the torques/powers and distributing an external speed in a determined way, the proposed
transmission allows both an increase in the relative speed between the electric generator rotor and
stator, and additional power/torque input brought by the secondary wind turbine.

Beyond the advantage of increasing power, the use of these wind turbines with counter-rotating
components allows a more efficient operation of the electric generator by providing increased speeds
along with a compact design. The results presented in the form of kinematic and static computing
methodology, analytical models, and diagrams developed for various case studies may prove useful for
researchers and designers in the field to establish advantageous solutions of planetary speed increasers
for counter-rotating wind turbines that integrate electric generators with mobile stators in which speed
needs to be increased proportionally with the power increase.
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Nomenclature

WT Wind turbine DOF Degree of freedom

CRWT Counter-rotating wind turbine M Mechanism degree of freedom

CRWR Counter-rotating wind rotors GR Electric generator rotor

CREG Counter-rotating electric generator GS Electric generator stator

R1 Main wind rotor L Number of mechanism inputs and outputs

R2 Secondary wind rotor eg Equivalent electric generator

SI Speed Increaser ig Amplification kinematic ratio

w Angular speed 1o Transmission interior efficiency

T Torque io Transmission interior kinematic ratio

ki Input torques ratio Mot Efficiency of the speed increaser

z Gear teeth number es Equivalent output shaft of the transmission

H Planetary carrier Prip Power of the wind rotor R1,2
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Abstract: Wind energy conversion systems play a major role in the transition to carbon-neutral power
systems, and obviously, a special attention is paid in identifying the most effective solutions for a
higher valorization of the local wind potential. In this context, this paper presents a comparative
study on the energy performances of wind turbines (WTs) that include a counter-rotating electric
generator. Starting from an innovative concept proposed by the authors for a reconfigurable wind
turbine with three clutches, four cases of WTs with counter-rotating generators are studied: a system
with three wind rotors (WRs) and a 2-DOF (degrees of freedom) planetary speed increaser (Case A),
with two counter-rotating WRs and a 1-DOF (Case B) or a 2-DOF (Case C) speed increaser and a
1-DOF single rotor wind system (Case D). An analytical archetype model for angular speeds, torques,
powers and efficiency of the reconfigurable planetary speed increaser, corresponding to the general
case with three inputs (Case A), was firstly derived. The analytical models of the other three cases
(B, C and D) were results by customizations of the archetype model according to the kinematic- and
static-specific effects of engaging/disengaging the clutches. The simulation of the analytical models
for a numerical representative example with two variable parameters (input speed ratio k,, and
input torque ratio k) allows highlighting the influence of various parameters (number of WRs, speed
increaser DOF, k, and k) on the input powers, power that flows through the planetary transmission
and mechanical power supplied to the electric generator, as well as on the transmission efficiency. The
obtained results show that the output power increases with the increase of the number of wind rotors,
the transmission efficiency is the maximum for k; = 1 and the speed amplification ratio increases
with the ratio k.

Keywords: renewable energy; wind turbine; wind rotor; counter-rotating electric generator; speed
increaser; steady-state modeling; efficiency; power flow

1. Introduction

The importance of replacing fossil fuel-based energy with clean energy in the concern
for the sustainable development of human society is well-known, achieving green economic
growth in the context of reducing its impact on climate change. Thus, the generation of
electricity with renewable energy systems can reduce global greenhouse gas emissions to a
large extent while reducing environmental pollution.

A significant share of clean electricity is obtained by converting wind kinetic energy
by using wind turbines (WTs). In order to be accessible and feasible, wind turbines must
meet several specific requirements, the conversion efficiency of wind energy into electricity
being one of the most important technical issues. Therefore, it is necessary to optimize
wind turbines by designing and developing efficient solutions; thus, the following main
directions of scientific research have been identified in the literature:
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e the design and development of novel solutions for wind turbines or their main com-
ponents and an estimation of their performances;
increasing the efficiency and/or energy performance of existing WTs;
functional optimization of existing WT subsystems.

Special attention is also paid in the literature to the comparative study of various types
of wind turbines: conventional (with a single wind rotor and electric generator with a fixed
stator) and unconventional: dual- and multi-rotor WTs, with counter-rotating generators,
with diverse types of speed increasers, etc.

The design of new or improved wind turbines is a constant concern of researchers
and developers in the field. Thus, Oprina et al. [1] conducted a literature review of
the main results on counter-rotating wind turbines (CRWTs) in terms of the design and
methods for estimating their performances. Didan et al. [2] investigated experimentally
the performance of a novel vertical axis counter-rotating wind turbine, and Pacholczyk
et al. [3] analyzed a new small CRWT considering the influence of distance between the
two wind rotors, its performance being highlighted using the computational fluid dynamics
(CFD) method. An original small CRWT with a vertical shaft was proposed by West in
a patent [4], in which the input motions of the two rotors are added by means of a gear
transmission; a novel torque-adding CRWT was proposed by Neagoe et al. [5], considering
also adding speed in the counter-rotating generator. Saulescu et al. presented in [6]
an algorithm for the conceptual synthesis of systems with one or two counter-rotating
wind rotors and with conventional or counter-rotating electric generators. Another way to
increase the performances of wind turbines addressed the counter-rotating wind systems by
implementing a counter-rotating double-sided flux switching permanent magnet generator,
as proposed by Mirnikjoo et al. [7] and tested by Kutt [8]. A novel concept of CRWTs,
including a 1-DOF (degree of freedom) planetary speed increaser with two inputs and one
output, was proposed by Neagoe et al. in [9]. The design of multi-rotor and multi-generator
WTs with a lattice tower was presented in [10]. Cho et al. [11] proposed, developed and
experimentally tested an integrated control algorithm for a new dual-rotor wind turbine
with a counter-rotating generator, designed to maximize the output power of the wind
turbine. Jelaska et al. [12] proposed a wind system with two inputs and one output, one
input being connected to a wind rotor and the other input to a motor aiming at maintaining
a constant speed at the electric generator shaft. Unlike the previous studies, which refer
to low- and medium-power systems, Qiu et al. [13] presented the main types of wind
systems with one input and high output capacity. The performances of a CRWT with a
conventional generator were analyzed by Saulescu et al. in [14] based on a steady-state
operating point; the same authors approached in [15] the analysis of the efficiency of several
speed increasers for systems with two inputs and one output with different mounting
situations. Vasel-Be-Hagh et al. [16] analyzed the performance of a CRWT farm, and Blanco
et al. investigated theoretically and experimentally the performance (power coefficient) of
a vertical axis Savonius wind turbine integrating an innovative rotor with Fibonacci spiral
geometry [17].

The performances of existing wind turbines have been studied by many researchers
considering various indicators (capacity factor, availability, failure rate, downtime, power
coefficient, efficiency, reliability, etc.) and using a wide range of data and methods, such as
those systematized by Pfaffel et al. [18], the empirical mode decomposition method [19,20]
or methods such as experiments and the Lattice Boltzmann model combined with Large
Eddy Simulation [21] applied to a horizontal axis counter-rotating wind turbine. The
performances of dual-rotor (co- and counter-rotating) wind turbines were highlighted also
by Lam et al. in [22], ideas that were further developed by Lipian et al. [23] and Bani-Hani
et al. [24]. The performance of a CRWT was discussed by Erturk et al. [25] in the case of
implementing a counter-rotating generator, while Pamuji et al. compared rotary systems
with two or three wind rotors [26]. Neagoe et al. analyzed in [27] the stationary operating
point of a 2-DOF CRWT with a counter-rotating generator. Fan et al. [28] analyzed the
influence of three-stage transmission vibrations on the performance of horizontal axis wind
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systems operating in low-wind speed areas. Chaichana et al. studied in a wind tunnel the
effect of the speed ratios of two counter-rotating rotors of a vertical axis wind turbine [29];
on the same CRWT type, Didane et al. [30] investigated the aerodynamic characteristics,
power and torque coefficients. In [31], Didane et al. highlighted the performance of a CRWT
with Darius H-type rotors using three-dimensional CFD models based on the K-omega
Shear Stress Transport turbulence model; the same method was applied by Cao et al. [32]
for a similar turbine on a floating platform. The performance of a horizontal axis CRWT
with identical front and rear rotors was highlighted by Ilmunandar et al. in [33], while
Koehuan et al. [34] analyzed the performance of the same wind turbine type by considering
the ratio of wind rotor diameters as a dimensionless parameter.

The main WT subsystems addressed extensively by researchers are wind rotors, electric
generators and speed increasers. Li et al. studied in [35] the effect of the number of blades
on the aerodynamic forces of a vertical axis wind turbine, while the design of the WT
blade shapes and their influence on the power coefficient in static and dynamic conditions
were addressed in [36]. Mirnikjoo et al. investigated the performance of a counter-rotating
electric generator [37].

Several representative speed reducers for which the power flow was reversed (and,
hence, used as a speed increaser) were analyzed by Jaliu et al. in [38], while Saulescu
et al. [39] proposed and modeled a speed increaser able to be operated with one input
and one or two outputs. Other novel solutions of planetary speed increasers have been
presented and analyzed in the literature: a 2-DOF hybrid transmission for variable speed
wind turbines [12] and a two-input one-output cylindrical planetary gear set with satellites
in a series [40]. The dynamic properties of a speed increaser and the steady-state operating
point were highlighted by Herzog et al. [41] by studying the behavior of a wind turbine
with counter-rotating rotors using a wind tunnel and the CFD method. Bharani et al. [42]
classified the gearbox technologies for horizontal axis wind systems into three categories
(planetary gearbox, continuous variable transmission and magnetic gearbox) and studied
their performances based on indicators such as the torque output, tracking accuracy and
durability. Qiu et al. summarized the gear mechanisms used in wind turbines [13]. Recent
technologies and development trends of mechanical transmissions were systematized by
Nejad et al. [43], and Concli et al. analyzed the behavior of the gear teeth using artificial
neural networks [44] or the load capacity and its influence on the condition of the teeth [45].
The dynamic behavior of speed increasers was addressed by Wu et al. [46] by modeling
the lateral-torsional coupling of the transmission of a large wind turbine. Lee et al. [47]
proposed a testing rig, patented by the authors, used to investigate the mechanical power
flow of a speed increaser into a high-speed wind turbine, while Lin et al. developed a new
concept of a speed increaser with a parallel power flow implemented in a wind turbine
with two inputs and one output [48].

Several studies have compared the efficiency of counter-rotating vs. conventional
WTs, concluding that counter-rotating systems can generate up to 40% more electricity.
Thus, Climescu et al. [49] analyzed the dynamics of counter-rotating vs. conventional wind
systems with a cylindrical gearbox. Saulescu et al. approached comparatively the stationary
operating point for wind turbines with two counter-rotating rotors vs. one rotor and 1-DOF
vs. 2-DOF speed increasers [50], wind systems with one rotor and counter-rotating vs.
traditional (with fixed stator) electric generator [51] and wind systems with two counter-
rotating rotors and counter-rotating vs. a traditional generator [52]. Farahani et al. [53]
showed comparatively the dynamic behavior of a CRWT in several operating situations.

Considering the variability of wind speed during the year, the optimization of wind
energy harvesting and the transformation as efficient as possible into electricity are major
challenges for research in the field. Dual- or multi-rotor wind turbines with counter-rotating
generators are a promising recent technology still insufficiently explored for large-scale
development and implementation. This research is also part of this knowledge development
effort by proposing a comparative analysis of the energy performance of four wind turbines
with a counter-rotating electric generator that integrate a planetary speed increaser with an
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innovative variable structure patented by the authors. This transmission allows the wind
turbine to operate with one, two or three counter-rotating WRs by means of three clutches.

The manuscript is organized as follows: Section 2 is devoted to problem formulation
and presents the four studied configurations (cases) of the WTs with a counter-rotating
generator. Section 3 details the analytical modeling method and presents the kinematic,
static, power and efficiency results in the four cases derived from a general model. For a
representative numerical set, Section 4 presents the simulation results and discussions on
the analyzed WT performances. The final conclusions of the paper are drawn in Section 5.

2. Problem Formulation

The wind systems with counter-rotating generators (WSCGs) have superior conversion
efficiencies compared to conventional generators (with fixed stator) due to the branched
transmission of mechanical power and higher relative speed between the rotor (GR) and the
stator (GS) of the electric generator (G). A counter-rotating generator has both armatures
(GR and GS) movable and rotates in opposite directions; usually, due to inertial reasons,
the generator rotor has a higher speed than the stator. However, the energy performance
of WSCGs is significantly influenced by the number of WRs, as well as by the speed
increaser type. In order to highlight the influence of the number of WRs (inputs) and
of the structural degree of freedom, a comparison between WSCGs with 1-DOF or 2-
DOF speed increasers with one input (i.e., with one WR and the total number of external
connections L = 3, implicitly), two inputs (two WRs and L = 4) and three inputs (three WRs
and L = 5) is further approached. To this end, a planetary transmission with a variable
structure, based on three clutches and derived from a solution for which the authors have a
patent application [54], is proposed; by appropriate combinations of clutch engaging and
disengaging, the transmission can operate in various structures, of which four cases were
selected (Figure 1):

e Case A: 2-DOF (differential) transmission with three inputs (2-DOF, L = 5, and
three WRs);

e Case B: 1-DOF (monomobile) transmission with two inputs (1-DOF, L = 4, and
two WRs);
Case C: 2-DOF transmission with two inputs (2-DOF, L = 4, and two WRs);
Case D: 1-DOF transmission with one input (1-DOEF L = 3, and one WR).

As a result, the energy performances of WSCGs with two or three wind rotors can
be directly compared with those of conventional wind turbines (with one wind rotor),
highlighting the specific differences of cases with 1-DOF vs. 2-DOF transmissions.

The approach starts from a “variable” structure, based on setting the clutches C1 ...
C3 (Figure 1); this structure contains: three wind rotors (a permanent primary rotor R1 and
two secondary rotors R2 and R3 activated by clutches C2 and C3, respectively), a planetary
gear set with bevel gears I = 2-17-1'-3-H; (equipped with clutch C1 for blocking the
satellite carrier Hy) and a differential cylindrical planetary gear set Il = 4-5-6-H, with two
counter-rotating outputs, 6 and 7, secured to the rotor GR and the stator GS, respectively.

The primary rotor R1 is coupled to the bevel gear (2), which is assembled on the carrier
Hj. The power generated by R1 is distributed on two branches to the planetary gear set
II through the bevel sun gear (3), assembled into the ring sun gear (4) and directly to the
carrier Hy; further, the power is transmitted by gear set II to the rotor GR = 6 and stator
GS =7, respectively.
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Figure 1. Schemes of the WSCGs with a “variable” structure: (a) C1 =0, C2 = C3 = 1: Case A (2-DOEF,
L=5);(b)Cl=C3=1,C2=0: Case B (1-DOF, L = 4); (¢) C1 = C3 =0, C2 = 1: Case C (2-DOF, L = 4);
(d)C1=1,C2=C3=0: Case D (1-DOF, L = 3).

Denoting a disengaged clutch by Ci = 0 and an engaged clutchby Ci=1(i=1, 2, 3),

the structures related to Cases A, B, C and D can be described as follows:

Case A, Figure 1a: C1 =0, C2 = C3 =1, 2-DOF transmission with three inputs and
two outputs (L = 5);

Case B, Figure 1b: C1 = C3 =1, C2 = 0, 1-DOF transmission with two inputs and
two outputs (L = 4); for C1 =1, the bevel transmission I is a 1-DOF gear set with fixed
axes, and, for C2 = 0, the rotor R2 idles and torque Try = 0, implicitly. In order to
facilitate the kinematic modeling, it is considered that the clutch disengaging, afferent
to a rotor R, is accompanied by fixing the rotor to the base, i.e., the rotational speed
wr =0;

Case C, Figure 1c: C1 = C3 =0, C2 =1, 2-DOF transmission with two inputs and
two outputs (L = 4); analogous to Case B, for C3 = 0, the rotor R3 becomes inactive and
blocked, i.e., Trz = 0 and wg3 = 0;

Case D, Figure 1d: C1 =1, C2 = C3 = 0, 1-DOF transmission with one input and
two outputs (L = 3); analogous with Cases B and C, the rotors R2 and R3 become
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inactive and blocked for C2 =C3 =0, 1i.e., Trp = 0, wgy = 0and Tgz = 0, wgrz =0,
respectively.

The four variants of WSCGs (Figure 1) use the same speed increaser under the follow-
ing premises:

- homologous gears of the four WSCGs have the same number of teeth z;,i=1',1”, ... , 6;

—  homologous gear pairs with fixed axes have the same efficiency;

—  the three wind rotors have the possibility to modify the pitch angle of their blades to
adjust the input powers, the angular speeds and the input torques implicitly while
considering a constant wind speed (i.e., a steady-state regime);

—  in order to facilitate the kinematic modeling, it is considered that the clutch disengag-
ing for a wind rotor is accompanied by the rotor locking at the base, which means that
both the rotor torque and speed become null.

Under these premises, the problem addressed in the paper refers to the analytical
modeling of the parameters considered as the main comparison criteria: the kinematic
amplification ratio of the speed from the primary rotor R1 to the generator G (i;), the
transmission efficiency (1) and the mechanical power transmitted to the electric generator
(Pg), as well as the power flow. For simplicity, the meaning of the symbols used in the
equations is detailed in the Nomenclature section, without repeating it in the text.

3. Closed-Form Modeling

The kinematic and static models of the WSCGs illustrated in Figure 1 can be derived
based on the block diagrams from Figure 2. The following correlations [55] can be written
by decomposing the complex transmissions into gear sets I and 11, according to the block
diagrams in Figure 2:

e Planetary gear set I:

Hy _ . W3H; )
132 - 101 - (JJZH] - _zzlﬁ
_ . . . . LUH1 o
1. ws=woign —wp (1—in) = in=in+ -5 (1—in) )

Tgioﬂ’]gl + Ty =0
T3—|—T2/—|-TH1 =0

where x = £1, depending on the direction of the power flow transmission through the
fixed axis mechanisms associated with the planetary gear set, obtained by reversing
the motion with respect to Hq [55]. For Case A (Figure 1a) and Case B (Figure 1b),
the sign of x depends on the ratio ky = —Tgrs/Tgry: for ks > 1, x =+1, and for k; < 1,
x = —1. For Cases C (Figure 1c) and D (Figure 1d), x = —1.

e  Planetary gear set II:

.H2 . _ w6H2 . z4
164 - 102 - w4H2 - Zg
_ . o . . LUH2 o
M: { We=waioz+ wh2(l—io2) = fea =1io2+ 2 (1—io2) @)

T6i02T|8)2 + T4 =0
Te+Ty+ T, =0

where the sign of the exponent w is obtained as follows [55]:

o2
w = sgn(wep,Te) = sgn(1 - i02> =-1 (3)

where sgn is the signum function.
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Figure 2. Block diagrams of the transmissions from Figure 1: (a) Case A (Figure 1a); (b) Case B
(Figure 1b); (c) Case C (Figure 1c); (d) Case D (Figure 1d).

The kinematic and static modeling in the general case (Case A) is further presented
considering Equations (1) and (2), to which the kinematic and static correlations related to
the connections between the planetary gear sets, the wind rotors and the electric generator
are added. The relations for the other three functional cases (B, C and D) are obtained by
customizing the analytical archetype model obtained in Case A.
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3.1. Kinematic Modeling

The transmission with three inputs (Case A, Figure 1a) is characterized by two inde-
pendent external speeds; for instance, wgr; and wgy. For simplicity, it is preferable to use
the input speed ratio ko, = —wpgy/wpr as an independent variable instead of the speed
WR2. According to Figure 2a, the following correlations related to the connections between
the WSCG components can be added to the kinematic equations in Systems (1) and (2):

WR1 = W2 = Wp,

WR2 = Wg; WRry = —kwWwgy

w9 = wgy,

W3 = Wy = Wy = wg 4)
Wy = Wgs, Wg = WR3

We = WGR

WG = WGR — WGs

The obtained set of 14 independent equations with 16 unknown parameters allows
the description of the 14 dependent kinematic variables (wgy, Wr3, WGR, Wgs, WG, W2, W3,
Wy, We, Wy, Wg, Wy, wy, and wyy, ), depending on the independent variables wg; and k.

The other three cases (B, C and D) can be modeled kinematically based on the relations
previously obtained for the archetype model, in which the following particularizations occur:

e CaseB:Cl=1,C2=0and wgry = 0; implicitly: w9 = wpy = 0 (Figure 2b);
e Case C: C3=0and wgsz = 0; implicitly: wg = 0 and wy = wy = w3 (# 0) (Figure 2c);
o CaseD:(C1=1,C2=C3=0and wgy = 0=wpgrz = 0; implicitly: wg = wpy =0,
wg = 0and wy = wy = w3 (# 0) (Figure 2d).
The transmission amplification ratio i, can be obtained with the relation:

. wa
Ig WRL ®)
The kinematic correlations of the speed increasers from Figure 1, systematized in
Table 1, can be obtained by solving the set of kinematic Equations (1), (2), (4) and (5) and
considering the previous particularizations. It can be observed that, except for the speed
wgs3, the relations are identical for Cases A and C (2-DOF variants) and B and D (1-DOF

variants), respectively.

Table 1. The analytical expressions of the dependent kinematic parameters and the amplification
kinematic ratio corresponding to the four cases (Figures 1 and 2).

Case A Case C Case B Case D
WR2 —wrikw —wrikw 0 0
WR3 wr1 [io1 - kug(l —ip1)] 0 Wriir 0
WGR wrifioa(for = 1)(1 + kw) +1] wraioa (ir — 1) +1]
wgs wriior — ke (1 —io1)] Wriiol
wg wr1 (1 —ior) (1 —ig2) (1 +kw) wr1 (1 —ido1) (1 —ip2)
ia (1 —ip1) (1 —ig2) (1 + kw) (1 —ip1)(1 —ig2)

3.2. Torque Modeling in the Steady-State Regime

The following set of static equations in steady-state conditions is obtained based on
the torque equations that come from the modeling of the two planetary gear sets, according
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to Equations (1) and (2), and the equations of static equilibrium for the shafts isolated from
the WSCG—Case A (Figure 2a):

T, — Ty —Tyr =0; Ty = —ig1T3; Tyr = Ty,

—T3—Ty+T;,+Tg =0

To— Ty, =0; Ty, = (in —1)T3; Tr, = (i —1)Ts (6)
Ty = —ip2Ts

Tra —To =0; Trz — Tg = 0; Trz = —ktTr1

Ter—T6=0; Tgs —T; =0; Tg = Tgr = —TIgs

where iy = 1M1/ ip = ioonp- Thus, a system of 16 linear equations with 16 dependent
torques (TR2, TR3/ TGR/ TGS/ TG/ T2, Tz/, Tz//, T3, T4, Té, T7, Tg, T9, TH1 and THZ) and
two independent variables Tr; and T3, replaced by Tr; and the input torques ratio
ki = —Tgr3/ TRy, is obtained. Relations (6) are valid for the other three cases by considering
the following customizations:

e CaseB:C2=0, Tgy = 0, and implicitly, T9 = 0 and Ty, # 0 (Figure 2b);

o CaseC:C3=0, Trz = 0, and implicitly, Tg = 0 (Figure 2c);

e CaseD:C2=C3=0, Ty = 0and Tgz = 0, and implicitly, Tg = 0, Ty = 0 and Ty, # 0
(Figure 2d).

Solving linear system (6), by taking into account the particularities of each case, leads
to the torque expressions systematized in Table 2. It can be noticed that the torques in
Table 2 have identical expressions in Cases A and B and C and D, respectively, except for
the zero input torques; in addition, the torque relations for Cases C and D are obtained
through the customization of Cases A and B by considering k; = 0.

Table 2. Expressions of WSCG torques related to the four cases (Figures 1 and 2).

Case A Case B Case C Case D
Tr2 Tri (ki — 1) 0 —Tr1 0
Tr3 - T(Rl kti) 0 0
T g (ki) —TR1 ————
oK TR (G =1 (1) R (i =1) (1)
T, (1—kiior) TRy ——b
GS Try (0n—1) (2 1) Rl (i —1Ei02—1)
T _ io1 (ke —1) _iot
2 T, 1%}:;7 TRl o 711
T 1" — 1=Kitor — —
2 Tr1 ki(ﬁl Tr1 imfl
A1 —
T3 Tﬁl(ﬁfli) TRl @71
T io2 (1—kiion g
! R (1) (1) TG (@)
Ty, Try (ke — 1) —Tr1

Notes: Tz = TRl/ TG = TGR/ T5 = TGR/ T7 = Tcs, Tg = TR3, Tg = TR2 and THZ = Tz// .

3.3. Power and Efficiency Modeling in Steady-State Regime

The mechanical power on the speed increaser shafts can be analytically determined
by taking into account the kinematic results from Table 1 and the static ones from Table 2,
depending on the independent parameters Ty, wgy, k; and ky,. The obtained power
relations (i.e., the power P; = T; - w; on the i shaft,i=1,2, ... ) are systematized in Table 3
for the four studied cases.
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Table 3. WSCG power and efficiency expressions for the four cases (Figures 1 and 2).

Case A Case B Case C Case D
Pr —wr1Trikw (kt — 1) 0 —wr1Trikw 0
Pr3 —WR1 T(let [Lo; —kaw (1 —io1)] —Ui’RlT&)ktlm 0 0
P _ 17k;i01 [1‘02("0171)(14’]((»)4’1 _ 1 ktim [ioz(i01*1)+1] _ 102(107171)(1ikw)+1 _ 102(101 1)+1
GR wgr1Tr1 (o) (1) wr1Tr1 o 1) (i 1) leTRl—(im 1) (1) wr1TR R —1) (i -1)
P (1=keion ) [in —k o (1—i01)] i1 (1—kion i1 —kw (1—ig1) T io1
cs @r1Tk1 (ﬂ*l)(ioizfl)( 7) wr1Tr1 (101 1)(102(71) 7) wr1TR1 (101—1)(1'02—1) WR11R1 (101 1)(10271)
P _ (1—io1) (1—i2) (1+kw ) (1—ksion _ (1—iq1) (1—io2) (1—ksion _ (L—io1) (1—ig2) (1tkw ) _ (L—io1)(1—ioz)
¢ ORI ) o) ORITRE G ) (1) CRIRE ™0 =1) (n1) R G )
P TR1WR1 Triwgy TleRl Tlem
Py — wpy Try =l — wpy Try bl wg Try wrt T,
RITRIZ riTR R1 Rllol 1 R1 Rllm 1
Py —wpy Tri = o k”i” —wr1Tr 11011{”1” —wr1Try 71_1 —wgri TRy fl_l
Py leTm% leTRllmiéftll) —wgr1TR1 % _leTRll "
P, iz (1—kyion ) [ion—k o (1—i01)] iovion (1—keior ) ioa [io1 —k o (1—io1)] T inigy
4 wr1TR1 (i01—1) (i —1) WR11R1 (io— 17)(1»0*271) WR11R1 (in—1) (im—1) WR11R1 (in—1) (in—1)
n (o1 —1) (i —1) (1—kyion ) (i1 —1) (igp—1)

(fn—1) (fo2—1) (1=ksion)

(i -1) (i -1)

Notes: P, = Pgy, Ps = Pgr, P = Pgs, Ps = Pr3, Py

= PRZ, PH1 = PRZ and PHZ = Pzr/ .
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Starting from the efficiency expression in Case A, in the hypothesis of wind rotors
operating as motors (i.e., Pr; > 0,i=1,2, 3):

_ Pg __ werTgr+ wesTes
Pr1 + Pro + Pr3 WRr1TR1 + WR2TR2 + WR3TR3

@)

the efficiencies of the other speed increasers (Cases B, C and D) are obtained by customiza-
tion; the analytical relations for the efficiency in the four cases are also systematized in
Table 3.

4. Numerical Simulations and Discussions

The WSCG analytical model, described by the relations in Tables 1-3, contains eight
independent parameters: the interior kinematic ratios ip; and iy, the interior efficiencies
No1 and gy, the primary wind rotor power parameters (wg; and Tg;) and the ratios k¢
and k;. The numerical simulations are based on the input data from Table 4, where iy,
in2, N1 and mg, are constant parameters of the mechanical transmission, k¢, and k; are
independent parameters used as variable simulation ratios whose values can be controlled
by appropriately adjusting the pitch angles of the wind rotor blades.

Table 4. Input data for the numerical simulations of the analytical model.

Planetary Gear Set ip il kw=— G ke=— %ﬁ
I -15 0.8836 (=0.942) —05...1 -
II -5 0.925 (=0.95%) - 0...15

The numerical simulations are performed under the following assumptions:

- Both secondary rotors (R2 and R3) rotate in opposite directions to the primary rotor
R1 (by exception, rotor R2 may also have the rotation direction of rotor R1, a situation
highlighted in Section 4.1);

- The powers of rotors R1, R2 and R3 are input powers for the transmission, i.e., Pr1 > 0,
Pry > 0 and Prz > 0 (but there are also exceptions in which rotor R2 becomes the
brake, i.e., Prp < 0, as highlighted in Section 4.2);

- The counter-rotating electric generator G is characterized by the operating speed

wg = WwgRr — wgs, the torque Tg = Tgr = —Tgs and by the mechanical power
Ps = Tcwg (considered as the transmission output power, ie., P = Towg < 0,
Figure 2);

- Inorder to simplify the comparative energy analysis of the selected cases, the mechan-
ical characteristics related to the wind rotors and the generator are disregarded; as a
result, the power of the primary rotor R1 will be further considered as the reference
power, and the other powers will be expressed by ratios of the type Py/Pr1, whatever
the x shaft, called reduced powers (at the primary rotor).

4.1. Transmission Input Powers and Efficiency

The analysis of the diagrams depicted in Figures 3-6 allows the following particulari-
ties to emerge:

(@) The ratios k¢, and k; directly influence the operation state of the secondary wind
rotors R2 and R3 and the mechanical power flow through the planetary transmission
implicitly; thus, for Case A, the variation ranges of these ratios for which the wind
system operation makes sense are further analyzed, i.e., the secondary wind rotors R2
and R3 are motor sources (Pgy > 0 and Pg3 > 0).

(b) In the premise Pr > 0, the angular speed and the torque of the rotor R2 (controlled by
ko and k) also influence the power of the secondary wind rotor R3 (Figures 3 and 4).
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Figure 3. Reduced input power variations depending on the ratio k; for various values of ratio k,:
(a) reduced power of the wind rotor R2; (b) reduced power of the wind rotor R3 (Case A).
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Figure 4. Reduced input power variations depending on the ratio k, for various values of ratio k;:
(a) reduced power of the wind rotor R2; (b) reduced power of the wind rotor R3 (Case A).
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Figure 5. Variations of the electric generator reduced power, depending on: (a) the ratio k;; (b) the
ratio k¢, (Case A).
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Figure 6. Variations of the planetary transmission efficiency, depending on k; (Case A).

(¢) Rotor R2 is the most reactive to the variations of k, and k;, which can change its
state from the motor mode (Pg, > 0) to the brake mode (Pr, < 0) (Figures 3a and 4a);
additionally, the power of rotor R2 is cancelled for k; = 1, irrespective of the k., value.

(d) Atnormal operations (k,, > 0), rotor R2 works in the motor mode only for k; < 1,
becoming a brake for k; > 1; for k, < 0 (i.e., rotor R2 rotates in the same direction as
the primary rotor R1), R2 becomes the motor only if k; > 1 (see the line k, = —0.5in
Figure 3a).

(e) Rotor R3 always operates in the motor mode (Pr3 > 0), irrespective of the k; and k,
values (Figures 3b and 4b); the power Prj3 increases linearly with the increase of k,
while the slope of line Pr3 increases with k.

(f) The maximum power generated by rotor R3 (Prg = 6Pg; for ks = 1.5and k, =1,
Figure 3b) is significantly higher than the maximum power of rotor R2 (P, = Pg; for
ki = 0and ky, = 1, Figure 3a).

(g) The mechanical power received by the generator increases linearly with the increase
of the ratios k; and k, (Figure 5), even in the brake mode of rotor R2 (P, < 0 for
ki > 1and k > 0, Figure 3a).

(h) The transmission efficiency does not depend on the ratio k, (see Table 3), but it is
influenced by ratio k¢, with a maximum value of 0.917 for k; = 1 (Figure 6), i.e., when
the energy contribution of rotor R2 is zero (Pgp = 0, Figure 3a).

In conclusion, as k; and k, increase, the mechanical power supplied to the elec-
tric generator increases as well, with a higher input brought about by wind rotor R3
(Figures 3 and 4). The diagrams depicted in Figures 3—6 allow highlighting the particular
cases in which the ratios k; and k,, become null; by customization, the type A systems
become types B (ko = 0), C (kt = 0) and D (ko, =0, k¢ = 0).

4.2. Power Flow

In all four cases, the speed increaser contains a branched circuit of mechanical power,
and the direction of the power flow in each branch depends on the k; and k, values; more-
over, the three-rotor version (Case A) allows obtaining the other three cases by appropriate
customizations: Case B (wgy = w9 = wpy, = 0), Case C (Tgz = Tg = 0) and Case D
(sz = W9 = WH, = 0 and TR3 = Tg = 0)

The power flow is further analyzed comparatively, considering the input data from
Table 4 and certain representative values ko, € {0, 0.5, 1} and ks € {0, 0.5, 1, 1.5}.
According to Table 3, the powers in Case A depend on both the ratio k; and k,; in Case
B, only on k¢, and in Case C, only on k,, while, in Case D, they are not influenced by
these ratios.

e CaseA
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Pra/
Pr1

Six distinct simulation variants, defined by the distinct combinations of the k; and k¢,

values, are addressed in Case A (see Figure 2a). The numerical results on the power flow

are depicted in Figure 7, and the values of certain representative parameters are shown in

Table 5. Based on the obtained data, the following aspects can be highlighted:

- The secondary rotors R2 and R3 influence each other when the pitch angle changes,

their powers depending on both ratios k, (adjustment for R2) and k; (adjustment
for R3).

- Ratio k; significantly influences both the power values and the directions of the power
flows as follows:

e ki = 0: that is, Case C, in which the energetic contribution of rotor R3 is zero,
such as Trz = 0;

o 0 < kt < 1 (red lines, Figure 7a,b): the powers of rotors R1, R2 and R3 flow
branched and convergent towards the rotor and stator of the generator;

3.019 2.069

3.880

| Pozl [Pa1 L |Pz|/Pri=
[ e 3.440

- 7 357

- 4.420

| Pas|/Pr1

0.685 1.2

1 84
r—/———/—-7/---b'| 3.975 2724

‘______L_
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| Perl/Pr |\_ |Pg|/Pr1=
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= w3143
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|Pgsl/FPr1
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0.419

0.786

| Prz|/Pm Pr3/Pr

(b)

Figure 7. Reduced power flows of the 2-DOF and L = 5 system (Case A) for: (a) k; = 0.5 (red), 1
(blue), 1.5 (green) and k, = 0.5; (b) k; = 0.5 (red), 1 (blue), 1.5 (green) and ky, = 1.
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ki = 1 (blue lines, Figure 7a,b): in this limit situation (when Tg, = 0 and Pg, =0, see
Tables 2 and 3), rotor R2 and the planetary gear set I are idling, and the power of rotor
R1 flows through gear set II to GR, while the power of the rotor R3 branches into two
flows: one directly to GS and another, through gear set I, to GR. It can be noticed that
both the mechanical power of the generator and the transmission efficiency are higher
compared with the previous situation (0 < k; < 1);
ki > 1 (green lines, Figure 7a,b): the power flow of rotor R1 is transmitted entirely
through gear set II to GR, while the power of rotor R3 branches into four streams: a
first flow directly to GS, a second flow through gear set II to GR, a third flow through
gear sets I and II also towards GR and a fourth flow through gear set I towards rotor
R2, which passes in the brake mode, with the reversal of the power flow direction
through planetary gear set I; although rotor R2 becomes the brake (reverse direction
of Pg; flow), the power received by the generator increases, while the transmission
efficiency decreases (see Table 5).
- The power |P;| received by the electric generator increases with the increase of
the ratio k;.
- The power supply to the mobile stator GS increases with the increase of ratio k,
(i.e., from 10% P for k, = 0 to 13.3% Pg for k, = 1).
- The amplification ratio i, does not depend on ratio k; and increases with the
increase of ratio k, (i.e., from 15 for k, = 0 to 30 for k, = 1, Table 5).

Case B
Case B (Figure 2b) is derived from Case A by engaging clutch C1 (i.e., C1 = 1) and

disengaging clutch C2 (i.e., C2 = 0 => Ty, = 0), accompanied by rotor R2 blocking (wr, = 0
=>ky = 0). Comparing the best scenarios in Case A (k, = 1 and k; = 1) and in Case B
(k¢ =1, see Table 5 and Figure 8): the rotor R3 power decreases about 2.66 times, the total
input power and the output power decrease two times and the power input of the stator
GS decreases to 10% of Pg.

1 0.685 1,284

|Psf-!|,."Pm| |Pel/Pra=

T 7293
- 1.572
= w7 947

Pr3/Pr1

Figure 8. Reduced power flows of the 1-DOF and L = 4 system (Case B) for: k; = 0.5 (red), 1 (blue)
and 1.5 (green).

Case C
Case C (Figure 2c) is obtained from Case A by eliminating rotor R3 (Trz = 0=>k; = 0)

and the flows related to it; according to Figure 9, the flow corresponding to the value
ko = 01is missing, because in this situation, Case C turns into Case D.
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Figure 9. Reduced power flows of the 2-DOF and L = 4 system (Case C) for k,, = 0.5 (blue) and
1 (red).
Table 5. Performances of the four WSCGs for certain representative numerical scenarios.
Case DOF No WRs kt kw 1a PR2/PR1 PR3/PR1 Pin/PRl | PG |/PR1 n PGS/PG
A 2 3 0.5 1 30 0.500 2.000 3.500 3.143 0.898 13.3%
1 1 30 0 4.000 5.000 4.587 0.917 13.3%
1 0.5 22.5 0 2.750 3.750 3.440 0.917 12.2%
B 1 2 0.5 0 15 0 0.750 1.750 1.572 0.898 10.0%
1 0 15 0 1.500 2.500 2.293 0.917 10.0%
C 2 2 0 0.5 225 0.500 0 1.500 1.275 0.850 12.2%
0 1 30 1.000 0 2.000 1.700 0.850 13.3%
D 1 1 0 0 15 0 0 1.000 0.850 0.850 10.0%

Since ratio k; intervenes in the relation of the torques, powers and transmission effi-
ciency (see Tables 2 and 3), Case C (k; = 0) is characterized by the following particularities
(Figure 9 and Table 5):

- the torque of the rotor R2 is equal, in absolute value, to that of the primary rotor R1;
as a result, the power generated by R2 increases with the increase of the k, ratio;

- the input powers (Prj and Pg») flow into three branches directly toward the rotor GR
and stator GS;

- the transmission efficiency is constant (n = 0.85), regardless of the value of the ratio k,;

- the power supply to the stator GS increases with the increase of k,: from 12.1% Pg

for k, = 0.5t0 13.3% Pg for ky, = 1.
e CaseD

Case D (Figure 2d) is derived from Case A by removing rotors R2 and R3, i.e., ko = 0,
k¢ = 0; rotor R1 delivers a power whose flow (Figure 10) is similar to the homologous flow
from Case C (see Figure 9). The system ensures a power supply of the stator GS of 10% of
P¢ and a constant efficiency (n = 0.85).
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Figure 10. Reduced power flows of the 1-DOF and L = 3 system (Case D).

According to Table 5, both the structure’s degree of freedom and the number of wind
rotors have a major influence on the output power (to the generator) and on the input
powers, as well as on the power distribution between secondary rotors R2 and R3, with a
consistent increase for R3 in Case A. It should be noted that the 2-DOF transmissions double
the speed amplification ratio (i, = 30 for ko, = 1) compared to the 1-DOF ones (i, = 15
for k, = 0); a similar trend has the energy supply brought about by mobile stator GS (see
the Pgs/ P ratio in Table 5). Being independent of the ratio k, and highly dependent on
k¢, the transmission efficiency is higher in Cases A and B (n = 0.917, k; = 1) vs. Cases C
and D (n = 0.850, k; = 0). The performances of the turbines with two wind rotors and
1-DOF (Case B) or 2-DOF (Case C) speed increasers significantly depend on k; and k,; for
the considered data, the 1-DOF transmission (Case B) shows a superior performance when
ki =1land ky, = 1.

5. Conclusions

This paper presented a comparative analysis of the performances of four different
types of wind turbines with a counter-rotating electric generator. To this end, a differential
planetary transmission with a variable structure, derived from an innovative solution
proposed by the authors, was firstly proposed. By appropriate combinations of engag-
ing/disengaging of the clutches, the transmission can operate in various structures, of
which four cases were selected for analysis: a system with three rotors and a 2-DOF speed
increaser (Case A), a 1-DOF system with two counter-rotating wind rotors (Case B), a
2-DOF system with two counter-rotating wind rotors (Case C) and 1-DOF system with a
single wind rotor.

Archetype models for speeds, torques, powers and the efficiency of the planetary
transmission with a variable structure used as speed increaser in the general case of
differential transmission with three inputs (Case A) were developed. The analytical models
of the other three cases (B, C and D) were the result of customizing the archetype models
based on the correlations specific to each case according to the engaging/disengaging of
the component clutches.

The analysis of the numerical results obtained by the simulations of the analytical
models of the four WSCGs, considering a set of representative values for the simulation
ratios k; and k,, allowed drawing the following conclusions:

- the wind turbine with three wind rotors (Case A) allows the increase of the output
powers (towards the electric generator) and of the input one compared to those with
two counter-rotating wind rotors (Cases B and C); in turn, the systems in Cases B and
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C can ensure a better use of the wind potential compared to traditional single-rotor
wind turbines (Case D);

the reduced input powers (corresponding to secondary wind rotors R2 and R3) and
the reduced output power, as well as the configuration of the power flows, depend, to
a large extent, on the values of ratios k; and k;;

the transmission efficiency is constant in Cases C and D, because it does not depend
on the operating speed nor on the transmitted power; instead, the efficiency in Cases
A and B changes with ratio k;;

thanks to the property of “summing up” the speeds, the 2-DOF systems (Cases A and
C) can offer higher amplification ratios (i;) than the 1-DOF ones and can implicitly
ensure a higher power supply by the stator GS;

the turbines with two wind rotors (Cases B and C) can have comparable power
performances, the 1-DOF system (Case B) being advantaged with superior powers
and efficiency in the vicinity of the value k; = 1. The differential system (Case C)
achieves higher amplification ratios, accompanied by relatively high powers, as the
ratio k., increases;

the maximum input power supply being brought about by rotor R3; the most inter-
esting energy aspects are found in Case A in the vicinity of ratio value k; = 1 for the
situation k, = 0. Practically, this means a 2-DOF system with two rotors, R1 and R3,
were obtained from the case with three wind rotors by removing rotor R2 (i.e., Case B);
it is also interesting that, in this system (Figure 1la without rotor R2), planetary gear
set I idles (it does not participate in the transmission of the torque and of the power
implicitly).

The authors intend to develop this topic more in the future by analyzing the CRWT

behavior in dynamic conditions, the transient effects of changing the wind speed, by con-
sidering wind turbines and electric generators with known functional characteristics. The
experimental validation of these theoretical results is also a future purpose of the authors.
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Nomenclature

Acronyms

DOF Degree of freedom
GR Generator rotor
GS Generator stator
WR Wind rotor

WT Wind turbine

WSCG Wind system with counter-rotating generator
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Symbols

C1,2,3 Clutchno 1,2, 3

G Electric generator

Hip Satellite carrierno 1, 2

i Kinematic ratio (ixy = wx/wy)

io Interior kinematic ratio

io Interior static ratio

i Amplification kinematic ratio (i; = wg/wgry)
I Bevel planetary gear set

II Spur planetary gear set

k¢ Ratio of the input moments (ky = —Tr3/Tgr1)
kw Ratio of the input angular speeds (ko, = —wgry/Wg1)
L Total number of external links

P Power

P, Sum on the input (positive) powers

R1,2,3 Wind rotorno 1, 2, 3

T Torque

z Gear teeth number

il Mechanical efficiency

Mo Internal mechanical efficiency

w Angular speed
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Abstract: The paper presents a general approach to the steady-state efficiency analysis of one degree
of freedom (1-DOF) speed increasers with one or two inputs, and one or two outputs, applicable to
wind, hydro and marine-current power generating systems. The mechanical power flow, and the
efficiency of this type of complex speed increasers, are important issues in the design and development
of new power-generating systems. It is revealed that speed increases, with in-parallel transmission of
the mechanical power from the wind or water rotors to the electric generator, have better efficiency
than serial transmissions, but their efficiency calculus is still a challenging problem, solved in the
paper by applying the decomposition method of complex speed increasers into simpler component
planetary gear sets. Therefore, kinematic, steady-state torque and efficiency equations are derived for
a generic 1-DOF speed increasers with two inputs and two outputs, obtained by connecting in parallel
two gear mechanisms. These equations allow any speed increaser to be analysed with two inputs
and one output, with one input and two outputs, and with one input and one output. We discuss a
novel design of a patent-pending planetary-gear speed increaser, equipped with a two-way clutch,
which can operate (in combination with the pitch adjustment of the rotors blades) in four distinct
configurations. It was found that the mechanical efficiency of this speed increaser in the steady-state
regime is influenced by the interior kinematic ratios, the input-torque ratio and by the meshing
efficiency of its individual gear pairs. The efficiency of counter-rotating dual-rotor systems was found
to be the highest, followed by systems with counter-rotating electric generator, and both have higher
efficiency than conventional systems with one rotor and one electric generator with fixed-stator.

Keywords: wind energy; marine-current; hydro power; planetary gear; efficiency analysis

1. Introduction

Among the renewable energy technologies, hydro and wind energy conversion systems currently
have the largest share of electrical power generation worldwide [1,2]. While, hydro-electric power is a
more mature technology, improvements to wind, tidal-stream and marine-current energy conversion
systems are reported every year [3,4]. The major research has looked at energy-conversion efficiency
for the purpose of maximizing the use of the onsite renewable potential. Moreover, in the case of
wind and hydro-power systems of medium and high capacity, power is transmitted from the wind or
water turbine to the electric generator via a speed increaser, which amplifies the speed of the turbine
shaft approximately three times in case of hydro-electric systems, and by around one hundred in
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case of wind power systems [5-7]. The best performing speed increasers in use, are one degree of
freedom (1-DOF) or two degrees of freedom (2-DOF) planetary transmissions, which achieve higher
efficiency, higher transmission ratios and smaller overall sizes than fixed-axis transmissions. However,
these benefits come with added complexity, making the respective transmissions more difficult to
design and optimize.

Many innovative solutions of wind and tidal turbines have been proposed in recent years
(Figure 1), such as counter-rotating rotors [8-19], high-performance mechanical transmissions [3,20]
and more compact and efficient electric generators, including the counter-rotating type [21,22]. Shin [8]
proposed a large capacity wind turbine that uses multiple, smaller rotors in a spatial arrangement
and a high-efficiency planetary speed increaser. Wacinski [11], Brander [12], Climescu et al. [13]
and Oprina et al. [16] proposed different solutions of horizontal-axis wind turbines with two coaxial,
counter-rotating rotors. Didane etal. [15,19] and West [18] evaluated the performance of new concepts of
vertical-axis wind turbines with counter-rotating coaxial rotors. Designers of counter-rotating turbines
(CRT) have resorted to a wide variety of innovative solutions of speed increasers, such as variable
transmissions [23], differential transmissions with electric motor speed control [24], or novel planetary
gears [25-28]. In spite of their larger size and lower efficiency, compared to their planetary counterparts,
the most common solution of speed increasers implemented in wind, hydro and marine-current power
generating systems, including of the CRT type, are fixed-axis gear mechanisms [29-31].

Figure 1. Dual rotor; (a) wind turbine of Kowintech Co. Ltd.; and (b) tidal turbine of SIMEC Atlantis
Energy (formerly Atlantis Resources Corp.).

Planetary speed increasers are more appropriate for CRT applications because they ensure higher
kinematic ratios and reduced overall size, at higher efficiency levels [11,13,25,26,32-41]. Furthermore,
CRTs can employ 2-DOF transmissions to sum the input speeds [35,39] or 1-DOF planetary transmissions
to sum the input torques of their two rotors [40,41]. The first type of speed increaser has been studied
in conjunction with CRT and conventional generator [42—48], or with CRT and counter-rotating electric
generator [41]. No generalization has been proposed. Rather, particular designs have been presented
and analysed with respect to their performance. The 1-DOF planetary speed increasers with multiple
inputs and outputs can operate both, with single or with counter-rotating wind or water rotors,
and with conventional (fixed stator) or counter-rotating, (moving stator) electric generator [49-51].
Efficiency analysis of the mechanical transmissions used in wind, tidal-stream and marine-current
energy conversion systems is an essential part of their design and development process [52,53].

Based on the literature survey, the authors concluded that a comprehensive analysis of two-input,
one degree of freedom planetary transmissions applicable to wind and water turbines is necessary,
aiming to model the speed increaser efficiency in steady-state regime.
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The paper proposes a generic class of 1-DOF transmissions, with two inputs and two outputs,
employing two planetary gear mechanisms connected in parallel. All four possible combinations,
i.e., with one or two input rotors, and with one or two generator outputs can be obtained as particular
cases. In Section 2, steady-state torque and efficiency equations are derived for this generic speed
increaser class with two inputs and two outputs. Three other types of speed increasers, i.e., with two
inputs and one output, with one input and two outputs, and with one input and one output are
discussed in Section 3 as particular cases. A novel planetary speed increaser with cylindrical gears,
which can operate in four variants by means of a two-way clutch [54], is analysed in Section 4 using
bivariate three-dimensional (3D) plots. The paper ends with a summary of results and conclusions.

The main contributions of this paper involve the proposed 1-DOF speed increaser class that can
operate in four functional cases. To the best of our knowledge, it is the first unifying modeling of
transmission performance in different functional cases. The application example is done for a novel
design of a patent-pending transmission [54]. The performance study of the transmission is outlined
in this paper by using bivariate plots.

2. Problem Formulation

It is known that mechanical transmissions where power is transmitted in parallel, also known
as split-power transmissions, have higher efficiency than transmissions formed with mechanisms
connected in series [51]. The same applies to speed increasers used in wind, hydro and marine-current
power generating systems that integrate two counter-rotating wind or water rotors and/or one
counter-rotating electric generator. A 1-DOF transmission consisting of two 1-DOF mechanisms
M1 and M2 is assumed, providing serial (Figure 2a) or in-parallel transmission (Figure 2b,c) of the
mechanical power from one rotor (R) or from two counter-rotating rotors (R1 and R2) to a standard
electric generator (G) with a fixed stator, or to a generator with counter-rotating rotor (GR) and moving
stator (GS). Mechanisms M1 and M2 are characterized by their kinematic ratios i; and i, and efficiencies
11 and 1. Each shaft x has an angular velocity w, and transmits a torque T (where x is either R, R1,
R2, G, GR or GS).

WR , ‘ WG
R—»{ MlL:i,m M2:i, 2 —»G
Tr Tc
(a)
(R ML § (UGR c (UR1 ML § weG
> n,m P GR R1 —> D1, M
Tr1 L Tcr Tr1 i Ta
(R we
— —
R Tr Tc G
(R . WGs WR2 . WG
| M2i,m | —GS R2 —p{ M2:i2, 12
Tr2 Tacs Tr2 Tc2

(b) (c)

Figure 2. Block diagrams of 1-DOF speed increasers with two 1-DOF mechanisms M1 and M2, having:
(a) one rotor and one standard electric generator; (b) one rotor and counter-rotating electric generator;
(c) two counter-rotating input rotors with standard electric generator. R, R1 and R2 are wind or water
rotors, G and GR are the electric-generator rotor; GS is the electric generator stator; T is the torque
transmitted and wy is the angular velocity of shaft x; and 7#; and i) are the kinematic ratios and 1; and
1Ny are the efficiencies of constituent mechanisms M1 and M2.

As explained in references [26,40,51], the efficiencies of the 1-DOF mechanical transmissions
have been determined in closed-form, from kinematic, torque equilibrium and energy conservation
considerations using Maple computer algebra system.
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The efficiencies of the 1-DOF mechanical transmissions in Figure 2 are calculated as follows.

e Case A (Figure 2a): speed increaser with one input (R) and one output (G) for which,

w ..
we = —; Tg = —irimyTr )
112
the efficiency is:
_ P -Tg-wg _ o)
na = Pr  Tr-wg = T1n2

e Case B (Figure 2b): speed increaser with one input (R) and two outputs (GR and GS) with:

WR wWR i —1i1
WGR = o ; Wgs = o WG = WGR — WGs =

®)

i1ip

Ter Tes
Tri=-— Tro =~ TR =Tr1 + T2 (4)
hm Al
Knowing that the torques transmitted to the rotor and to the moving stator of the electric-generator
are equal but of opposite signs (I'cs = -T¢r), the torque Tg = Tgr and mechanical power Tg wg
delivered to the electric generator are:
iiNin2 ir— iy

- —— and Tg - wg =NqMpy———F——Tr " WRr 5)
nmy —12M2 !

T =Tr -
1M1 — 1212

These equations allow the efficiency of the transmission to be calculated as:

—PG _TG el il - iz
BT Pr Tr-wr  img - b, ©
e Case C (Figure 2¢): speed increaser with two inputs (R1 and R2) and one output (G).
WR1 _ WR2 iy
WG =——"=—", WR2 = —WR1 @)
I 2 I
Ter = —itmTri; Tez = —ion2Tre; Te = Te1 + Tz ®)
1M Tr1 + 2 T2
TG wg = —— i 2= wpy 9
from where the efficiency of the transmission is calculated as:
_ —Pg _ TG - wg _ iy — ignpky
Nc = = = — (10)
Pr Tgri-wpgy+ TR Wr2 iy — igky
where k; is the input torque ratio:
T
kp = — X2 (11)

Assuming for convenience that the two component mechanisms M; and M, have equal efficiencies
(N1 =mn2 =) Equations (2), (6) and (10) become:

A =n%ng=1"Nc=n (12)

Equation (12) suggests that if mechanisms M; and M, have comparable efficiencies, the use of
counter-rotating wind or water rotors, or of counter-rotating generator, results in better efficiencies
compared to serial arrangements i.e., g > 14 and ¢ > n4. In the next section, a general model for the
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efficiency analysis of a class of 1-DOF planetary speed increasers with two inputs and two outputs,
consisting of two in-parallel planetary gear sets will be presented.

3. Generalized Speed and Steady-State Torque Equations for 1-DOF Speed Increasers with Two
Inputs and Two Outputs

Figure 3 shows a general case of a 1-DOF speed increaser with two inputs and two outputs,
obtained by connecting in parallel two planetary gear sets M1 and M2. The main input will be from
the primary wind or water-turbine rotor R1, while the main output will be the generator rotor GR.
The two planetary gear sets are connected through two links, one to the frame (i.e., body 0), and the
second to both the secondary input-rotor R2 and to stator GS of the electric generator. The other
input is connected to the primary rotor R1, while the electric generator rotor (GR) is connected to the
other output.

(R2 WGS
Tr2 T

GS
(UR1 (UGR
Tr1 Tor
0

I

Figure 3. Block diagram of 1-DOF speed increasers with two counter-rotating inputs and two

counter-rotating outputs, obtained by connecting in parallel the planetary gear sets M1 and M2.

With either the sun gear or planet carrier hold fixed to the frame, the two planetary gear sets M1
and M2 become 1-DOF mechanisms. Due to the constraints introduced by connecting the output of M1
to the input of M2, the speed increaser with two inputs and two outputs (L = 4) will have one degree
of freedom.

Four functional variants of the 1-DOF speed increaser in Figure 3 are possible, depending on how
the inputs and the outputs of the mechanism are activated:

(1) Variant V1: where both inputs R1 and R2, and both outputs GR and GS are active (L = 4). A system
with two counter-rotating rotors and one counter-rotating electric generator is obtained.

(2) Variant V2: where both inputs R1 and R2 and the electric-generator output GR are active (L = 3).
In this case, a system with two counter-rotating rotors and a standard electric generator with
wgg = 0 is obtained.

(3) Variant V3: where the main input R1 and both outputs are active (L = 3), case in which a system
with one rotor (Tr1 # 0 and Tr, = 0) and one counter-rotating electric generator is obtained.

(4) Variant V4: where only the main input R1 and the main output to the generator rotor GR are
active (L = 2). This results in a system with one rotor (Tr1 # 0 and Tr, = 0) and a standard electric
generator with wgg # 0 and wgg = 0.

A 1-DOF mechanism with two inputs and two outputs (L = 4) is characterized by the following
kinematic and static properties [51]:

(1) It has one independent external angular velocity, with wg; assumed the independent
kinematic parameter;

(2) It has three angular-velocity transmission functions, i.e., three of the external angular velocities
depend on the independent velocity i.e., wry = Wry (WR1), Wre = Wrg (WR1), Wes = wgs (WRr1);

(3) Ithas one torque-transmission function Try = Tr1 (Tr2, Tgr, Tcs) i-e., one dependent external torque
(the primary rotor torque Tr1) and three independent external torques i.e., Try, Tgr and Tgs.
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It is also known that these transmission functions are linear, except for non-circular gears.
As a result, the transmission functions for angular velocities can be written as,

WGR = a- WR1; WR2 = b~ WRy; wgs = - WRy (13)

where coefficients 4, b and ¢ are constant, and have meanings of kinematic ratios. The dependent
torque Tr1 can be written as,
Tri =A-Ter+B-Tra+C-Tgs (14)

where coefficients A, B and C are also constant and have meanings of torque ratios.

The counter-rotating electric generator is characterized by the relative angular velocity wg between
the rotor and the stator, and by the property that the rotor torque Tgr and the stator torque Tg are
equal and of opposite signs:

W = Wgr — wgs = (a—c)wri; Tes = —Tgr (15)

The efficiency 1 of a 1-DOF speed increaser with two inputs and two outputs is defined as the ratio
between the sum of output powers over the sum of input powers. Since efficiency must be positively,
and since the output powers of a mechanism are always negative, the efficiency equation writes,

_ _werTer + wesTas (16)
WRr1TR1 + WR2TR2

or by using coefficients a, b, ¢, A, B and C it becomes:

_ a—c¢ TRl_BTRZ
A—CTgy +bTry’

n= (17)
The input-torque ratio k; in Equation (11) varies from zero (i.e., Tr, = 0) to a maximum value, depending
on the geometry of the two rotors R1 and R2, where the most common method of changing torque Tr»
is to adjust the pitch angle of the rotor blades. The efficiency of the above four variants V1 ... V4 can be
obtained by considering particular forms of Equations (11) and (17) as follows:
For variant V1 with two inputs (R1, R2) and two outputs (GR, GS):

(a—c)(1+kB)
_ _ i 18
NMvi (A—C)(l—ktb) ( )
For variant V2 with two inputs (R1, R2) and one output (GR), i.e., wgs = 0:
ﬂ(l —+ ktB)
=" 19
W2 = U eb) (19)
For variant V3 with one input (R1), i.e., k = 0, and two outputs (GR, GS):
a—c
= - 2
M3 =~27C (20)
For variant V4 with one input (R1), i.e., k; = 0, and one output (GR), i.e., wgs = 0:
a
Mva=—7 (21)

Coefficients a, b, c and A, B, C in Equations (18)—(21) can be determined by applying the principle
of superposition. An example on how these coefficients can be determined for the case of a planetary
speed increaser with cylindrical gears will be presented next.
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4. Case Study Analysis

In this section, a novel cylindrical-gear planetary speed increaser will be considered. Its unique
feature is that the input and output motions have opposite directions, provided by planet gear 2 in
series with planet gear 3 (see Figure 4a).

3 i
\\__Il?—/ )
H | |

clutch

Figure 4. 1-DOF cylindrical-gear speed increaser in a generalized configuration with two inputs and
two outputs: (a) structural diagram; (b) detail of the two-way clutch (left) in the H = GS position and
(right) in the GS = 0 position; (c) block diagram showing the input-output power flow.

Ring gear 4, connected to the primary rotor R1 is the main input, and meshes with planet gear
3, while the secondary input is the planet carrier H. Ring gear 6 which is fixed, meshes with gear 5
of the compound planet 3-5. Sun gear 1 is connected to the electric-generator rotor (GR), while its
stator is connected to carrier H through a two-way clutch. This clutch allows the transmission of the
mechanical power to output shafts GS and GR (see Figure 4b-left) or, by holding fixed the stator of the
electric generator, to output GR only (see Figure 4b-right).

According to the block diagram in Figure 4c, the speed increaser consists of planetary gear sets
M1 and M2, of which M1 (4-3-5-6-H) contains a compound planet with internal - internal gearing,
and M2 (1-2-3-5-6-H) has two planets in series with external-internal gearing. In this configuration,
the two component mechanisms share the same moving carrier H and the same fixed gear 6.
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In its general configuration with two inputs and two outputs, the four operating variants V1 to V4

become (see Figure 5):

(1) Variant V1: a system with two inputs and two outputs (L = 4), in which both input R1 and R2
and both output GR and GS are active. The input-output torque ratio k; > 0 is controlled by the
blade-pitch angle of either or both rotors R1 and R2, while the clutch is set to connect carrier H to

GS (see Figure 4b-left);

(2) Variant V2: a system with two inputs and one output (L = 3), in which the output is connected to
the electric-generator rotor GR, and stator GS is fixed by the clutch as shown in Figure 4b-right;
(3) Variant V3: a system with one input and two outputs (L = 3), obtained from V1 by deactivating
the secondary rotor R2 (k; =

frame (see Figure 4b-right).

0);
(4) Variant V4: a system with one input and one output (L = 2), obtained from variant V1 by
deactivating the secondary rotor R2 (k; = 0) and by connecting the electric-generator stator to the

H | ] 5 H I
2. 41 1/ 4 21 1 4 l
™~~~ / [~ /
o = / o e
R1 I GS R1 =1
1 _T 1
ol 'M'Gim—lLkw 27
| | | |
|I777l 1 V771| |I777I 1 V77l|
Rl > 4 > GR R1 4
1 GR
R2 GS R2
(a) (b)
3 +4 6=0 3 -+ 6=0
] [
ENE _-,-I_ 5 EARE JT/5
2\ - / 2\ —— = /
™~~~ / 1~ /
4 I | l / 4 [ l /
R1 . GS R1 . I —
wal Y /| GR wal / /N GR
220§ 0 i
|I777l 1 V77l| ||7771 1 V77]|
GR
R1 . R1p> 4@ ! > GR
GS u

(0

Figure 5. Structural and block diagrams of the 1-DOF speed increaser in Figure 4a with (a) two inputs
and two outputs (variant V1); (b) two inputs and one output (variant V2); (¢) one input and two

outputs (variant V3) and (d) one input and one output (variant V4).
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The two component planetary gear sets M1 and M2 are characterized by the interior kinematic
ratios iy; and ipp,

. .H _ .H .H _ %3% .. .H _ :H :H :H _ %3%6
101—146—143'156—E>0, 102—116—112'123-156—E>0 (22)

where i3, is the angular speed ratio of body x and body y relative to body z.

For obvious reasons, the number of teeth z4 of ring gear 4 has to be bigger than the number of
teeth z; of sun gear 1 (i.e., z4 > z7), and according to Equation (22), inequality iy, > ip; should also
hold true.

Efficiencies 1g; and 1y are the internal efficiencies of mechanisms M1 and M2 associated to the
respective planetary gear sets, when carrier H is fixed (see Equation (12), where 1 is the efficiency of one
gear pair, and efficiencies 0, correspond to the power being transmitted from member x to member y
when z is held fixed, and where x, y can be either 1, 2, 3, 4, 5 and H, while z can be either 6 and H).

H H 2 H H H 3
No1 = Mg3 " Nsg = (M) Moz = N7 *MNys * Mg = (M) (23)

Coefficients a, b, ¢ defined in Equation (13) can be calculated by applying a motion-inversion
relative to planet carrier H [51]:

. wie  1—ip . WHé 1
6 — 16 _ 'b:c:z?ﬂ:—:— (24)

wge  1-im wge  1—im

In turn, torque-transmission functions are also linear equations according to Equation (25)

Tr1 = TI(SR) + Tl(gz) + Tl(gs),' T(GR) =A TGR} T(Rz) = B-Tgro; T(GS)

R1 R1 r1 = CTacs (25)

where TI(;;) is the torque at the primary rotor shaft R1 obtained when all independent external torques
are zero, except for Ty, and where coefficients A, B, C defined in Equation (14) are determined by
applying the principle of superposition.

For example, torque TI(SR) is obtained for Tgr # 0 (mechanical power is transmitted only to
electric-generator rotor GR) and for T, = Tgs = 0 (i.e., the secondary rotor R2 and the stator of the
electric generator are idling).

Considering only the power flow from R1 to GR yields,

(GR)

GR a
Thy - wae -G + Tor - wie = 0=> Tz(zl ) = Tex- ey (26)
41
where, —
1-1 1-1
6 6 6 6 01. 6 02
Mgy = Mgy Ny Mag = 7 Mgy = —— (27)
41 ad Y Tag = 750 TH 1-in
and where io_1 and E are torque ratios [51], defined as:
— .y . (wan ‘ in1
ipr = ip1 - MAe; X1 = sign|—— | = sign | - 28
01 = lo1 *Myps X1 = sig (w46) g (101_1) (28)
o2 = iop - xz;x-sin(—m)—sin(—,ioz ) 29
02 = fo2 "My ¥2 = SigN =0 S ey (29)

In the above equations, sign represents the sign function, and x; = -1 for iy; <1 and x; = +1 for iy
>1,xp =+1forip <1and xp, = —1forigy > 1, ip; # 1, igp # 1. Because in a counter-rotating electric
generator, the generator rotor must have a higher angular velocity than the stator i.e., |[wgr| > |wgsl,
then |a| > |c|, and as a result, igp > 2 and xp, = —1.



Energies 2020, 13, 4568 10 of 18

From the condition that rotors R1 and R2 are counter-rotating, i.e., sign (wgr; wrp) = —1, and since
b <0, thenip; > 1 and x; = +1 (see Equations (13) and (24)). It also implies that:

1-ip  1-in-ng
A= =B _ W0 (30)
N4 1o 1=ip1-my,

Coefficients B and C are determined similarly to coefficient A, by considering the power flow from
R1 to R2 and from R1 to RS:

R2 R2 b
Tz(zl : - Wye ‘WZH + TRy - wpe = 0 => TI({1 ) — —Tgro - — @31)
N4y
RS RS c
Tz(u ) - W46 'TIZH + Trs - wye = 0 => TI(21 ) — ~TRs " —— (32)
NyH
According to Equation (24), b = c which yields:
R s T I -
T]4H T]4H 1—101 1 =101 -T]Ol

By employing Equations (18)—(21), the efficiencies of the four variants of the 1-DOF planetary
speed increaser are obtained.
For variant V1: two inputs and two outputs (L = 4):

i 1—igp —kt 1 _iOlT]Ol — ki
W= = Tk 2 T~k 34

For variant V2: two inputs and one output (L = 3, wgs = 0):

1- i(]z 1- ioln(n - kt
Ny = - . - . (35
vz 1- 10271621 1—ip1 — kit )

For variant V3: one input and two outputs (L = 3, k; = 0):

1- i01n01

1- i(n (36)

Ny =Mg *
For variant V4: one input and one output (L =2, wgs = 0, k; = 0):

1- i()z 1- i01n01
e =T T (37)
02“02 01

5. Numerical Simulations and Discussions

Four independent parameters, i.e., ip1, ig, ki and ng occur in the efficiency Equations (34)-(37)
of the planetary speed increaser variants V1, V2, V3 and V4. The effects of these parameters upon
overall efficiency and kinematic ratios of the respective speed increasers have been studied using
bivariate plots as explained in [55,56] (see Figures 6—10; note that in some of these plots the z-axis has
been reversed for clarity). The value ranges of these four parameters have been considered as follows:
the kinematic ratio of the speed increaser i, = wg/wgr1 > 3, input torque ratio k; < 2 and efficiency of a
typical pair of gears 1y > 0.94 [57].
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Figure 6. Efficiency of the 1-DOF speed increaser variant V1 (Figure 5a) as function of the interior

kinematic ratio ip1, torque ratio k¢, and efficiency of each gear-pair ng = 0.98.

0.80 4

0.854

Figure 7. Efficiency of the 1-DOF speed increaser variant V2 (Figure 5b), as functions of the interior

0.965.

0,0.5,1.0, 1.5 and 2.0, assuming 1

kinematic ratios ip; and i, for torque ratios k¢
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Figure 8. Efficiency of the 1-DOF speed increaser variant V3 (Figure 5c), as function of the interior

kinematic ratio ip; and ng.

Figure 9. Efficiency of the 1-DOF speed increaser variant V4 (Figure 5d) as functions of the interior

kinematic ratios ip; and i, for various gear-pair efficiencies g = 0.94, 0.95, 0.96, 0.97 and 0.98.
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Figure 10. Variations of kinematic ratios (a) izgr (from R1 to GR), (b) i;gs (from R1 to GS) and (c) iz (from

R1 to G in of counter-rotating electric generator) as functions of the interior kinematic ratios ig; and igp.

According to Equation (34), the efficiency of a speed increasers with two counter-rotating wind or
water rotors and counter-rotating electric generator (variant V1) depends on ig1, k; and 1, and it is not
influenced by the interior kinematic ratio ip;. As the plot in Figure 6 shows, the efficiency ny, of the
speed increaser is influenced the most by the efficiency ng of its constituent gear pairs, resulting in more
than 12% increase, for only 4% improvement in ng i.e., from 94% to 98%. Consequently, care should
be given to the manufacturing quality of the individual gears. Also, what is visible in Figure 7 is a
rapid decrease of ny; with a reduction of parameters ip; and k;, most noticeable for ip; < 1.75 and
k: < 0.75. From Figure 10c it additionally becomes apparent that for 1 < ig; < 2, high values of the
amplification ratio 7,; are obtained. During the operation of a power generating system equipped with
such a transmission, torque ratio k; will be adjusted via the pitch angles of the wind or water rotors.
In the design stage, the anticipated range of k; should be correlated with interior ratio iy; and gear-pair

efficiency ng to achieve best speed increaser efficiency and a high amplification ratio i,g.

In case of variant V2 of gear increasers (which is the same as variant V1 but with a locked stator,
ie.,, wgs = 0) Equation (35) indicates that the efficiency ny, of the increaser depends on all four
parameters ig1, igp, kr and 1. Assuming that each gear-pair of the transmission has the same efficiency
Mo and equal to 0.965, according to the plot in Figure 7, ny; is influenced manly by the interior kinematic
ratio ig; and by the torque ratio k;, and less by the interior ratio ip;. As igp increases and for ip; and k;
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assumed constant, a slight increase of ny; is observed. Likewise, efficiency ny, increases for k; < 1,
and decreases slightly for k; > 1 as iy increases. For k; = 1, efficiency 1y no longer depends on iy,
which may be interesting when large kinematic amplification ratios i, are desired. Same as for variant
V1, an increase of the torque ratio k; is accompanied by an increase in efficiency ny,. The increase of
Ny2 with k; is more significant for small values of iy; than is for larger values of iy;.

The efficiency of gear transmission variant V3 with one input R1 and two counter-rotating outputs
GR and GS, depends only on ip; and ng (see Equation (36)). The internal gear ratio ig; does not affect
the efficiency ny; of the increaser and k; = 0. The 3D plot in Figure 8 shows, for iy held constant,
a linear correlation of efficiency nys with ng. Also apparent is a rapid drop of efficiency nys with ip,
particularly for ip; < 1.75.

Variant V4 of gear increaser is characterized by k; = 0 (there is only one input i.e., R1) and by
wgs = 0 (the generator has a fixed stator). According to Equation (37) its efficiency ny4 depends on
parameters igy, igp and 1ng. Higher values of the efficiency ny4 are obtained for larger values of these
three parameters, of which 1y has the most effect, Figure 9. Internal kinematic ratio ip; has a smaller
effect, however, a rapid drop in ny;4 is observed for ip; approaching 1.

Based on the same plots in Figures 6-9, the following additional conclusions can be drawn:

—  Efficiencies ny; and ny; increase as the input torque ratio k; increases. This is explicable by the
relative increase of the power from the secondary wind or water rotor R2. It is worth mentioning
that the power flow from R1 passes entirely through mechanism M1 and then through part of
mechanism M2, while the power flow generated by R2 passes only partially through M2 and the
rest is transmitted directly to the generator stator GS;

—  Theinterior kinematic ratio ig; influences strongly the speed-increaser efficiency in all four variants
as k; approaching 0, particularly if 1 < ipy < 1.75. Furthermore, the mechanism locks (i.e., efficiency
becomes negative) for ig; approaching 1;

—  The interior kinematic ratio igpp does not occur in the efficiency Equations (34) and (36) for the
speed increaser variants V1 and V3 with counter-rotating electric generator. Instead, efficiencies
Ny2 and ny4 (the cases with electric generator with a fixed stator) have markedly lower values for
small values of parameter igp, but increase with the increase of ip;

—  The quality of the component gears and therefore the individual gear pair efficiencies ng, have a
major influence upon the efficiency of the speed increaser, regardless of variant V1 to V4. Therefore,
it is recommended that good quality gear pairs are used, in order to minimize losses and maximize
the efficiency in transmitting mechanical power from wind or water rotors to the electric generator.

As a general conclusion, Figures 6-9 confirm that split-power transmissions have higher efficiencies
than serial transmission. Overall, the best efficiencies are provided by variant V1, which combines
the split input power (Figure 2c) with the split output power (Figure 2b). The second most efficient
is variant V2 with two inputs and one output (Figure 2c), followed by variant V3 with a single rotor
and counter-rotating electric generator (Figure 2b). The least performing variant is V4 with serial
transmission of mechanical power (Figure 2a). Thus, the efficiency of hydro/tidal/wind systems can be
increased by adopting either a split-input power transmissions, a split-output power transmissions,
or a transmissions with power split both at input and at output.

The interior kinematic ratios ip; and iy, of the component mechanisms M1 and M2, directly influence
the transmission of input angular speed wg; to the electric generator, and implicitly, the relative speed
wg between the generator rotor and stator. The plots in Figure 10, depicted for variant V1 with two
inputs and two outputs, indicate that the amplification ratio i, = wg/wr; increases with the decrease
of ig; and with the increase of ip;. High kinematic ratios i, can be obtained at reduced internal ratios
io1 (e.g., i,g = 50 for ip; = 1.2 and ipp = 10) and/or in combination with high values of internal ratio igp
(e.g., iag = 30 for ip; = 1.5 and igp = 15).
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6. Conclusions

This paper presented a generalized model of efficiency calculation of 1-DOF speed increasers
applicable to hydro and wind energy conversion systems with two gear mechanisms in parallel.
Possible operating modes involve one input or two counter-rotating inputs, and with a single or two
generator outputs. The inputs are provided by two counter-rotating wind or water rotors, while the
outputs are linked to the counter-rotating rotor and the stator of an electric generator.

It was found that the in-parallel or split-power transmissions have higher efficiency compared
to the serial transmissions. The in-parallel power transmission can be achieved, either by using two
counter-rotating wind or water rotors, or by employing an electric generator with counter-rotating
rotor and stator. As a result, counter-rotating systems have higher efficiencies than conventional single
input, single output systems.

For the general case of a speed increaser with two inputs and two outputs, an efficiency analysis
has been performed where transmissions with only two inputs and one output; one input and two
outputs, and with one input and one output result as particular cases. This approach has then been
applied to a novel planetary gear speed increaser, which can operate in all four possible combinations
using a built-in two-way clutch, and by adjusting the pitch angle of the wind or water rotors.

The results reveal that the speed-increasers with two inputs and two outputs have higher efficiency.
The results presented in this paper offer design engineers a useful approach for the analysis and
synthesis of high-performance wind/tidal/hydro electrical systems.
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Nomenclature

CRWT Counter-Rotating Wind Turbine

SI Speed increaser

R Rotor

R1 Primary rotor

R2 Secondary rotor

P Power

w Angular speed

T Torque

kt Ratio of the input torques

z Gear teeth number

H Satellite carrier

a,b,c Kinematic coefficients

A,B,C Static coefficients

DOF Degree of Freedom

M1, M2 Mechanism 1 or 2

L Total number of inputs and outputs
G Standard electric generator

GR Electric generator rotor

GS Electric generator stator

i Kinematic ratio

; Interior kinematic ratio of the mechanism
01,2 M1,2

i Amplification kinematic ratio

n Efficiency of the speed increaser

No1,2 Interior efficiency of the mechanism M1,2

Mo Efficiency of a gear pair
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The paper presents a comparative analysis on the steady-state behavior of two
counter-rotating wind turbines with same components, where the generator can
operate as a counter-rotating (with both a mobile rotor and stator—Case a) vs.
conventional (with a fixed stator—Case b) electric machine. These wind energy
conversion systems (WECSs) also have two coaxial counter-rotating wind rotors
and a one-degree-of-freedom (1-DOF) planetary speed increaser with two
inputs and one or two outputs for compatibility with the considered generator.
The paper aims at highlighting the efficiency and energy performances of
WECSs with a counter-rotating vs. conventional generator by investigating three
functional scenarios (A, B, and C) of the two WECS cases (a and b) under the
assumption of identical or different counter-rotating wind rotors. A generalized
kinetostatic modeling algorithm is first proposed, starting from the general case
of WECS with a counter-rotating generator, which allows the establishment
of analytical relationships corresponding to speeds and torques at input and
output shafts. Numerical simulations of the obtained closed-form model in each
scenario highlighted the influence of the constructive parameters on WECS
performances, as well as the energetic superiority of WECS, with a counter-
rotating generator (Case a) vs. conventional generator (Case b): higher efficiency
by 1.2% and more output power by 1% (Scenario A) to 5.5% (Scenario C).

KEYWORDS

wind turbine, counter-rotating rotors, counter-rotating electric generator, torque-
adding speed increaser, modeling, kinematics, statics, operating point

1 Introduction

The European Union (EU) released a revised directive concerning sustainable energy
in 2018 (European Union, 2018) which establishes a mandatory objective at the EU level
stating that the share of energy from sustainable sources should be at a minimum of 32% until
2030, adding a clause which would allow an ascending revised growth of this percent until
2023 (Windeurope, 2017). Wind energy is the source with the highest percentage of energy
production out of the total amount of sustainable energy in EU, and onshore and offshore
wind energy is estimated to represent approximately 21% of electric energy production
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by 2030. When considering the built environment, a main challenge
in designing and implementing wind energy conversion systems
(WECS) is to get increased efficiency and energy production that
can become main arguments toward choosing sustainable energy.
The growth of energetic performance of wind turbines and
optimization of wind potential harnessing can be conducted
through different technical solutions converging into one main
direction—optimization of the conversion of wind energy into
electric energy. This issue refers to the design of either the
rotor, gearbox, or electric generator. Thus, the use of multi-rotor
systems (Kale and Sapali, 2012) and counter-rotating (primary
and secondary) rotors vs. single-rotor (conventional) WECS has
proved to harvest more wind energy and, consequently, to increase
the electricity production by approximately 40% (Li et al., 2013).
Counter-rotating WECS contains two coaxial wind rotors rotating
in opposite directions, which can be placed on the same side or
on both sides of the nacelle. The primary rotor is the upwind
rotor, and the secondary one—the downwind rotor. Vasel-Be-
Hagh and Archer (2017) stated that using counter-rotating rotors
is 22.6% more efficient in power production than using the
single-rotor wind farms, while Circiumaru Oprinaetal. (2022)
established experimentally the efficiency of counter-rotating WECS
on the diameters of the two rotors, with an increase in system
efficiency of up to 49.14% being achieved for lower ratios between
the diameters of front (upwind) and rear (downwind) rotors.
Pacholczyk et al. (2017) demonstrated by simulation that a counter-
rotating 5 MW wind turbine brings approximately 20% of additional
power compared to the conventional type. Other results refer to the
performance of counter-rotating WECS at different aerodynamic
loads and blade pitch angles (Jungetal., 2005; No etal., 2009
Rosenberg et al., 2014; Blecharz and Pacholczyk, 2018; Wang et al.,
2022), for different number of blades (Pamuji and Bramantya,
2019), various rotor axial distances (Irawan and Bramantya, 2016;
Koehuan and SugiyonoKamal, 2017; Pacholczyk et al., 2019), or
different rotor configurations (Radhakrishnan etal., 2022). Thus,
Rosenberg et al. (2014) demonstrated that the power coefficient for
counter-rotating rotors is influenced by the distance between the
rotors and their diameters, increasing by 8%-9% when the distance
equals the rotor radius and by 7% when the diameter of the upwind
rotor is a quarter of the downwind rotor diameter. The pitch control
strategy for a 1 MW dual-rotor wind turbine and the impact on its
performance were established theoretically (No et al., 2009), both in
steady-state and transient regimes, and the results concluded that
the proposed model has to be refined by testing the turbine in-
site. Li et al. (Zhiqiang et al., 2018) analyzed the improvement of the
power coefficient of a micro-counter-rotating wind turbine based
on the aerodynamics, the diameters, and configuration of the two
rotors and proved that the position of the secondary rotor influences
the system efficiency. Moreover, Jung et al. (2005) studied a 30 kW
counter-rotating WECS and concluded that the best performance
can be obtained when the distance between the rotors is half the
auxiliary rotor diameter with the power coeflicient reaching 0.5. In
addition, it was proved experimentally that the power coeflicient
decreases with the increase in the pitch angle. A 3 kW coaxial, multi-
rotor horizontal-axis wind turbine was built and tested by Mitchell’s
project team, demonstrating that its power output is approximately
three times higher at low and medium wind speeds than a single-
rotor turbine of the same diameter (Queen, 2007). All research
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works concluded that the counter-rotating configuration of rotors is
preferable for small power applications rather than the single-rotor
WECS.

Regarding the electric generators for WECS, Booker et al. (2010)
and Habash etal. (2011) proposed the use of counter-rotating
electrical generators for wind turbine applications in urban areas,
which have a mobile rotor (GR) and mobile stator (GS) rotating
in opposite directions due to their increased energy performance
compared to the conventional (with a fixed stator GS) generators.
The counter-rotating generator was further investigated in terms of
performance and rotor topology by Kutt et al. (2020), Egorov et al.
(2021), and Mirnikjoo etal. (2021) and in terms of optimized
system configuration with counter-rotating rotors (Mirnikjoo et al.,
2020; Ullah et al., 2022a; Ullah et al., 2022b). Choetal. (2017)
analyzedthe performance and control of a WECS with counter-
rotating rotors and counter-rotating generator and concluded that
this configuration can lower the tip speed ratio at which the
power curve attains its maximum almost by half in comparison to
the single-rotor system. The designers and developers of counter-
rotating generators recommend their use mainly in low-power
counter-rotating WECS connected directly to the rotors.

In order to achieve the higher speed requirement of the electric
generator, the wind turbines need to include a gearbox for increasing
the lower speed of wind rotors. Various types of speed increasers
are presented and discussed in the literature: fixed-axis type
(Jaliu et al., 2008a; Bevington et al., 2008; Marjanovic et al., 2012),
planetary transmissions (Shin, 1999; Jaliu et al., 2008b; Jelaska et al.,
2015; Saulescu et al., 2016a; Neagoe et al., 2017; Pastor et al., 2021),
and variable speed transmissions (Erturk et al., 2018; Bharani and
Sivaprakasam, 2020). Due to their advantages, i.e., high kinematic
ratio, reduced radial size, and better efficiency, the researchers
consider that the planetary speed increasers are suitable for both
single-rotor systems, mainly for the high-power WECS, and for the
multi-rotor WECS. For instance, Dong et al. (2017) and Vazquez-
Hernandez et al. (2017) investigated the parameters that affect the
design and the conversion efficiency of WECS and concluded that
the use of a planetary transmission is the best option for wind
turbines.

In addition, in the counter-rotating WECS configurations,
the planetary transmissions can operate either as one-degree-
of-freedom (1-DOF) or two-DOF speed increasers, improving
in both cases the wind turbine performance. The two operation
cases were included by Qiu et al. (2017) in a synthesis of planetary
transmissions used in WECS as possible gearboxes, while
Saulescu et al. (2018) proposed an algorithm for the conceptual
design of the planetary 1-DOF and 2-DOF speed increasers
for different functioning situations. Various innovative solutions
of planetary speed increasers were proposed (Saulescu etal.,
2016b; Saulescuetal., 2018; Neagoeetal, 2019) for counter-
rotating WECS. The performance in the steady-state regime of
the different WECS configurations was investigated comparatively
(Saulescu et al., 2016b; Neagoe et al., 2019; Saulescu et al., 2021;
Neagoe and Saulescu, 2022), and a generalized approach for the
efficiency analysis of 1-DOF speed increasers for counter-rotating
WECS was proposed (Neagoe et al., 2020).

Recent research proved that the use of the counter-rotating
generators can lead to a higher conversion efficiency of WECS
than the conventional system (Saulescu et al., 2016a; Saulescu et al.,
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2016b; Neagoe et al., 2017; Neagoe et al., 2019; Neagoe et al., 2020;
Saulescu et al., 2021; Neagoe and Saulescu, 2022). However, only
a few studies analyzed WECS configuration with both counter-
rotating rotors and counter-rotating generator and proposed suitable
mechanical transmissions (Neagoe et al., 2019; Neagoe et al., 2020;
Neagoe and Saulescu, 2022). To the best of our knowledge, a
major research gap identified in the literature review was the
need for comparative analysis of these types of WECS in different
structural-functional scenarios that allow their constructive
optimization and highlight their benefits in comparison with WECS
with a conventional generator.

The paper proposes two WECS configurations that combine
the concepts of counter-rotating wind rotors and counter-rotating
or conventional electric generator and integrate a novel 1-DOF
planetary speed increaser with two inputs and two outputs. The
proposed transmission can accommodate both the conventional
generator and the counter-rotating generator. The paper proposes
a generalized modeling approach of these two types of counter-
rotating systems with a counter-rotating generator (Case a) vs.
conventional generator (Case b) and compares their energy
performance simulation results in the steady state by considering
three scenarios. The same primary rotor and same electric generator
are used for both cases in all scenarios, while the secondary rotor is
designed as follows:

- Different in the two applications, being established from the
condition of achieving the same ratio of input torques k,
(Scenario A).

- Identical to the primary rotor R1 but operating at a torque and
angular speed (in absolute value) different from R1 (Scenario B).

- Identical to the primary rotor R1 and operating at a torque and
angular speed (in absolute value) identical to R1 (Scenario C).

The remainder of the paper is organized as follows: two WECS
configurations (Case a and Case b), consisting of two counter-
rotating rotors—a 1-DOF speed increaser and a counter-rotating or
conventional electric generator, are proposed in Section 2. Section 3
presents a generalized analytical kinematic modeling, and the torque
and efficiency modeling algorithm is proposed in Section 4, based
on the input torque ratio k,. Section 5 deals with the expression
of the k, ratio and the mechanical characteristics of the rotors and
generator, while Section 6 provides the expressions of the operating
point for the proposed WECS configurations. Section 7 presents the

10.3389/fenrg.2023.1215509

numerical simulations and discussions for the three scenarios, and
Section 8 is devoted to final conclusions.

2 Problem formulation

The two WECSs with counter-rotating rotors (R1—primary
rotor and R2—secondary rotor) considered in this comparative
study are schematically illustrated in Figure 1. The analysis is based
on the following correlation: the second variant (Figure 1B) can
be obtained from the counter-rotating system with two outputs
(materialized by the rotor GR and the stator GS of a counter-
rotating generator Gc, Figure 1A) by breaking the connection
between the speed increaser SI and the stator GS and by fixing
the stator (Figure 1B). Therefore, the mathematical models derived
in the general case of systems with a counter-rotating generator
(Case a) allow proving the results obtained for systems with a
conventional generator G (Case b) by customizing the GS stator
state.

The following assumptions are used in the comparative analysis
of the two WECSs:

« Both WECSs use the same mechanical transmission SI, for
which the following parameters are known: internal kinematic
ratio and internal efficiency.

o The same mechanical characteristics are considered for the
homologous wind rotors on the one hand and for the electric
generators (both conventional and counter-rotating) on the
other hand.

o The torques of the two wind rotors
k,=-Tg,/Tg; >0 is introduced; it allows controlling the

ratio of the
mechanical characteristic of the rotor R2.

The planetary speed increaser (Figure?2) is a complex
transmission consisting of two parallel-connected 1-DOF
planetary gear sets, 1-2-3-5-6-H (PG I 01) and 4-3-5-
6-H (PG 1II 02), which have three sun gears (1, 4, and
6) and a common planet carrier H (Figure 3). The internal

kinematic ratios of the two planetary gear sets are denoted by
H _GH GH GH _erees _((n)\(Za)( %

o1 = e = tp T3 156 = <+Z):+

5%
21 %5

and
W, W3 Wg 2 2
o gH _H GH _oges_(Ln\( %) 5% -

gy = iy = Iy Iog = ow +Z4 +Z5 = +Z4 p respectively, where

z; is the teeth number of the gear i = 1...6 and 73, is the kinematic

A X
[ X
atelelels

FIGURE 1

(B).

Conceptual diagrams of the WECS considered in the comparative analysis: systems with a counter-rotating generator (A) and conventional generator
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FIGURE 2

Structural schemes and block diagrams of the 1-DOF systems with a counter-rotating generator (A) and conventional generator (B).

ratio, where the rotational motion is transmitted from body x to
body y and z is considered the reference body.

According to Figure 2A; Figure 3, the WECS with two counter-
rotating wind rotors (R1 and R2), a speed increaser (1-2-3-
4-5-6-H), and a counter-rotating electric generator Gc uses
a planetary transmission with two inputs (H = Rl—primary

input; 4 = R2—secondary input) and two outputs (I =
GR—primary output; H = GS—secondary output). Thus, the
1-DOF planetary speed increaser transmits the mechanical
power from the counter-rotating wind rotors to the electric
generator whose rotor and stator rotate in opposite directions.
This 1-DOF planetary mechanism has the property of a)
summing the input torques from the wind rotors (torque-adding)
and b) transmission in a determined way of an independent
external motion to the other three exterior links. Overall, the
planetary transmission (Figure 2A) has four inputs and outputs
(L = 4): conventionally, the primary input is connected to the wind
rotor R1, and the secondary input is connected to the wind rotor
R2; the two outputs are connected to the rotor GR and to the stator

GS. According to Figure 2A, the secondary input R2 is connected

Frontiers in Energy Research

04

directly to the stator GS. Because the transmission from Figure 2B
can be obtained by breaking the connection between the secondary
output H and the generator stator and by fastening the stator GS
to the base, its kinematic and static model can be derived as a
particular case of the mathematical model of the speed increaser
from Figure 2A.

The kinematic and static (torque) correlations, which are
systematized in relationships (1)-(3), (4), and (5), refer to the
systems shown in Figure 2 and allow highlighting their performance
by considering the mechanical characteristics of the wind rotors and
the generator or the behavior of one wind rotor in relation to the
other. The efficiency of the transmission can be determined either
based on the torques of the two wind rotors or by using the torque
of the primary rotor (Tg,) and the input torque ratio k,.

3 Kinematic modeling

The specific kinematic correlations of the speed increaser and
its connections to the external links can be written according to
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FIGURE 3

Block diagram of the 1-DOF planetary speed increaser with two inputs
and two outputs.

Figure 3 starting from the general relationships of a planetary gear
set (Neagoe et al., 2020).

Considering the motion of the rotor Rl as an independent
parameter, Eq. 1 highlights the kinematic correlations specific to the
isolated subsystems:

« Input shafts:

Wgy = Wp3 Wy = Wy. (1a)
« Planetary gear sets:
PGL w; —wy(1—ip) =0; PGIL w,—wy(1—ip)=0. (1b)

o Transmission connections with the generator stator and rotor:

Wgr=Wy5  Wgs = Wp- (10)
« The transmission functions of the system:
Wy = Wpy (1= gy )s
wgg = wgy (1 =gy ); (1d)

Wgs = Wgy-
Based on the aforementioned equations, the kinematic

transmission functions can be obtained as follows:

« 1-DOF speed increaser with two counter-rotating inputs and
two counter-rotating outputs, as shown in Figure 2A:
2)

WG = WGr — Wgs = ~1p1 Wp; -

o 1-DOF speed increaser with two counter-rotating inputs and
one output, as shown in Figure 2B (wgg = 0 and wgp = wg):
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(©)

WG = Wiy (1= io1)-

4 Torques and efficiency modeling

Analogous to the kinematic modeling, the static modeling is
performed using the block diagram shown in Figure 3, which allows
identifying the static correlations specific to the two planetary gear
sets, the equilibrium equations of the links between them and also
of the external connections, and the static transmission function.
These relationships together with the mechanical characteristics
of the wind rotors and the counter-rotating/conventional electric
generator can be used for identifying the following: the operating
point of the machine of wind rotors—speed increaser—electric
generator type; the mechanical power obtained at the input of the
electric generator; the power flow through the speed increaser and
its efficiency; and the influence of the ratio k,.

For the 1-DOF speed increaser with two counter-rotating
inputs and two counter-rotating outputs, as shown in Figure 2A,
the equality T;. = Tgr=—Tgs is considered (also valid for the
conventional generator) by considering the torque balance for the
generator stator and rotor. According to Figure 3, the planetary
speed increaser is characterized by the following static correlations
starting from its isolated subsystems:

« Input shafts:

Tp —Ty=0; Tgy—T,=0. (4a)
o Internal shafts:
Ty-Ty =Ty, —Ty, =0 Tg—Te—Te =0. (4b)
o Planetary gear sets (PG I and PG II):
Ty +Ten+ Ty, =0, Ty+Te+Ty =0;
o, ) (4¢)
Tgn = _Tl']_; Ty = =TyigyNg,-
01

« Transmission connections with the generator stator and rotor:

Tr=T1=0; Tgs+ Ty, =0. (4d)
« Transmission functions of the system:
-k 1-i
Top= Tay Mo tn()l'( 02'102). (4e)

lo1

o The mechanical characteristics of the wind rotors and the
electric generator:

Tpy = =g, W, + gy
Try = =k Tri = —ao@py + bros (46)
~T = agwg = bg.
o Forthe 1-DOF speed increaser with two counter-rotating inputs
and one output, as shown in Figure 2B, Eq. 4 is particularized
for the fixed stator and T}y, = 0:
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6"

T, + T, +fH2:0; TZ+T;,+T”HI:0

i .
T;" = _T} HLOII; T;, = _74;’02'102
fH_THl_’sz:O; Tg= Ty = Ty =03
Tp =Ty =0 Trp=Ty=0
A TG_TI :0 (5)

_ No1 — kmm(l - iozﬂoz)
To=-Tn No1 — fo1

Try = —apop +bris Tro = =k Try = —apy gy + by

-Tg =agwg —be.

In order to avoid possible confusions, the static parameters
belonging to the system with a conventional generator, that have
different values than those of the first case, are marked with an
asterisk.

5 Determination of the k; ratio

In the general case, the static ratio k, depends on the input and
output mechanical characteristics; a certain value for the k, ratio
can be obtained by modifying appropriately at least one mechanical
characteristic. As a result, the analytical expressions of the k, ratio
are further modeled for both systems according to the coefficients
of the input and output mechanical characteristics:

o Case a, see Figure 2A and Eq. 4:
Ty = =k Tgys

T No1 — ktﬂm(l - iozr]oz)
R1 or .

(6)
Tg

.=

By replacing the mechanical characteristics presented in Eq. 4
into Eq. 6 and by considering the kinematic correlations from Eqs 1,
2, the following equation system is obtained:

—apyWpy + by = Ag kwpy — bpiks

No1 — ktrlol'(l - iozrloz) g +bpy No1 — ktﬂo;(l - ioznoz)

—aGWg, +bg = —ap i i
01 01

5
Wgo = gy (1= iga)s
Wee = ~Wrilgr-

7)

The k, ratio can be obtained by solving the equation system Eq. 7:

. . . 2
apibrongy + Apabringy (s = 1) + apabioy (1 - igy) + agbpai,

agy[bran; (ioago = 1) + blor ] + by [“Rz‘]ol(itz)zrloz — gy — iy + 1) + aGigl] .

=

(8)
By denoting
A= ap;bpong, +agobring, (ipz = 1)
B =ag,bgiy
1 C=agbp, 9)

D= szTlm(iozT]oz -1)

_ 2 . .
E= “Rzr]()l(lozr]oz “ oMoz ~lo2 1),
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it is obtained

A+B(1-iy,) +Ci?
ko=- ( )+ Cly —. (10)
ag)[D + bgig, | + by, [E+ agig, ]

Case b, see Figure 2B and Eq. 5:

Ty =~k Ty
(11)

-k 1-i
To=-Tg No1 tt?mgi ’02”02)_
o1 o1
Similar to the previous case, by combining Eqs 1, 3, 5 with
system (11), it is obtained

—apyWpy + by = apikywpy = bpky

No1 — ktnm(l‘_ igag2) W +bpy No1 — ktrl(n(l‘_ Z‘027102)

—acws+bs=-a
cWe T Yg R1 - -
No1 ~ o1 No1 ~ o1

Wpy = gy (1= igy)
Wg = wgy (1= igy)- (12)
12

The ratio k, can be determined by solving system (12):

A+ B(1— gy =gy +Mgyigz) + C(i(zn + Moy — o1 — fo1Mo; )

agy [D+ b iy =Mgy)] + le[E+“G(i(2n — oMoy —fo1 + f]m)])
(14)

where A, B, C, D, and E are defined by Eq. 9.

Taking into account Eqs2-5, the expressions of the
constants ap, and by, (related to the characteristic of the wind
rotor R2) are deduced based on the imposed ratio k; the
following equation can be written from the expression of the k,

ratio:
Triki+ Try = 0. (15)

An equation of Xwg, + Y = 0 type is obtained from Eq. 15, which
leads to

[~arik; — agy (1 —igy) Jwpy +bpik, + by, = 0. (16)

As the angular speed wpg, is the independent kinematic
parameter, the previous relationship is fulfilled for any value of
wgy only if X =[-apk,—ag,(1-iy)] =0 and Y= by k,+ by, =0;
therefore, the coefficients ay, and by, become

G = — apk,
T 1=y (17)
sz = _ktle'

6 Determination of the operating
point

The analytical relationships of the kinematic and static
parameters are systematized comparatively in Table I for both
analyzed WECSs.

The parameters of the operating point (F) reduced on the shaft
connected to the generator rotor can be also obtained for the two
cases:

o Case a, Figure 2A (see Eqs 2, 4):
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TABLE 1 Analytical expressions of the kinematic and static parameters.

10.3389/fenrg.2023.1215509

Parameter
Relationship Casea
3 2 T i s 1ok, (1-igany) Moy (1=for) 1=k, (1=iongp)
ng ‘ rlg ‘ T for L= M1 1-k,(1=ipy) No—ior 1=ki(1-i)
Parameter W Tg. Pg,
Case a
Relationship —Wpyio; Tr % [1=k,(1=igyny,)] —wpy TpyNor [1 = k(1= iangy)]
Parameter wg Tg P;
Case b : _ _
Relationship u)m(l _ iul) Ty ﬂo:[l‘kr(lf‘eznoz)] - Moy (10 (1=K, (1=igoNgy)]
Noy~ior o1 ~for

TABLE 2 Values of the parameters related to the steady-state operating point for Scenario (A).

-1 0 -1 o .
Parameter w[sT'] T [kNm] P [kW] Wees W [S7'] Teei T [kNm] Pgei P [kW1] N, [%]
R1 14.97 113.25 1,696.13 —149.76 10.27 -1,538.71 0.795
Case a
R2 -2.99 -79.27 237.45
R1 16.57 102.87 1,704.95 —149.16 10.20 -1,522.59 0.783
Case b
R2 -3.31 -72.01 238.69

ag, = 6.5 kNms; by, = 210.6 KNmy;

ag, = 22.75 kNms; by, = —147.42 kNm;

ag = 0.11 kNms; b; = —6.2 KNm.

iy = 10, iy = 1.2, 1, = 0.857, 1, = 0.9025, and k, = 0.7.

bG _ by gy [1-K,(1-igongy)]

b1

O e amnm[l—féfl—fmnm)] ’ (18)
Tp=-acwp+bg Pp=wpTp.
o Case b, Figure 2B (see Eqs 3, 5):
bg + b oy (1 (L)
0= “R1W01[ln_0;‘r_(tfl_iozrloz)] :
96 () ()

. "
Tp=-agw,+bg P.=w.T}

7 Numerical results and discussion

For the purpose of comparative analysis, numerical simulations
are further performed by considering that each of the two WECSs
is characterized by the internal kinematic ratios iy =10 and
i =12 and the internal efficiency n,, = r]:, =0.95°=0.857 and
No2 = né =0.95* = 0.9025 for all three scenarios, under following
general assumptions:

- The primary rotors R1 have the same mechanical characteristic
(i.e., same values of ag, and by, respectively, see Table 2).

- The electric generators have the same mechanical characteristic
in both cases (i.e., same values of a; and b, respectively, see
Table 2).

The behavior of the two WECSs is analyzed in three different
scenarios, in which the secondary wind rotor and the speed increaser
are modified according to the following assumptions:

Frontiers in Energy Research

Scenario (A): the static ratio in both cases is k, = 0.7, achieved
by the appropriate selection of the mechanical characteristic of the
rotor R2.

Scenario (B): the rotors R2 of the two WECSs are identical with
the rotors R1, but different values of k, are registered for the two
cases.

Scenario (C): the rotors R2 are identical with the rotors R1 in
both cases, and the same value of k;, (k, = 1) is obtained for the two
WECSs by changing iy, = 2. In this particular case, the wind rotors
R1 and R2 rotate with equal speeds in opposite directions.

The values of the coefficients ay, , and by, , from the mechanical
characteristics of the wind rotors R1 and R2, which are dependent
on the blade aerodynamic behavior, were obtained by applying the
algorithm presented in Neagoe and Saulescu (2022). The behavior
of the two types of WECSs is further presented comparatively based
on the values of the kinematic and static parameters in the operating
point, also following the influence of the mechanical characteristics
on the system behavior and energy performance.

7.1 Comparative analysis in Scenario A

The coefficients of the mechanical characteristics describing the
behavior of the rotors R2 are determined based on the previous data,
by means of Eq. 17 and imposing k, = 0.7; then, the parameters of
the operating points of the two systems are determined based on
Eqs 18, 19. The obtained values related to the steady-state operating
points are centralized in Table 2 and illustrated in Figures 4-6. The
mechanical characteristics of the two wind rotors (Figure 4) are
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FIGURE 4
Mechanical characteristics of the wind rotors R1 and R2 in Scenario A.
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FIGURE 5

Operating points in Scenario A reduced on the shaft of the
counter-rotating generator T, = T = T (wg.) and on the shaft of the
conventional generator T; = T = Tg(wg).

reduced on the SI outputs, and thus the operating points in both
cases are obtained, as depicted in Figures 5, 6.

Figure 6 details Figure 5 and presents comparatively the two
operating points reduced on the transmission output shaft and
the afferent mechanical powers. It shows that the output power
in Case a is higher by ~1% than that in Case b, due to the
generator benefits of a higher torque and a higher angular speed,
implicitly.

From the results systematized in Table 2, it appears that the
efficiency of the system with a counter-rotating generator is higher
than that of the system with a conventional generator; this aspect
is due to the branched transmission of the mechanical power at the
output of the speed increaser, in which case the power transmitted
to the stator of the electric generator is without friction losses
(Figure 3). In the case of the system with a conventional generator,
the entire mechanical power is transmitted through the speed
increaser only to the rotor of the electric generator, and implicitly, the
frictional losses are higher. Therefore, considering a theoretical case
of 1 kW cumulative input power generated by the two wind rotors,
the 1-DOF transmission with two inputs and two outputs delivers
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FIGURE 6
Operating points in Scenario A reduced on the generator shafts with
the specification of the afferent mechanical power.

TABLE 3 Values of the parameters related to the steady-state operating
point for Scenario (B).

Parameter Casea ( ) Case b ( )
gy [s71 15.45 17.14
Tgy [KNm] 110.15 99.19
Py [kW] 1,702.24 1,700.12
gy [s71 ~3.09 —3.43
Ty, [KNm] -190.51 -188.32
Py, [kW] 588.83 645.53
e we [s71] ~154.54 ~154.25
T T [KNm] 10.80 10.77
P P (kW] ~1,668.97 ~1,661.01
n, (%] 0.728 0.708
k, 1.729 1.898
i, = WG/ Wry -10 -9

Agy = apy = 6.5 KNms; by, = —bg, = 210.6 kNm;

ag=0.11kNms; b = 6.2 kNm.
ip; = 10, iy, = 1.2, ny; = 0.857, and 1, = 0.9025.

to the generator a power of 795 W, while the system with two inputs
and one output delivers a power of 783 W for the same static ratio
k,=0.7.

Due to the higher efficiency in Case a compared to Case b, an
output power P, > P, is obtained despite the lower powers of the
rotors R1 and R2, where both rotors operate at lower speeds and
higher torques. This phenomenon can be an advantage, especially
at lower wind speeds.

7.2 Comparative analysis in Scenario B

The values obtained in this scenario are given in Table 3, by
considering identical wind rotors in both cases. Similar to Scenario
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TABLE 4 Values of the parameters related to the steady-state operating
point for Scenario (C).

Parameter Casea ( Case b ( )
gy [s71] 18.42 20.02
Ty, [KNm] 90.87 80.45
Ppy [kW] 1,673.81 1,610.98
Wgy [s71] ~18.42 -20.02
Ty, [KNm] -90.87 -80.45
Ppo [kW] 1,673.81 1,610.98
s wg [s71] ~184.20 ~180.18
T Tg [KNm] 14.06 13.62
P, P [kW] -2,590.33 ~2,454.19
n, [%] 0.773 0.761
k, 1 1
iy = Wgo(c)/ Wy -10 -9

agy = dgy = 6.5 KNms; by, = —bg, = 210.6 kNm;

ag =0.11 kNms; b = —6.2 kNm.
ig; = 10, i, = 2,1y, = 0.857, and n, = 0.9025.

MR1 5 WH

1)
TI’\(’I 'Tl-(ll) T,(,’)

FIGURE 7
Block diagram of the planetary speed increaser from Figure 3 in the
functional case of Tgp#0, Tgs =0, and Tx, = 0.

A, the counter-rotating generator system (Case a) achieves a slightly
higher power output (by ~0.5%) than Case b, as the mechanical
power is flowing at a higher efficiency (0.728 vs. 0.708) due to the
branched transmission of the output power. Implicitly, the counter-
rotating generator operates at higher torque and rotational speed
than the conventional generator.

In Case a, the rotor R2 extracts a lower power from wind
and the rotor R1 extracts a higher power than Case b. The ratio
k,>1 in both cases (i.e., 1.729 vs. 1.898), that is, the rotor R2
operates at a higher torque and lower rotational speed than the
rotor R1.
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Block diagram of the planetary speed increaser from Figure 3 in the
functional case of T =0, T5s# 0, and T, = 0.
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FIGURE 9

Block diagram of the planetary speed increaser from Figure 3, for
which the independent torque T, is considered to be non-zero, i.e.,
Tor=0,Tgs=0,and Ty, #0.

7.3 Comparative analysis in Scenario C

In order to meet the premise of k, = 1 in both cases, the value
of kinematic ratio iy, is determined by imposing wp,/wp, = -1 in
Eq. 1d:

. Wpo
i =1-—2=2.

Wpry

(20)

Table 4 shows the values of the operating points in Case a
and Case b for Scenario C. By imposing the two rotors which
rotate in opposite directions with the same speed, an increase in
the power supply brought by the rotor R2 and a better efficiency
are obtained compared with Scenario B. The kinematic and static
relative behavior of the two cases is similar to the previous
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TABLE 5 Expressions of the torques and speeds for the speed increaser with two inputs and two outputs (Case a, Figure 3).

_ D )] ()]
=T +7°+7,

T 0 0 KTy (1= dgong) K, Ty (1= dgn))
o Ty, (1-imné.)[i;’a(l-ieznﬁz)] 0 0 Ty (1-"01'13.)[’_;‘-“1%:(l—ioznifz)]
Ty Ty %W Ty % K, Ty (1= dgong) Tr

Wg Wpy

T, 0 ‘ 0 —k,Tpy ‘ —k,Tpy

[ gy (1=1ipy)

Wy gy (1= igp)

Ty 0 0 K Tyigang) Ky Tpyigong,

Ten ~Tra[1 =k (1= igon}5)] 0 0 ~Tra[1= k(1= igony)]
Ts ~Tra[1 =k (1= igoni5)] 0 k Tryigang, ~T(1-k)

Wg 0

where j = H,H1,H2,H3,1,4,6',611,6, x=—1,and w = +1.

scenarios, with the efficiency of the speed increaser with two
outputs bringing an improvement of ~1.5%. In this scenario, both
rotors R1 and R2 registered in Case a have higher power and
torque, accompanied by smaller rotational speed, than those in
Case b.

74 Power flow

Analytically, the static transmission functions can be
determined either by solving the system of equations formed by
the static relationships from Eq. 4 or using the “effects overlapping”
method; according to this method, initially abstracting from the
wind rotors and the electric generator, the static analysis of the
considered 1-DOF mechanism with L = 4 can be reduced (due to
its linear-type functions) to the analysis of L = 3 simpler 1-DOF
mechanisms (L = 2); they are obtained from the initially considered
mechanism (Figures 2A, 3), leaving non-null in turn for each of
the three independent torques: Ty, Ty and Thy,. It is obtained as
follows: the mechanism with the block diagram from Figure 7 (with
Ter #0, Tgg =0, and Ty, = 0), the mechanism from Figure 8 (with
Ter=0, Tgg# 0, and Ty, =0), and the mechanism from Figure 9,
respectively (with Tgg =0, T =0, and Ty, # 0).

By “overlapping the static effects” of the mechanisms from
Figures 7-9, the expressions of the static transmission functions
of the initial mechanism (Figure 3) and the torque of the electric
generator are obtained. Similarly, the other torques are determined
(see Table 5) while being required in the organologic calculations.

As explained in the problem formulation, the 1-DOF speed
increaser with two inputs and one output (Figure 2B) was obtained
from the speed increaser with two inputs and two outputs
(Figure 3) by breaking the stator connection and by fixing it (i.e.,
wgg = 0). This speed increaser with one output is a particular
case of the one from Figure 3. Its internal torques and speeds
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TABLE 6 Expressions of the torques and speeds for the speed increaser with
two inputs and one output (Case b).

Tia KTy (1= igang)
Tie T [1-k(1= ian’3))
T 0
Ty Ty
OH Wpy
T; _krTm
4 gy (1=1py)
T; ~Tqy [1”‘{2‘;’;)%:152)]
1 wpy (1)
Ty k Tryigang,

1=k, (1=igon’,)ioi 5,
T Ta %&:‘)]W
T TRl{ktiﬂan/Z + [lik‘(l:?:;nwg‘)]imqg‘ }
wg 0
where x=—-1and w=+1.

are presented in Table 6
and (5).
A modeling of the power flow from inputs to outputs

by processing the relationships (3)

in both cases is further developed by considering the input
power of the primary rotor (Py;) as an independent variable
and known values for the input parameters k,=0.7, i = 10,
iy = 1.2, and 1, = 0.95, as used in Scenario A. The correlations
corresponding to the speeds and torques for highlighting the
power flow in Case a (Figure 10) and Case b (Figure 11) are
obtained by processing Eqs 2, 4, according to Figures 3, 7-9 (see
Table 5).
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FIGURE 10

Power flow for the 1-DOF speed increaser with two inputs and two
outputs (Case a).
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FIGURE 11
Power flow for the 1-DOF speed increaser with two inputs and one
output (Case b).

In both cases, the rotor R2 generates lower mechanical power
than the primary rotor (0.14 Pyg;), which is then directed through
the planetary gear set PG II and subsequently connected with power
Pp,. This cumulative power flows on two branches in Case a toward
the generator rotor and stator (Figure 10) and is completely directed
to the generator rotor in Case b, crossing the PG 1. Due to the
direct transmission of a significant power share to the GS (0.091 Py,
Figure 10), the output power in Case a is higher than in Case b (0.907
Ppy vs. 0.893 Py,).

8 Conclusion

The generalized algorithm presented in the paper refers to a
1-DOF planetary transmission with two inputs and two outputs
(L = 4), used as a torque-adding speed increaser in WECS
with two counter-rotating rotors and generator with a mobile
stator.

The conclusions drawn from the comparative analysis of the
obtained results under the considered premises show the following:
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o A WECS with a 1-DOF speed increaser with two counter-
rotating outputs achieves a higher efficiency than the WECS
with a single output; considering the initial characteristics and
a cumulative power of 1 kW at the input, the speed increaser
with two counter-rotating outputs brings power gain of 1.2%
compared to the case with one output.

» The mechanical characteristics can significantly influence the
functionality of a system; for example, the WECS with the
set of coefficients defined in Table 2 (Scenario A) achieves a
higher efficiency than the homologous WECS with the set of
coeflicients from Table 3 (Scenario B): by 6.7% more in Case a
and by 7.7% more in Case b.

o The correlation between the speeds of the wind rotors
influences decisively their behavior, including static ratio k,; the
increase in the ratio of the wind rotor speeds is accompanied
by the increase in the static ratio k,, as well as input power and
output power delivered to the generator, whilst the mechanical
efficiency decreases (Table 3 vs. Table 4).

The considered planetary transmission reverses the direction
of rotation with respect to the wind rotor R1, sums up the input
torques, and increases the input speed i, = —i,, times (compared to
the motion of the wind rotor R1) while reducing the torque T sz /Tg,
times.

The efficiency of the 1-DOF transmission with two counter-
rotating inputs and two counter-rotating outputs does not depend
on the internal kinematic ratio iy, (Table 1) and thus on the
amplification ratio.

Depending on the power required by the generator and
the torque ratio, the proposed algorithm allows determining the
mechanical power parameters on each branch, corresponding to the
transmission outputs (rotor and stator of the electric generator).

The results of this work are limited to the steady-state behavior
of WECS, where constant wind speed is considered and the inertial
effects are null, implicitly. The authors intend in the future to address
the problem of dynamic modeling and simulation of these WECS
types by considering their body moments of inertia and their impact
under transitory conditions at variable wind speeds and starting or
stopping regimes. It is also intended to experimentally validate the
numerical results by developing a specific stand for WECS small-
scale prototypes.
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Abstract: Increasing the efficiency of wind power conversion into electricity poses major challenges to
researchers and developers of wind turbines, who are striving for new solutions that can ensure better
use of local wind potential in terms of both feasibility and affordability. The paper proposes a novel
concept of wind systems with counter-rotating wind rotors that can integrate either conventional
or counter-rotating electric generators, by means of the same differential planetary speed increaser,
aiming at providing a comparative analysis of the energy performance of counter-rotating wind
turbines with counter-rotating vs. conventional electric generators. To this end, a generalized
analytical model for angular speeds and torques has been developed, which can be customized
for both system configurations. Three numerical simulation scenarios have been contrasted: (a) a
scenario with identical wind rotors in both systems, (b) a scenario with the secondary wind rotors
being identical in the two applications, but different from the primary rotors, and (c) a scenario with
different secondary rotors in the two wind turbines. The results have shown that the wind systems
with counter-rotating generator are more efficient and have a higher amplification ratio, compared to
systems with conventional generators. In addition, the analyzed wind system with a counter-rotating
generator displays better energy performance with low values for output power and ratio of input
speeds, whereas the wind turbine with a conventional generator proves to be more efficient in the
high-value range of the above-mentioned parameters.

Keywords: wind turbine; counter-rotating wind rotors; counter-rotating electric generator; planetary
speed increaser; speed-adding increaser; modeling; operational point

1. Introduction

Wind energy has become increasingly popular among renewable energy sources
worldwide, representing a valuable alternative to fossil fuels and other polluting sources
of energy production. Most of the wind turbines that are currently in operation both
onshore and offshore have a conventional structure, consisting of a single wind rotor, a
speed increaser and a conventional generator. However, as the use of wind energy is
gathering pace, there is a constant need for either improving the existing wind turbines or
developing innovative higher performance models. Thus, a better use of wind potential
and a more efficient energy conversion, leading to a boost in electricity production, are
major milestones that researchers, designers and developers in the field are constantly
striving to reach.

In recent years, several innovative wind turbine solutions have been developed with
improvements regarding the wind rotor, the speed increaser or the electric generator. For
instance, a number of studies have been conducted on various issues, such as:

e the development of innovative concepts of wind turbines (with horizontal axis and
counter-rotating rotors [1-4], or with multiple and smaller rotors in a spatial arrange-
ment [5]). An example of comprehensive, but not exhaustive overview of research
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achievements in counter-rotating wind turbine systems development, characterization
and use can be found in [4];

e the influence of rotor pitch on the output power of a conventional wind turbine [6]
and of a counter-rotating wind turbine [7];

o the effect of the number of blades of counter-rotating wind turbines on the system
performance [8];

e the performance of new types of counter-rotating wind turbine with vertical axis [9,10], etc.

Several studies have offered a contrastive approach to single-rotor vs. counter-rotating
wind turbines, proving that the latter can increase the power conversion efficiency by 40%
as against the former [7,11]. When using the two types of rotor in wind farms, Vasel-Be-
Hagh et al. concluded that the use of a counter-rotating configuration leads to 22.6% more
power than in the case of single-rotor wind turbines [11].

Wind turbines usually include a speed increaser, whose function is to transmit me-
chanical energy, as well as to boost the lower speed of wind rotors so that the electric
generator’s speed requirement be met. Research on speed increasers has covered various
topics, such as: the fixed-axis gearbox type [12-14], planetary transmissions [5,15-19] or
variable transmissions [20-22], analyzed as part of single-rotor wind turbines or counter-
rotating systems, by e.g., the structure of an improved wind turbine gearbox is presented
for meeting the operation of the optimized wind turbine power-wind speed curve [22].

The planetary speed increaser type is mainly used in high-power conventional wind
systems and in counter-rotating turbines, due to their advantages: high amplification ratios,
reduced radial sizes and better efficiency [1,3,16,17,23-32]. With dual-rotor systems, the speed
increaser, operating as a 2-DOF transmission, sums up the rotors’ input speeds [26,30], while
operating as a 1-DOF planetary transmission, it sums up the rotors’ input torques [31-33].
Qiu et al. proposed in [23] a synthesis of planetary speed increasers mainly for high-power
wind turbines, considering both 1-DOF and 2-DOF types.

A dynamic response of a wind turbine gearbox under different excitation conditions is
reported in [34] by Zhao and Ji, while Dong et al. used a similar approach and investigated
the dynamics of a planetary transmission for wind turbines that influences the conversion
efficiency and proves that the use of a planetary gear train is the best option for wind
turbines [35]. Vazquez-Hernandez C. et al. analyzed in [36] different gearbox arrangements
for onshore wind turbines, as well as the factors that affect their design, proving that the
current trend in the market is to use planetary transmissions rather than gearless wind
turbines. Farahani et al. [37] evaluated and compared the transient performance of the
single-rotor and the counter-rotating wind turbines, concluding that performance would
be enhanced by using the second type.

Recently, new developments in electric generators for wind turbines have been pre-
sented in the specialist literature, many of which are in the prototype phase. For example,
an axial-flux generator with a counter-rotating field and armature for counter-rotating
wind turbines is proposed and analyzed by Kutt et al. in [38], but the solution has proven
to have low efficiency; a permanent magnet synchronous generator with mobile armatures
(both stator and rotor) is put forth in various studies [32,39-42], the innovative design being
proposed for low-power applications. Still, research in this area has shown that the use of
counter-rotating (with mobile stator)—instead of conventional (with fixed stator)—electric
generators can provide additional energy gain.

Combining the previous concepts, Pacholczyk et al. [43] proposed a small counter-
rotating wind turbine consisting of two counter-rotating rotors, a 1-DOF planetary gearbox
and a counter-rotating generator. The authors investigated its performance and operational
point as functions of axial distance and tip speed ratio of each rotor. Another study on the
comparative behavior of a single-rotor wind turbine with 1-DOF planetary speed increaser
and counter-rotating vs. conventional electric generator was reported by Saulescu et al.
in [44]. The operating point was derived by reducing the mechanical characteristic of the
wind rotor at the shaft of the electric generator rotor. Numerical simulations highlighted
higher efficiency for systems with parallel flow of mechanical power. However, in both
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studies, authors presented a particular configuration of wind turbine—the model not being
generalized. Other approaches can be find in [45] and [46], where Fan et al. and Hong and
Fan, respectively, utilise the empirical mode decomposition method and the particle swarm
optimization algorithm, who have been successfully hybridized with the support vector
regression to produce satisfactory forecasting performance. A review of the performance
and reliability of wind turbines is done by Pfaffel et al. in [47].

The foregoing brief survey of specialist literature reveals that a relatively small number
of studies have contrasted only particular configurations of counter-rotating wind turbines.
However, they do not report generalized analytical models that can be customized to
different operational cases of wind turbines. This paper aims to bridge the gap and proposes
a novel concept of a counter-rotating wind system that can integrate one of the two types
of electric generator and uses the same 2-DOF planetary speed increaser. The goal is to
compare the energy performance of counter-rotating wind turbines with a counter-rotating
vs. conventional electric generator. To this end, a generalized analytical model for angular
speeds and torques is developed, which can be customized for both system configurations
and which allows to obtain the operational point of the two types of wind turbine. Three
numerical simulation scenarios will be considered: (a) a scenario with identical wind
rotors in both systems, (b) a scenario with the secondary wind rotors being identical in the
two applications, but different from the primary rotors, and (c) a scenario with different
secondary rotors in the two wind turbines—where the mechanical characteristics are
obtained from the condition of achieving the same ratio between the input angular speeds
of both wind systems. Thus, the influence of mechanical characteristics on the behavior
of the considered wind systems can be identified. The results of this comparative study
will confirm the acknowledged conclusion that the counter-rotating type is more efficient,
and they will also allow to define the extent to which performance of wind systems with a
counter-rotating generator exceeds that of conventional generator applications.

Subsequent to these introductory, general considerations, the paper has the following
structure: Section 2, in which two configurations are proposed of counter-rotating wind
turbines consisting of two counter-rotating rotors, a speed increaser that can function as a 2
in-1 out or 2 in-2 out transmission, and either a conventional or counter-rotating electric
generator; Section 3, in which a generalized analytical model is presented for angular
speeds, torques, efficiency and operational point with both configurations; Section 4, in
which numerical simulations and analyses are performed for the three scenarios; and
Section 5, which provides final conclusions.

The main contributions of this paper to the scientific endeavor in the field are: a novel
concept of a counter-rotating wind system using the same differential planetary speed increaser
and either counter-rotating or conventional electric generator; a generalized close-form model
of 2-DOF wind systems which can be used, by customization, for performance investigation
of both types of wind turbine (with a counter rotating vs. conventional electric generator);
three numerical simulation scenarios performed and analyzed comparatively, aiming to identify
performance of each type of wind turbine in relation to relevant input parameters.

2. Problem Formulation

The in-parallel transmission of mechanical power from inputs to outputs can be
achieved by power split at input, output or both, which ensures a higher efficiency com-
pared to transmissions obtained by serial connection of the same component mecha-
nisms [48]. A new approach to the development of modern wind turbines is the use of two
counter-rotating coaxial rotors and the integration of a counter-rotating electric generator,
which requires a mechanical transmission with power split at both input and output.

In order to identify the energy gain brought by a counter-rotating electric generator as
against a conventional, fixed-stator generator, the paper presents a comparative study of
two wind turbines having the same components (wind rotors, speed increaser and electric
generator), so that the reference wind system (with a conventional generator) is derived
from the wind system with two inputs and two outputs as a particular case, by releasing
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the stator of the electric generator and fixing it to the frame. Thus, the general case is
considered of a wind turbine with two counter-rotating rotors R1 and R2, a 2-DOF speed
increaser (SI), and an electric generator consisting of either a mobile rotor GR and a mobile
stator GS (in the case of a counter-rotating generator, the 2 in-2 out wind system type
shown in Figure 1a) or a fixed stator (conventional generator GS = 0, the 2 in-1 out wind
system type shown in Figure 1b). In order to ensure equivalence of the two wind systems
under comparative analysis, the following hypotheses are considered:

e  The same set of rotors R1 and R2 is used in both wind systems and the same set
of mechanical characteristics is considered in modeling these systems, implicitly.
Conventionally, R1 is the primary wind rotor and R2—the secondary rotor. The
mechanical characteristics of wind turbines can be considered as linear functions with
constant coefficients in operation at a constant wind speed. However, the values of
these coefficients depend on both the value of wind speed and the characteristics of
wind rotor, e.g., the pitch angle of blades.

e Inboth cases, the speed increaser SI has the same structure and the same values for
internal kinematic ratio iy and internal efficiency ng [49]. The mechanical transmission
is a differential mechanism (2-DOF) with two inputs that are connected to wind
rotors R1 and R2, and one or two outputs, through which the mechanical power is
transmitted either to rotor GR of the conventional generator or to rotor GR and stator
GS of the counter-rotating generator.

e The counter-rotating electric generator is obtained from the conventional one, by
setting the stator GS to rotate in opposite direction to the rotor GR; the two generators
have the same mechanical characteristics with respect to the relative speed of rotor
GR and stator GS, i.e., wg = wgr — wgs. For the sake of simplicity, the case of
direct current (DC) generators is further considered, which are characterized by linear
mechanical characteristics with constant coefficients, is further considered.

e  The ratio of angular speeds of wind rotors is denoted by ko, = —wgrp/wgr1 > 0. The
ratio k, can be adjusted during wind turbine operation by changing the pitch angle
of the two rotors R1 and R2, which also changes their mechanical characteristics.

Riﬂ/

R1 7

T
ti

(a) (b)

Figure 1. Block diagrams of the differential counter-rotating wind systems that are considered in the
comparative analysis: (a) with counter-rotating generator; (b) with conventional generator.

The proposed mathematical model of a wind system with a counter-rotating generator,
under the above-mentioned hypotheses, also allows for the description of the system with
a conventional electric generator by customizing the state of stator GS: the stator is fixed to
the frame after disconnecting it from the speed increaser (see Figure 1).

The case of a planetary speed increaser with cylindrical gears and single serial satellite
gears—illustrated in Figure 2 below only through its upper half—is further used to exemplify
the mathematical modeling and to identify the relevant properties by numerical simulation
of the two wind systems. This transmission consists of two sun gears 1 and 4, meshing
with two or more sets of serial satellites 2-3 that are articulated through revolute joints to
a satellite carrier H. The speed increaser has two inputs, carrier H and gear 4, which are
connected to primary wind rotor R1 and secondary wind rotor R2, respectively, and which
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can operate with either two outputs (1 and H, Figure 2a) or a single output (1, Figure 2b).
The main output is through gear 1, which is connected to rotor GR, while, in the case of the
counter-rotating generator, the secondary output H is held fixed to stator GS. As a result, the
analyzed planetary transmission has either L = 4 (Figure 2a) or L = 3 (Figure 2b) external
connections, two degrees of freedom (M = 2) and, therefore, two independent external speeds
(wy and wy), as sun gear 1, ring gear 4 and carrier H are mobile bodies.

GR

(WR2 (WCR

4
EgNRENY GS
R2 ”/,/
==y _~F
=
R1 2
- L~ R2 GR
Bt | G|
Vient )
& Gs
4 W
J_ —]—| | - | m_ 1 _
GR
wr1 (WR2 (WGR cs
(a)
R2 3 R1
~H GR
R1 : ’
j R2
o
_/ GS=0
27 uj_m

WK1

(b)

Figure 2. Structural and block diagrams for wind systems with two counter-rotating inputs, a
differential planetary speed increaser and: (a) counter-rotating generator; (b) conventional generator.

Wind rotors R1 and R2 have angular speeds wgr; and wg in opposite directions—a
property ensured by setting opposite inclinations of the two rotors’ blades. The two outputs
of the speed increaser, by 1 and H, are also counter-rotating due to the kinematic property
given by the planetary transmission structure, as highlighted in the next section. Being a
differential mechanism, the speed increaser sums up the two input angular speeds wg; and
WR2 in an output angular speed wgr. Angular speed wgg of stator GS is identical to the
input speed of primary rotor R1 (Figure 2a), as a result of the direct connections GS-H-R1.

The analytic modeling of angular speed, torque, power and efficiency of the two wind
systems starts from the general case of a wind turbine with a counter-rotating generator
and then customized for the particular case of a system with a conventional generator.
To this purpose, the kinematic and static correlations of the planetary speed increaser
are established on the basis of the block diagrams shown in Figure 3 below and detailed
in [33], as well as on the mechanical characteristics of the wind rotors and electric generator,
considering the influence of the ratio of input speeds k,, = —wRg2/wg1 on the behavior
and performance of the two wind systems. Notations in Figure 3 are: Ty and wy for torque
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and angular speed of kinematic body x; iy and ng for internal kinematic ratio and internal
efficiency of the speed increaser—all of which representing the intrinsic parameters of the
planetary transmission [33]. In particular, carrier H is connected to primary rotor R1 by HR
shaft and to the generator stator GS by HS shaft (see Figure 3a).

(VR2 wis 4 SJ 1 i (WUGR

R2 u > U GR
%(2 ~Ts “ Ts Qnuj Th H =T Tor ’

AH

wH | Thr

~Thx  WH Wes > Gs
Tus Tes=-Tar

whH| Tu =Ths
T+

wr1 ATxr
R1

(a)

Wk2 Wi 4m1 w1 (WGR
R2 P~ TR U P GR
Tr2 =T H Ta Qy T “ -T Ter

AH

wHR | Thr

wr | Tu Ths = 0” Tes =-Tar

WK1 A’]‘I\‘l
R1

(b)

Figure 3. Block diagram of the differential wind system with two inputs and: (a) two outputs; (b)
one output.

The system with conventional generator, Figure 3b, can be illustrated and analyzed as
a particular case of the system with counter-rotating generator, Figure 3a, by disconnecting
the shaft HS from the carrier H (i.e., Tys = 0) and by fixing the stator GS to the frame (i.e.,
wgs = 0)

3. Analytic Modeling of Wind Systems

The mathematical modeling of the generalized counter-rotating wind turbine system
(with a counter-rotating generator) is performed by applying the method of isolating
the components, which involves breaking their connections and replacing them with the
appropriate parameters of mechanical power transmitted through these connections. The
steps of the applied algorithm for the analytical modeling of the considered wind systems
(Figure 2), according to the block diagram and notations in Figure 3, are presented in the
flowchart depicted in Figure 4.
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Decomposition of the wind system into components, Figure 3

C1: 2-DOF planetary speed increaser SI (ig, 1);

C2: primarywindrotorR1;  C3: secondary wind rotor R2;
C4: electric generatorrotor GR; C5: electric generator stator GS;
Cé6: intermediate shaft between R1, GS and carrier H.

P

/ Kinematicmodeling, Equation (1)

K1: angular speed transmitting function of the planetary speed increaser;
K2: kinematicequations of the connections between components;

K3: kinematicratio of the inputangular speeds, k,,, Equation (3);

Input parameters: wgy and k.

Output parameters: wg;, Wep Wes W Wy, Wy WG=WgR - Wes-

Remark: in the particular case of the 2in-lout system, wgs=0.

I

/ Staticmodeling, Equations (7)

A

S1: torque transmitting functions of the planetary speed increaser;

S2: static equilibrium equations of the components C2...C6;

S3: static equilibrium equationof the electricgenerator, Tz + Tgs = 0;

Input parameters: Tgy and (i, 1p).

Output parameters: Tpo, Tep, Tes To, Tey T Tus Ty, T

\Remark: in theparticular case of the 2in-Iout system, Tys=0instead of Tys + Tgs=0.

:

Powermodeling, Table 1

Input parameters: Ppy = Tgywpy, K, and (i, 1p).
Output parameters: Ppy, Pg, Pgs, Pg, Py Prp, Pys. Py, Py

Efficiency modeling, Equations (10) and (11)

Input parameters: Kk, and (ig, 1p).
Output parameter: ).

I

/ Steady-state operational point modeling, Equations (14) and (15)

/2 D I\ g K

M1: mechanical characteristic of the primary wind rotor R1, Equation (12);
M2: mechanical characteristic of the secondary wind rotor R2, Equation (12);
M3: mechanical characteristic of the electric generator G, Equation(13);
Inputs: Kinematic and static transmitting functions of the mechanism, Equations (1) and (7), and
the mechanical caracteristics M1...M3.
Ouitput parameters: operational point at the generator level (wg, Tr);
kinematic ratio k,, Equations(18)and (21).

N A

Figure 4. Algorithm for analytical modeling of the generalized 2-DOF dual-rotor counter-rotating wind systems.
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3.1. Kinematic Modeling

This modeling aims at establishing the relationships between the dependent angular
speeds and the two independent external angular speeds of the speed increaser (wy and
wy). For this purpose, the speed increaser is characterized by a function of transmitting
angular speeds, while each connection (represented by a double line in Figure 3) between
the components of the wind system is described through a distinct kinematic equation.
Thus, the following system of equations can be written [33]:

w1 = wi (1 —1ip) + waip;
WR1 = WH; WR2 = Wy; 1)
WGR = W1, WGs = WH.

where the internal kinematic ratio iy can be calculated from the particular case when H is
assumed to be fix, given by relation (2):

- _H
ip =11y = win/wapg = 21/ 271, 2)

where il —angular speed transmission ratio from gear 1 to gear 4 when carrier H is
considered fixed (or reference body), wy,—angular speed of body x relative to body v,
zi—the number of teeth of gear j; iy is defined as the kinematic ratio of the fixed axes
mechanism that is associated to the planetary gear train, being obtained by reversing the
motion relative to the carrier H [49].

Based on the relation between the input angular speeds, as defined by ratio k,:

wry = —kwwr1, 3)

the relative angular speed between rotor GR and stator GS of the electric generator, wg,
can be obtained:
wG = wer — wgs = —wriiog(1 + k). 4)

The system of Equation (1) is equally valid for the wind turbine with one output
(Figure 2b), except that the last equation has to be replaced by Equation (5):

weGs = 0 (5)

that characterizes the stator GS, which is fixed to the frame after disconnecting it from
wind rotor R1. Therefore, the relative angular speed of the electric generator becomes:

WG = WGR :le[l—io(l-‘t-kW)]. (6)

3.2. Torque Correlation and Efficiency Modeling

According to the diagram in Figure 3, the wind system with counter-rotating generator
is modeled by a set of 9 static equilibrium equations consisting of:

e two torque transmitting functions that are obtained from the static modeling of the dif-
ferential planetary speed increaser; the number of functions is equal to the mechanism
degree of freedom (M = 2). Additionally, the condition of static equilibrium of the
planetary transmission can be added as dependent equation for verification purposes;

e  astatic equilibrium equation for each of the other five components of the wind system,
which are obtained after breaking the connections;

e the static equilibrium equation of the electric generator, described from the condition
that the torque values at rotor GR and stator GS are equal and in opposite direction.
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As a result, the set of equations for the differential wind system in Figure 2a—with
two counter-rotating inputs and two counter-rotating outputs—can be written as follows:

Tyr = —T1(1 —ing'); Ta = —Thing ; T1+ Ta+ Tur = 0;
TrRi =Ty =0; TRo =Ty =0; Tgr —T1 =0; Tgs+Thus =0; Ty — THr — Tus = 0;
Tc = Tgr = —Tas:;

()

where the internal efficiency of the planetary transmission is:
H H_H_H 3
Mo = N4 = N2 M23 N34 = Ngr (8)

where nfy is the efficiency of the fixed-axis gear mechanism consisting of gears x and y
(considering H = 0), while 1, is the efficiency of a component gear pair; in this case, the
three cylindrical fixed-axis gear pairs (1-2, 2-3, and 3-4) are considered to have identical
efficiency values.

With a differential wind system having two counter-rotating inputs and a conventional
generator, Figure 2b, the equation Tgs + Tys = 0 in system (7) has to be replaced by Tys
=0, as the connection of stator GS to wind rotor R1 is broken and then fixed to the frame
(wgs =0).

In the general case 2 in-2 out, the efficiency of speed increaser can be obtained starting

from its definition:
n = —WGR Ter + wasTes ©)

7
wr1Tr1 + wr2TR2

from which—after some algebraic processing of the systems of Equations (1) and (7)—
the efficiency for wind turbines with two counter-rotating rotors and counter-rotating
generator can be expressed by:

n = "o, (10)

as well as for wind turbines with conventional generator:

1—ip(1+ke)

Oﬂo—io(l‘kkw). -

n=n

3.3. Steady-State Operational Point

The operational point of a motor-mechanism-effector type machine is the set of values
of the external parameters (kinematic and static) of the mechanism at which the machine
operates in steady-state mode. The operational point is obtained by solving the system
of equations consisting of the kinematic and static transmitting functions of the speed
increaser, Equations (1) and (7), and:

e the mechanical characteristics of the two wind rotors R1 and R2, described as linear
functions with constant coefficients under stationary conditions (constant wind speed,
same values of pitch angles):

{ Tr1 = —ariwgr1 + bri; (12)
Tr2 = —aRawgr2 + bro;

e the mechanical characteristic of DC generator, represented by a linear function with
constant coefficients, describing generator’s torque T in relation to angular speed
wg. By convention, the torque of the generator is T = Tgg:

— TG = agWwg — bG- (13)

Usually, the values of the power parameters on a shaft are first obtained by reducing
the mechanical characteristics to that shaft and solving analytically or grapho-analytically
the point of intersection between the reduced mechanical characteristics.
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Further on, the operational point (F) at the level of the electric generator is analytically
determined, by considering the operating angular speed wr = wg and the torque Tr = Tg.
Thus, for the two analyzed wind systems, the following expressions of parameters wr, Tr
and power P are obtained:

e for the wind system with counter-rotating generator, Figure 2a:

b
© bg— RilonO
F = aR1mMQ ;
ac+%(1+kw) (14)
Tr = —agwr + bg; Pr = weTk.

e for the wind system with conventional generator, Figure 2b:

b
P
- _ AR1M0 4
76~ Tommo) 1o T+Ha ] (15)
Ty = —agwp +bg; Pp = wply.

3.4. Input Angular Speeds Ratio k,

Generally, the input speeds ratio k., depends on the mechanical characteristics of the
motor and effector sub-systems and on the intrinsic parameters of the speed increaser (i.e.,
ip and ng); in practical applications, ratio k¢, can be adjusted to a given value by modifying
appropriately at least one mechanical characteristic through different approaches, e.g., by
changing the pitch angle of the blades, or controlling the electric generator.

The analytical expressions of ratio k, for the two wind systems considered in this
comparative analysis can be obtained by processing Equations (1), (3), (4), (6), (7), (12) and
(13). Thus, in the case of a system with counter-rotating generator (Figure 2a), it can be
concluded from Equation (7) that:

Ti=TpP=-T432 = Ty=-Ta = Tro=—Try; 16
T4:—T1T%=>T1=TG:>TR2=—TG%. ( )

By replacing the mechanical characteristics of the wind rotors and electric generator
from Equations (12) and (13) in Equation (16), and corroborating with Equations (3) and
(4), we get:

—aRaWR2 + bro = ariwry — bri;-

—aRowry +bra = AGWeert — bg ks 17)
wpry = —kwwry;
wg = —wriio(1 +kw),

which allows one to obtain the expression of k,:

. -2 ;2
_ aribgio + aribrong + agbriiy + acbroiy

kw = . . T -
arobriNg + agbrii3 + agbroif — agabgio

(18)

Similarly, the following correlations can be written for the system with conventional
generator (Figure 2b):

No—1o No—10

{ . _THZ i = _T4TZ}T)0 = Ta=Tn 10,' = = TRlTlolgio’. (19)
T4 = _TITTOO = Tl = TG = TRZ = _TGTT%’
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and by combining them with Equations (3), (6), (7), (12) and (13), we get:

_ N o f0_.

AgoWR2 +bry = AR1 77 WR1 — bR
_ — o _p.to.

ApyWR2 + sz = agwg o bg no’ (20)
WR2 = —kwwr1;

wg = wr1[l —ig(1+kw)]-
The k, expression is the result of solving the system of Equation (20):

_aRleio + {1R1bR2no + aGsz(nO —1ip) — aGsziO(nO —1ip) — aGbR1i0(1 —1ip)

Agobc (Mo — o) + agybriMg + acbriig — agbg,iz(Mo —io)

(21)

The influence of ratio k., on the behavior of the two wind turbines is herein considered
by adjusting only the mechanical characteristic of the secondary wind rotor R2 and keeping
unchanged the mechanical characteristics of wind rotor R1 and the electric generator.
Under these assumptions, coefficients ag; and bry become variables which are dependent
on both ratio k, and the constant coefficients of the mechanical characteristic of primary
rotor R1.

Thus, the following equation is obtained for the wind system with counter-rotating
generator (Figure 2a), by considering the equality Try, = —Tr; from Equation (16):

— wgi(ary + aroke) + bri +bro =0, (22)

where wg is the independent parameter; this equality is mathematically satisfied only if
the following two conditions are met simultaneously:

ag1 + arokw = 0;
23
{le-i-sz:O, @3)
which leads to the solution:
agry = ary/kw;
24
{ bro = —bg1 . @4

Similarly, for the wind turbine system with conventional generator (Figure 2b), the
starting point is established from the equality deduced in Equation (19):

i
Tro = TrRi ——, (25)
MNo — 10
from which Equation (26) is obtained as function of wgy:

wri[ariio + ara (Mo — io)kew] — briio + bra(Mg — io) =0, (26)

as well as the expressions of coefficients ar, and br; are determined:
{ ag, = —agiio/[(No — io)kw]; @)

sz = bmlo/(ﬂo - 10) .

For comparison, the relations for the kinematic and static parameters of the two wind
systems are tabulated below (see Table 1); the relations are established as functions of the
parameters of primary wind rotor R1 in the analytical modeling presented above.
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Table 1. The analytical expressions of the kinematic and static parameters of the wind systems.

Wind System Wind System
Parameter Symbol 2in-2 out, 2in-1 out,
Figure 2a Figure 2b
Amplification kinematic ratio ig = a“;—; —ig(1 +kew) 1—ip(1+ke)
. 1—ig(1+k,)
Efficiency n Mo 0me—h(TTF)
Angular speed of the _ . .
generator WG = WGR — WGS wr1ip(1 + k) wr1[L —io(1+ ko)
Generator torque Tc = Tgr —Tr1 n(?_“ - —Tr1 n?_“ T
— io(1+kew 1—io(14ke
Generator power Pg =T wg TR1WR1MQ 107(107710) —Tr1wRr1Mo %
Angular speed of the . .
generator rotor “WGR wri[1 = io(1+ k)] wri[1 = io(1+ k)]
Generator rotor torque TGr Tri 72 Tri 72
Generator rotor power Pcr TriwWR1 W#{w TriwWR1 W#ékw“)]
Angular speed of the
generator stator wes “RI1 0
Generator stator torque Tcs ~Tr1 ?—0" —Tr1 ?—O‘]
Generator stator power Pgs —TR1WR1 ?—00 0
Angular speed of the carrier H wy WR1 WR1
H carrier torque Ty TRr1 Tr1
H carrier power Py Tr1wRr1 Tr1wRr1
Angular speed of the shaft HR WHR WR1 WR1
HR shaft torque THR Tr1 Iy ;0“0 Tr1
ip—m
HR shaft power Phr TR1WR1 > o 0 Tr1WR1
Angular speed of shaft HS wys WR1 0
HS shaft torque Ths Tr1 ?—;) Tr1 ?—00
HS shaft power Py TriwRr1 ?—0" 0
Angular speed of gear 4 Wy —kwwRr1 —kwwpry
Torque on gear 4 Ty —Tr1 —Tr1 n EJT]U
Power of gear 4 Py ko Triwre wr1TR17 ;(fi(io

The analytical relations for the wind system with conventional electric generator (2
in-1 out, last column of Table 1) were obtained by the appropriate customization of the
general model described for the case of the system with counter-rotating generator, i.e.,
breaking the connection between H and SG (i.e., Tys = 0) and fixing the stator SG to the
frame (i.e., wgg = 0). The analysis of the relations from Table 1 can highlight the following
properties of wind systems of 2 in-2 out type compared to 2 in-1 out type systems:

- achieve a kinematic amplification ratio, in absolute value, higher than 1 (as both the
ratios ip and k¢, have positive values);

- have a higher efficiency, which does not depend on the kinematic configuration of the
speed increaser and which is equal to the internal efficiency 1y;

- ensure the operation with higher angular speeds wg and powers Pg of the electric
generator, for the same power of the primary wind rotor Py = Tr1 wg1 ;

- the wind rotor R2 operates at lower torques and powers.
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4. Numerical Simulations and Discussions

The comparative analysis of the performance of the two wind systems presented
above, which integrate the same planetary speed increaser (i.e., the same values of the
intrinsic parameters ip and 1), is performed under equivalence conditions, by considering
the following three numerical simulation scenarios:

Scenario A: the two wind turbines use the same wind rotors R1 and R2, as well as
the same electric generator—used as a counter-rotating generator with the 2 in-2 out
wind system (Figure 2a) and as a conventional generator with the 2 in-1 out wind system
(Figure 2b). In this scenario, rotors R1 and R2 are identical and, therefore, have identical
mechanical characteristics with the same constant coefficients.

Scenario B: very similar to Scenario A, except that rotors R1 and R2 are different and, as
a result, they have mechanical characteristics with different constant coefficients.

Scenario C: derived from Scenario B, with the difference that secondary wind rotors R2
are adjusted differently in the two wind turbines (coefficients of mechanical characteristics
for rotors R2 are different), with a view to providing the same value of ratio k.

These scenarios aim at determining the operational points of the two wind tur-
bines, i.e., the values of angular speed and torque for the external connections of the
mechanism, which allow the calculation of the efficiency and output power. Therefore,
Equations (14) and (15) are used to obtain the operational point of the rotor GR shaft, which
allows the identification of the operational point of the primary wind rotor R1 and then all
the other parameters, based on the relations in Table 1.

The intrinsic parameters of the planetary speed increaser remain constant in all sce-
narios, the following values being considered in the simulations: ip = 10 andng = ny =

0.95° = 0.857.

4.1. Scenario A
In this scenario, the two wind turbines are characterized by the following features, see

Rel. (7):

- wind rotors R1 and R2 are identical, since they have the same mechanical charac-
teristics: TRl = —aR1WR1 + le = —18.763 WR1 — 204.81 and TRZ = —AR2WR?2 + sz =
—18.763 wgy +204.81;

- electric generators have the same mechanical characteristic —T¢ = —agwgr1 — bg =
- ;0.4(,UG — 35.

The results of the numerical simulations for the operational points of the two wind

turbines are tabulated below (see Table 2).

Table 2. The values of the parameters related to the steady-state operational point for Scenario A.

Parameter Wind System 2 in-2 out, Wind System 2 in-1 out,
Figure 2a Figure 2b
wrils™1] —5.470 —5.989
Tr1[kNm] —102.176 —92.438
Pri1[kW] 558.905 553.613
wrals™1] 5.470 5.527
Tro[KNm] 102.176 101.106
Pro[kW] 558.905 558.818
wgls™] 109.401 109.171
Tc[kNm] —8.760 —8.669
Pg[kW] —958.382 —946.366
n 0.8573 0.8507
ke 1.000 0.923
ip = wg/wr1 —20.000 —17.209

ARl =4aRrz = 18.763 [kNms],' le = sz =—204.81 [kNm], agc = 0.4 [kNms]; bG =35 [kNm], ig = 10; Mo = 0.857.
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From these numerical results, the following conclusions can be drawn: compared to
the 2 in-1 out wind system, the wind turbine with counter-rotating generator (2 in-2 out)
operates at a higher efficiency (85.73% vs. 85.07%), ensures a higher amplification ratio in
absolute value (20.00 vs. 17.21) and has a higher power by approx. 1.3% (958.38 vs. 946.37).
Both wind rotors have similar lower angular speeds and higher torques, which leads to
close input powers. As a result, when using identical wind rotors R1 and R2 in both systems
and constant intrinsic parameters of the speed increaser and the considered mechanical
characteristics, the wind turbine with a counter-rotating generator ensures slightly higher
performance than the wind turbine with a conventional generator. Although preferred
in terms of performance, the 2 in-2 out wind turbine can be surpassed by the 2 in-1 out
turbine due to an increased complexity of the counter-rotating electric generator—if an
economically-grounded multicriteria analysis might be performed.

4.2. Scenario B

The facts and figures in Scenario A change significantly by using secondary wind rotors
which are different from the primary ones. Therefore, the Scenario B aims at identifying the
operational point of the two wind turbines by considering, for both types of wind system:

- the same wind rotor R1, with the mechanical characteristic Tr; = —agiwgr1 + br1 =
—18.763 wgrq — 204.81

- the same wind rotor R2, with the mechanical characteristic Try = —agrWgro + bro =
—18.763 wgy + 204.81; established from the condition that the two wind turbines
generate equal power;

- the same electric generator, with the mechanical characteristic Tg = —agwgr1 — bg =
—04wg — 35.

Under these conditions, the two wind turbines are stabilized in steady-state at the
operational point values listed in Table 3 below.

Table 3. The values of the parameters related to the steady-state operational point for Scenario B.

Parameter Wind System 2 in-2 out, Wind System 2 in-1 out,
Figure 2a Figure 2b
wrils™] —4.754 —5.283
Tr1[KNm] —115.604 —105.693
Pri[kW] 549.622 558.332
wras™1] 6.474 6.474
Tro[kKNm] 115.604 115.604
Pro[kW] 748.372 748.372
wels™ 112.279 112.279
Tc[kNm] —9.912 —9.912
Pg[kW] —~1112.868 —~1112.868
n 0.8574 0.8516
keo 1.362 1.225
ip = wg/wWR1 ~23.616 —21.255

ar1 = 18.763 [kNms]; ]; br1 —204.81 [kNm]; agy = 13.780 [kKNms]; bro = 204.81 [kNm]; ag = 0.4 [kKNms]; bg = 35
[kNm]; iy = 10; g = 0.857.

Under the condition of equal output power, used for driving the electric generator, it
is found that wind rotor R2 extracts the same power from the wind in both systems, while
primary wind rotor R1 operates at higher parameters with 2 in-1 out wind turbine. Instead,
the wind system with a counter-rotating generator has slightly better efficiency (85.74% vs.
85.16%), which provides the energy compensation required to obtain a power output equal
to that of the system with a conventional generator. Choosing the secondary wind rotor (by
setting the coefficient agy) is a challenging task for designers, which can lead to changing
the option for one or the other type of wind turbine. Parameters marked by asterisk (*) in
the following diagrams, Figure 5, refer to the wind turbine with a conventional generator.
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Figure 5. Variation with respect to ag; coefficient of: (a) output power, (b) efficiency and (c) ratio k.,

in both wind systems.

According to Figure 5a, the wind turbine with a conventional generator ensures an
output power (PG* curve) higher than that of the 2 in-2 out turbine, for values of coefficient
agp < 13.78, and generates power values significantly close to those of the turbine with a
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counter-rotating generator (PG curve), for values of coefficient ag, > 13.78. The efficiency
of the conventional turbine decreases with the increase of values for ar, (see Figure 5b).
In all instances, the wind turbine with a counter-rotating generator is stabilized at higher
values of ratio k,, i.e., a greater difference between input speeds, but with less significant
differences for ag, > 13.78 (see Figure 5c¢).

Thus, it should be emphasized that the performance of the two wind systems is
significantly influenced by the external mechanical characteristics, modified in this study
by changing the coefficient values agj = ags.

4.3. Scenario C

The Scenario C is an extension of the Scenario B, by ensuring the additional condition
of obtaining the same ratio k, for both wind turbines. Under the conditions of maintaining
the same primary wind rotor R1 and the same electric generator as in Scenarios A and B,
this goal can only be achieved if the secondary wind rotors R2 are different, i.e., agry # a*g2
and bry # b*ry. As a case study, the target value of ratio k¢, = 2.5 is further considered and,
therefore, the coefficients of the mechanical characteristics of rotors R2 can be calculated,
by means of Equations (24) and (27). The values of the steady-state operational points for
the two wind turbines are displayed in Table 4 below. As in Scenario B, the parameters
marked by * refer to the wind system with a conventional generator.

Table 4. The values of the parameters related to the steady-state operational point for Scenario C.

Parameter Wind System 2 in-2 out, Wind System 2 in-1 out,
Figure 2a Figure 2b
wrils™ —3.367 —3.529
Tr1[kNm] —141.630 —138.592
Prq[kW] 476.908 489.117
wrols™ 1 8.418 8.823
Tro[KNm] 141.630 151.589
Pro[kW] 1192.301 1337.455
wels™] 117.857 119.992
To[kNm] —12.143 —12.997
PolkW] —1431.138 —1559.516
n 0.8574 0.8538
in = wg/wg1 —35.000 —34.000

ar1 = 18.763 [kNms]; |; br1 —204.81 [kKNm]; ag, = 7.505 [kKNms]; bro = 204.81 [kKNm]; k,, = 2.5; a*g> = 8.209 [kKNms];
b*ro =224.016 [KNm]; ag = 0.4 [KNms]; bg - 35 [kNm]; iy = 10; g = 0.857.

According to the results in Tables 2—4 and Figure 6a, it can be concluded that the
efficiency of the speed increaser is higher with systems having a counter-rotating generator,
as a result of in-parallel transmission of the output mechanical power, compared to wind
systems with a conventional generator. The efficiency dependence on ratio k,—described
by Equations (10) and (11) and illustrated in Figure 6a—highlights the fact that efficiency
of a 2 in-2 out wind system is constant and always higher than that achieved by a 2 in-1
out system, whose values tend to infinity toward this constant value. Thus, the efficiency
of the two wind systems can have close values only for very high values of k,, which is
not justified in the operation of a wind system with counter-rotating rotors.
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Figure 6. Variation with respect to ratio k, of: (a) efficiency and (b) output power, in both wind systems.

As in Scenario B, the wind turbine with a counter-rotating generator has higher energy
performance for low values of ratio k, and output power, implicitly (Figure 6b). Instead,
the wind turbine with a conventional generator proves to be more efficient for higher
values of ratio k, and output power.

To conclude the discussions for the three numerical simulation scenarios, the power
flows for both wind systems with counter-rotating electric generator (Figure 7a) vs. con-
ventional generator (Figure 7b) are comparatively represented in Figure 7. It is noticeable
for both systems the increase of the output power from Scenario A to Scenario C, as well as
the effectiveness of the 2 in-2 out system at lower powers and, respectively, of the 2 in-1
out system at higher powers.
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Figure 7. Power flow in the Scenarios A (continuous red line), B (yellow dashed line) and C (continuous green line) through:

(a) 2 in-2 out wind system; (b) 2 in-1 out wind system.

5. Conclusions

The paper presented a comparative study of the energy performance of wind turbines
with two counter-rotating rotors (R1 and R2) and differential speed increaser, in the func-
tional configurations with counter-rotating vs. conventional generator. To this end, the
analytical modeling of the operational point of the two types of wind system has been
presented and numerically analyzed in three scenarios, with distinct situations regarding
the way the secondary wind rotor R2 characteristic is chosen: R2 identical to the primary
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wind rotor R1 (Scenario A); R2 different from R1, and R2 identical in both applications
(Scenario B); and R2 different from R1, and R2 different in the two applications (Scenario C).

According to the analyzed scenarios, the comparative study of the numerical results
allows drawing the following final conclusions:

o  The differential wind system with a counter-rotating electric generator, which is
characterized by in-parallel transmission of power at both input and output, always
ensures better efficiency of mechanical power transmission from inputs to outputs,
compared to the wind system with a conventional generator. In the case of counter-
rotating outputs, the efficiency of the wind system is equal to the internal efficiency
1 of the planetary transmission; instead, the efficiency of the wind turbine with a
conventional generator is significantly influenced by system parameters (i.e., ratio k,,
coefficients of mechanical characteristics, kinematic ratio ip), the value 1y being the
upper limit of efficiency variation for this type of wind turbine.

e The energy response of the two types of wind system depends significantly on the
characteristics of the selected wind rotors and electric generator. Thus, the advantage
of better mechanical efficiency of wind turbines with a counter-rotating generator is
accompanied by higher energy performance only in certain system configurations—
generally, in the range of lower power. Considering the higher complexity of counter-
rotating electric generators, due to their mobile stator, the designers’ decision to choose
a type of counter-rotating wind turbine seems to be a compromise between technical,
energy and economic performance.

The proposed models are useful in the synthesis of differential speed increasers with
counter-rotating inputs and outputs, which ensure higher output speed by speed-adding,
in conditions of higher efficiency. Considering these facts, the findings emerged from this
contrastive approach might prove particularly useful to wind system designers in selecting
the most adequate technical solution, depending on the amount of power needed and the
wind potential in the area of implementation.

In the future, the authors intend to generalize the modeling of the behavior of counter-
rotating wind turbines with counter-rotating electric generator vs. conventional generator
in both cases of operation, as a 2-DOF (speed-adding) and a 1-DOF (torque-adding) system,
followed by experimental validation of analytical results by developing and using an
versatile rig to test these types of counter-rotating wind turbines.
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Nomenclature

SI  Speed increaser DOF  Degree of freedom

R1  Primary wind rotor M Mechanism mobility

R2  Secondary wind rotor L Total number of inputs and outputs
P Power G Electric generator

w  Angular speed GR Electric generator rotor

T  Torque GS Electric generator stator

ko  Ratio of the input angular speeds i Kinematic ratio

z Number of gear teeth io Internal kinematic ratio

H  Satellite carrier i Amplification kinematic ratio

F Operational point n Efficiency of the speed increaser
a Angular speed coefficient Mo Internal efficiency

b Torque coefficient Ng Efficiency of a gear pair
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Inventia se refera la un amplificator de turatie planetar cu structurd adaptabila la
configuratii de tip mecanism monomobil $i mecanism bimobil, cu una sau doua intrari i cu
una sau doua iegiri coaxiale, precum $i la 0 metoda de reglare a acestuia, destinat integrarii
in turbine eoliene, exploatate in conditiile unui domeniu larg de variatie sezoniera a vitezei
vantului, si in standuri de testare, Tn conditii reale sau de laborator, a turbinelor eoliene cu
unul sau doua rotoare eoliene $i un generator electric contrarotativ (cu rotor i stator rotative
in sensuri contrare) sau generator electric clasic (cu stator fix), cu scopul de a identifica
comportamentul si optimiza performantele energetice ale acestor turbine eoliene.

Se cunoaste din documentul CN 210371010 U un sistem de transmisie a migcarii
pentru o turbina eoliana. Turbina cuprinde un rotor avand un diametru mic si al carui arbore
intr& intr-un arbore tubular al unui rotor cu diametru mai mare, cele doua rotoare se rotesc
in directii opuse. Capatul de iegire al arborelui tubular este conenctat cu o roata centrald cu
dantura interioara dispusa concentric cu arborele rotorului mic §i o roata centrala cu dantura
exterioarad. Doua roti satelit sunt dispuse simetric intre roata centrald cu dantura interioara
si roata centrald cu danturad exterioara, de asemenea intre cele doua roti satelit si roata
centrala cu dantura exterioara sunt dispuse alte roti dintate care schimba sensul de rotatie
al rotorului mic. Cele doua roti satelit sunt conectate la capetele de intrare ale unui element
port-sateliti, iar capatul de iesire al acestui element este legat de un generator electric printr-
un ax $i o cutie de viteze.

Mai este cunoscut din documentul FR 2944845 A1 o transmisie variabila pentru o
instalatie de generare a energiei electrice, bazata pe un angrenaj epiciclic controlat electro-
nic care face posibila garantarea unei viteze constante sau variabile dupa cum este necesar
laiegire, indiferent de viteza la intrare. Sistemul deviaza o mica parte din energia transferata
(mai putin de 15%) pentru a controla viteza de rotatie a elementului port-sateliti al angrena-
jului epiciclic folosind o unitate de control. Transmisia cuprinde o coroana dintata conectata
la un arbore de intrare, o roata centrald cu dantura exterioara conectata la un arbore de
iegire, un element port-sateliti ce cuprinde doua rofi satelit conectate la unitatea de control.

Este cunoscut din documentul US 5876181 A un sistem eolian cu doua rotoare
eoliene, in care amplificatorul de turatie integreaza angrenaje conice cu axe fixe si o unitate
planetara cilindrica bimobilda cu doua intrari $i o iegire, care insumeaza migcarile de intrare,
avand dezavantajul unui mecanism complex cu gabarit marit.

Mai este cunoscut din documentul US 4291233 A un amplificator de turatie cu rofi
dintate din componenta unei turbine cu un rotor eolian $i un generator electric contrarotativ,
format din doua angrenaje conice cu axe fixe care actioneaza o unitate planetara cilindrica
bimobila cu satelifi simpli. Solutia mentionata prezinta dezavantajul utilizarii unui singur rotor
eolian, care dezvolta puteri nominale mai reduse comparativ cu turbinele eoliene contrarota-
tive, a unei complexitati constructive ridicate, determinata de roata conica de pe arborele de
intrare care formeaza, cu celelalte doua rofi conice coaxiale, doud angrenaje cu unghiuri
diferite intre axele de rotatie, si a unui randament redus.

Problema tehnica pe care o rezolva inventia consta in cresterea turatiei generatorului
electric $i a puterii mecanice de actionare a generatorului electric.

Amplificatorul de turatie planetar reglabil propus solutioneaza problema tehnica prin
aceea ca este alcatuit dintr-un stator fix sau mobil i un rotor, constituit dintr-un element port-
sateliti i o roatad centrald cu dantura interioara, care pun in migcare doua sau mai multe rofi
satelit dispuse echiunghiular, unde cel putin o roata satelit cu dantura exterioara angreneaza
cu roata centrald cu dantura interioara si cu o alté roata satelit cu danturd exterioara ce
angreneazéa cu o roata centrald cu danturad exterioara si care asigura sensuri de rotatie
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contrare pentru cele doua iesiri materializate prin elementul port-satelifi si roata centrala cu
dantura interioard, unde fiecare roata satelit cu dantura exterioara este solidarizata cu cate
o alta roata satelit cu dantura exterioara care angreneaza cu cate o roata centrald cu dantura
interioara, de asemenea amplificatorul mai cuprinde patru cuplaje intermitente comandate,
respectiv un cuplaj dublu ce permite cuplarea primului rotor atat cu elementul port-sateliti cat
$i cu o baza fixa, al doilea cuplaj dublu permite cuplarea celui de-al doilea rotor atat cu roata
centrala cu dantura intericara, cat si cu o baza fixa, al treilea cuplaj dublu permite cuplarea
statorului generatorului atat cu elementul port-sateliti, cat si cu baza fixa, iar cuplajul simplu
permite cuplarea rofii centrale cu dantura interioarad cu baza fixa sau lasa libera migcarea
acestei roti.

Amplificatorul de turatie planetar reglabil pentru turbine eolieng, conform inventiei,
prezintad urmatoarele avantaje comparativ cu solutiile cunoscute:

a) Poate fi utilizat in constructia turbinelor eoliene cu unu sau doua rotoare eoliene
contrarotative $i generator electric clasic sau contrarotativ, permitand adaptarea in exploa-
tare pentru cresterea productiei de energie electrica in conditii de variatii sezoniere mari ale
vitezei vantului;

b} Poate fi integrat in standuri de testare a turbinelor eoliene in aer liber sau in
conditii de |laborator;

¢) Se reconfigureaza ugor i simplu pentru diverse situatii functionale corespunza-
toare tipurilor de turbine eoliene (cu unul sau doua rotoare, cu generator electric clasic sau
contrarotativ, cu insumarea ponderata a vitezelor de intrare sau a momentelor de intrare);

d) Poate fi reglat $i in timpul functionarii, prin utilizarea cuplajelor intermitente
comandate;

e) Permite blocarea rotoarelor ecliene in situatii speciale, precum viteza vantului mai
mare decat cea admisa in functionare, interventii pentru intretinere sau reparatii etc.;

f) Realizeaza randamente superioare solutjilor clasice similare cu o intrare si o iegire,
in aceleasi conditii de calitate si precizie a rofilor dintate componente;

g) Asigura o turatie mai ridicata a generatorului electric (turatia relativa dintre rotorul
si statorul acestuia), obtinuta atat prin insumarea ponderata a vitezelor celor doua rotoare
eoliene, in cazul transmisiei bimobile, ¢at $i prin insumarea vitezelor de iegire datorata
migcarilor contrarotative ale statorului gi rotorului generatorului electric, in cazul utilizarii unui
generator electric contrarotativ;

h} Asigura un moment mai mare de actionare a generatorului electric prin insumarea
ponderata a momentelor de intrare, in cazul transmisiei monomobile;

i) Are o0 complexitate structural-constructivd mai scazuta;

J) Are o constructie robusta si nu necesita tehnologii de fabricatie pretentioase;

k) Poate fi realizat pentru 0 gama larga de puteri ale turbinelor ecliene, cu ax vertical
sau orizontal.

Se prezinta in continuare un exemplu de realizare a inventiei, in legatura cu
fig. 1...17;

- fig. 1, schema conceptuald a unui amplificator planetar de turatie reglabil, in cazul
general al unei turbine eoliene cu doud rotoare contrarotative si un generator electric
contrarotativ;

- fig. 2, detaliul cuplajului C dublu in configuratia de cuplare a rotorului A eolian cu
baza 8;

- fig. 3, detaliul cuplajului C dublu in configuratia de cuplare a rotorului A eolian cu
elementul 1 port-sateliti;
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- fig. 4, detaliul cuplajului D dublu in configuratia de cuplare a rotorului B eolian cu
baza 8;

- fig. 5, detaliul cuplajului D dublu in configuratia de cuplare a rotorului B eolian cu
roata 2;

- fig. 6, detaliul cuplajului E dublu in configuratia de cuplare a statorului G al
generatorului electric cu baza 8;

- fig. 7, detaliul cuplajului E dublu in configuratia de cuplare a statorului G al
generatorului electric cu elementul 1 port-satelitj;

- fig. 8, detaliul cuplajului F in configuratia de cuplare a rotii 7 cu baza 8;

- fig. 9, detaliul cuplajului F in configuratia de decuplare a rotii 7 de la baza 8 (rotatie
libera);

- fig. 10, exemplu de configurare a amplificatorului de turatie pentru o turbina
diferentiala cu doua rotoare eoliene si generator electric contrarotativ (C cuplat conform
fig. 3, D cuplat conform fig. 5, E cuplat conform fig. 7, F decuplat conform fig. 9);

- fig. 11, exemplu de configurare a amplificatorului de turatie pentru o turbina
diferentiald cu doua rotoare eoliene si generator electric clasic (C cuplat conform fig. 3, D
cuplat conform fig. 5, E cuplat conform fig. 6, F decuplat conform fig. 9};

- fig. 12, exemplu de configurare a amplificatorului de turatie pentru o turbind mono-
mobila cu doua rotoare eoliene gi generator electric contrarotativ (C cuplat conform fig. 3, D
cuplat conform fig. 5, E cuplat conform fig. 7, F cuplat conform fig. 8);

- fig. 13, exemplu de configurare a amplificatorului de turatie pentru o turbina mono-
mobila cu doua rotoare eoliene si generator electric clasic (C cuplat conform fig. 3, D cuplat
conform fig. 5, E cuplat conform fig. 8, F cuplat conform fig. 8);

- fig. 14, exemplu de configurare a amplificatorului de turatie pentru o turbind mono-
mobild cu un rotor eolian A $i generator electric contrarotativ (C cuplat conform fig. 3, D
cuplat conform fig. 4, E cuplat conform fig. 7, F cuplat conform fig. 8);

- fig. 15, exemplu de configurare a amplificatorului de turatie pentru o turbind mono-
mobila cu un rotor eclian A si generator electric generator electric clasic (C cuplat conform
fig. 3, D cuplat conform fig. 4, E cuplat conform fig. 6, F cuplat conform fig. 8);

- fig. 16, exemplu de configurare a amplificatorului de turatie pentru o turbina mono-
mobila cu un rotor eolian B si generator electric contrarotativ (C cuplat conform fig. 2, D
cuplat conform fig. 5, E cuplat conform fig. 7, F cuplat conform fig. 8);

- fig. 17, exemplu de configurare a amplificatorului de turatie pentru o turbind mono-
mobila cu un rotor eclian B $i generator electric generator electric clasic (C cuplat conform
fig. 2, D cuplat conform fig. 5, E cuplat conform fig. 6, F cuplat conform fig. 8).

Amplificator de turatie planetar reglabil, conform inventiei, in legatura cu fig. 1...9,
destinat implementarii in sisteme cu un rotor A eolian sau cu un rotor B eolian, precum si Tn
sisteme cu doua rotoare A si B ecliene contrarotative (cu sensuri de rotatie contrare).
Rotoarele A si B eoliene pot avea doua sau mai multe pale dispuse echiunghiular. Rotoarele
A si B eoliene pot fi cuplate la intrarile transmisiei sau la un element fix (baza) prin inter-
mediul a doua cuplaje C si D duble. Amplificatorul de turatie poate avea o iegire sau doua
iegiri prin comanda unui cuplaj E dublu si poate functiona ca mecanism monomobil sau
diferential prin comanda unui cuplaj F. Cuplajul E dublu permite cuplarea iesirilor amplifica-
torului de turatie la un stator G si la un rotor H al unui generator electric contrarotativ (statorul
G si rotorul H se rotesc in sensuri contrare) sau la un rotor H al unui generator electric clasic
in cazul unei singure iesiri. Cuplajele C, D, E si F sunt cuplaje intermitente comandate si pot
fi realizate in diverse variante constructive, precum cuplaje cu frictiune cu suprafete plane
sau conice, cuplaje cu dinti frontali etc.
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Amplificatorul de turatie planetar reglabil contine doua intrari materializate printr-un
element 1 port-sateliti $i o roatd 2 dintatd centrald cu dantura interioard, care transmit
simultan miscarile de intrare catre doua sau mai multe roti 3 satelit, uzual dispuse
echiunghiular si aflate in angrenare cu doua sau mai multe rofi 4 satelit intermediare, de
asemenea dispuse echiunghiular. Rotile 4 angreneaza la randul lor cu o roata 5 centrala gi
asigura sensuri de rotatie contrare pentru cele doua iegiri materializate prin elementul 1 gi
roata 5. Rofile 3, 4 $i 5 suntrofi cu dantura exterioara. Fiecare roata 3 satelit este solidarizata
cu cate o roatad 6 satelit cu dantura exterioara, care angreneaza cu o roata 7 centrala cu
dantura interioara.

Rotorul A eolian poate fi cuplat cu elementul 1 port-sateliti de intrare sau poate fi
solidarizat cu o baza 8 fixa prin comanda adecvata a cuplajului C dublu. Rotorul B eolian
poate fi cuplat la cealalta intrare, roata 2, sau poate fi mentinut fix prin solidarizare cu baza
8 prin intermediul cuplajului D dublu. Roata § centrala este permanent cuplata cu rotorul H
mobil al generatorului electric. Statorul G al generatorului electric poate fi conectat la cealalta
iegire, elementul 1 port-sateliti, sau poate fi fixat la baza 8, in functie de comanda cuplajului
E. Cuplajul E permite functionarea generatorului electric cu statorul G mobil, cand acesta
este comandat pentru a solidariza elementul 1 cu statorul G (fig. 7), respectiv functionarea
cu statorul G fix prin solidarizarea acestuia cu baza 8 (fig. 6). Roata 7 se poate roti liber sau
poate fi solidarizatd cu baza 8 prin comanda adecvatd a cuplajului F, permitand astfel
insumarea ponderata a celor doua migcari de intrare (fig. 9) sau a momentelor de intrare
(fig. 8). Intrarile si iesirile amplificatorului de turatie sunt coaxiale.

Cuplajele C, D, E si F contin un element 9 intermediar de cuplare avand o migcare
comandata de translatie relativa fata de rotorul A, rotorul B, statorul G si respectiv roata 7.
Pentrureducerea efectelorinertiale in regim variabil de functionare, rotorul H al generatorului
electric se roteste cu o turatie mai mare n valoare absoluta decat cea a statorului G. Energia
produsa de un generator electric este direct dependenta de turatia relativa a rotorului H fata
de statorul G. Amplificatorul planetar poate avea doua sau mai multe roti 3-6 satelit $i un
numar egal de roti 4 satelit intermediare, montate in paralel pentru transmiterea ramificata
a puterii in interiorul amplificatorului de turatie $i auto-echilibrarea dinamica a satelitilor.

Amplificatorul de turatie planetar reglabil, conform inventiei, in legatura cu fig. 10-17,
poate fi configurat pentru opt situatii functionale in care puterea mecanica se transmise intre
intrari gi iegiri:

a) Mecanism diferential cu doua intrari si doua iesiri (fig. 10): rotorul A eolian este
conectat la elementul 1 (cuplaj C cuplat conform fig. 3), rotorul B eclian este conectat la
roata 2 (cuplaj D cuplat conform fig. 5), cuplajul E solidarizeaza statorul G cu elementul 1
(fig. 7), cuplajul F lasa libera migcarea rotii 7 (fig. 9). Mecanismul insumeaza ponderat
vitezele de intrare si realizeaza migcari de iegire contrarotative;

b) Mecanism diferential cu doua intrari si o iegire (fig. 11): rotorul A eolian este conec-
tat la elementul 1 (cuplaj C cuplat conform fig. 3}, rotorul B eolian este conectat la roata 2
(cuplaj D cuplat conform fig. 5), cuplajul E solidarizeaza statorul G cu baza 8 (fig. 6), cuplajul
F lasa liberd migcarea rotii 7 (fig. 9). Mecanismul insumeaza ponderat vitezele de intrare;

¢} Mecanism monomobil cu doua intrari $i doud iesiri (fig.12): rotorul A eolian este
conectat la elementul 1 (cuplaj C cuplat conform fig. 3), rotorul B eclian este conectat la
roata 2 (cuplaj D cuplat conform fig. 5), cuplajul E conecteaza statorul G cu elementul 1 (fig.
7), cuplajul F solidarizeaza roata 7 cu baza 8 (fig. 8). Mecanismul Tnsumeaza ponderat
momentele de intrare si realizeaza migcari de iesire contrarotative;
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d) mecanism monomobil cu doua intrari si o iegire (fig.13): rotorul A eolian este
conectat la elementul 1 (cuplaj C cuplat conform fig. 3), rotorul B eclian este conectat la
roata 2 (cuplaj D cuplat conform fig. 5}, cuplajul E solidarizeaza statorul G cu baza 8 (fig. 6),
cuplajul F solidarizeaza roata 7 cu baza 8 (fig. 8). Mecanismul insumeaza ponderat
momentele de intrare;

e) Mecanism monomobil cu o intrare si doua iegiri (fig. 14): rotorul A eolian este
conectat la elementul 1 (cuplajul C cuplat conform fig. 3, cuplajul D cuplat conform fig. 4),
cuplajul E conecteaza statorul G cu elementul 1 (fig. 7}, cuplajul F solidarizeaza roata 7 cu
baza 8 (fig. 8). Mecanismul transmite determinat migcarea de intrare catre cele doua iegiri
contrarotative;

f) Mecanism monomobil cu o intrare si o iesire (fig. 15): rotorul A eolian este conectat
la elementul 1 (cuplajul C cuplat conform fig. 3, cuplajul D cuplat conform fig. 4), cuplajul E
solidarizeaza statorul G cu baza 8 (fig. 8), cuplajul F solidarizeaza roata 7 cu baza 8 (fig. 8).
Mecanismul transmite determinat migscarea de intrare catre rotorul H.

g) Mecanism monomobil cu o intrare i doua iesiri (fig. 16). rotorul B eolian este
conectat laroata 2 (cuplajul C cuplat conform fig. 2, cuplajul D cuplat conform fig. 5}, cuplajul
E conecteaza statorul G cu elementul 1 (fig. 7), cuplajul F solidarizeaza roata 7 cu baza 8
(fig. 8). Mecanismul transmite determinat migcarea de intrare catre cele doua iegiri
contrarotative;

f) Mecanism monomobil cu o intrare si oiesgire (fig. 17): rotorul B eolian este conectat
la roata 2 (cuplajul C cuplat conform fig. 2, cuplajul D cuplat conform fig. 5), cuplajul E soli-
darizeaza statorul G cu baza 8 (fig. 6), cuplajul F solidarizeaza roata 7 cu baza 8 {fig. 8).
Mecanismul transmite determinat migscarea de intrare catre rotorul H.

Amplificatorul de turatie planetar reglabil, conform inventiei, utilizeaza o transmisie
planetard cu doua intrari (1 si 2) si doua iesiri (1 si 5), avand urmatoarele proprietati:

-Tn cazultransmisiei diferentiale: are laintrare doua migcari exterioare independente,
pe care le insumeaza ponderat;

- in cazul transmisiei monomobile: are la intrare doua migcari exterioare dependente
si insumeaza ponderat momentele de intrare;

- cele doua iesiri au migcari contrarotative i astfel se asigura cregterea turatiei gene-
ratorului electric contrarotativ, obfinuta prin insumarea turatiilor rotorului H si statorului G;

- turatia rotorului H este amplificata in raport cu turatiile de intrare;

- migcarile de rotatie ale celor doua intrari sunt de sens contrar, proprietate asigurata
prin sensurile de inclinare opuse ale palelor celor doua rotoare A si B eocliene, in cazul
transmisiei bimobile, si de configuratia cinematicd a mecanismului pentru transmisia
monomobild (2, - Z; < Z, * Zg, In care z, reprezinta numarul de dinti ai rotii A).

Rotile 2, 3, 4, 5, 6 $i 7 pot fi roti dintate sau, in cazul unor sisteme de mica putere, roti
de frictiune. La modificarea vitezei vantului, o turbin eoliana contrarotativa care integreaza
un amplificatorul de turatie planetar reglabil, conform inventiei, poate asigura o cregtere a
productiei electrice fata de cazul unei turbine eoliene clasice prin comutarea amplificatorului
de turatie intr-o situatie functionala optimala, in functie de tipul turbinei eoliene (cu rotoare
eoliene contrarotative gi/sau cu generator electric contrarotativ).

Metoda de reglare a amplificatorului de turatie planetar reglabil, conform inventiei,
constd in urmatoarele etape, respectiv reglajele comandate ale cuplajelor C, D, E si F, care
permit - prin combinatii compatibile ale acestor reglaje - obtinerea situatiilor functionale
precizate anterior;

1) Cuplajul C comandat pentru a solidariza rotorul A cu baza 8 (fig. 2): intrarea prin
elementul 1 este anulata;
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2) Cuplajul C comandat pentru a conecta rotorul A cu elementul 1 (fig. 3): se obtine
o transmisie cu intrare prin elementul 1;

3) Cuplajul D comandat pentru a solidariza rotorul B cu baza 8 (fig. 4): intrarea prin
roata 2 este anulata (roata 2 se roteste liber);

4) Cuplajul D comandat pentru a conecta rotorul B cu roata 2 (fig. 5): se obtine o
transmisie cu intrare prin roata 2;

5) Cuplajul E comandat pentru a solidariza statorul G cu baza 8 (fig. 6): se obtine o
transmisie cu o singura iegire;

6) Cuplajul E comandat pentru a conecta statorul G cu elementul 1 (fig. 7): se obtine
o transmisie cu doua iesiri contrarotative;

7) Cuplajul F comandat pentru a solidariza roata 7 cu baza 8 (fig. 8). se obiine o
transmisie monomobil;

8) Cuplajul F comandat pentru a lasa roata 7 in rotatie libera (tard moment), fig. 9:
se obtine o transmisie bimobila. In acest caz, pentru a obfine o situatie functionala care sa
permita transmiterea puterii mecanice (momente si viteze unghiulare) de la intrari la iegin,
este necesara activarea ambelor intrari prin comanda cuplajului C pentru a conecta rotorul
A cu elementul 1 (fig. 3) si a cuplajul D pentru a conecta rotorul B cu roata 2 (fig. 5).

9) Combinatia de comenzi de anulare simultana a celor doua intrari, prin reglarea
cuplajului C pentru a solidariza rotorul A cu baza 8 (fig. 2) si a cuplajului D pentru a solidariza
rotorul B cu baza 8 (fig. 4}, conduce la blocarea celor doué rotoare A si B eoliene, actiune
necesara pentru protectia turbinei ecliene cand viteza vantului are valori peste cele
admisibile, pentru intretinerea sau reparatia acesteia efc.
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Revendicari

1. Amplificator de turatie planetar reglabil destinat turbinelor ecliene cu unul sau doua
rotoare (A, B) eoliene contrarotative si generator electric alcatuit dintr-un stator (G) fix sau
mobil $i un rotor (H), constituit dintr-un element (1) port-satelifi $i o roata (2) centrala cu
dantura interiocara, care pun in migcare doua sau mai multe rofi satelit dispuse echiunghiular,
unde cel putin o roaté (3) satelit cu dantura exterioara angreneaza cu roata (2) centrala cu
dantura interioara i cu o alta roata (4) satelit cu danturd exterioara ce angreneaza cu oroata
(5) centrala cu dantura exterioara si care asigura sensuri de rotatie contrare pentru cele doua
iegiri materializate prin elementul (1) port-satelifi si roata (5) centrala cu dantura interioara,
caracterizat prin aceea ci fiecare roata (3) satelit cu dantura exterioara este solidarizata
cu cate o alta roata (6) satelit cu dantura exterioara care angreneaza cu cate o roata (7) cen-
trala cu dantura interioara, de asemenea amplificatorul mai cuprinde patru cuplaje intermi-
tente comandate, respectiv un cuplaj (C) dublu ce permite cuplarea primului rotor (A) atat
cu elementul (1) port-sateliti cat si cu o baza (8) fixa, al doilea cuplaj (D) dublu permite cupla-
rea celui de-al doilea rotor (B) atat cu roata (2) centrald cu dantura interioara, cat si cu o
baza (8) fixa, al treilea cuplaj (E) dublu permite cuplarea statorului (G) generatorului atat cu
elementul (1) port-sateliti, cat $i cu baza (8) fixa, iar cuplajul (F) simplu permite cuplarea rofii
(7) centrale cu dantura interioara cu baza fixa (8) sau lasa libera migcarea acestei rofi (7).

2. Amplificator de turatie planetar reglabil, conform revendicarii 1, caracterizat prin
aceea ca in cazul turbinelor eoliene de putere medie-mare cele patru cuplaje (C, D, E, F)
sunt de tipul cuplajelor cu dinti frontali, iar pentru turbinele eoliene de putere mica-medie cele
patru cuplaje (C, D, E, F) sunt cuplaje cu frictiune cu suprafete plane sau conice, caz in care
rotile transmisiei sunt rofi de frictiune.

3. Amplificator de turatie planetar reglabil, conform revendicarii 1, caracterizat prin
aceea ca doua dintre cuplajele (C, D) duble sunt cuplaje permanente cu arborii de intrare,
caz in care rotoarele (A, B) ecliene permit reglarea unghiului axial al palelor pentru anularea
momentului generat de vant.

4. Amplificator de turatie planetar reglabil, conform revendicarii 1, caracterizat prin
aceea ca in functie de modul in care sunt comandate cele patru cuplaje (C, D, E, F),
amplificatorul este constituit ca un mecanism monomobil sau bimobil avand una sau doua
intrari si una sau doua iegiri coaxiale, pentru adaptarea turbinei la variatiile sezoniere ale
vitezei vantului in vederea cresterii productiei electrice.

5. Metoda de reglare a amplificatorului de turatie planetar reglabil reconfigurabil
caracterizatad prin aceea ca se realizeaza in urmatoarea succesiune de etape:

- se regleaza primul cuplaj (C) dublu prin comanda de solidarizare a primului rotor (A)
eolian cu baza (8) fixa, pentru a anula intrarea prin elementul (1) port-sateliti, respectiv prin
comanda de conectare a primului rotor (A) eolian cu elementul (1) port-sateliti pentru
obtinerea unei transmisii cu intrare prin elementul (1) port-satelitj;

- se regleaza al doilea cuplaj (D) dublu prin comanda de solidarizare a celui de-al
doilea rotor (B) eclian cu baza (8) fixa pentru a anula intrarea in roata (2) centrala cu dantura
interioara, respectiv pentru comanda de conectare a rotorului (B} eolian cu roata (2} centralda
cu dantura interioara, pentru a se obtine o transmisie cu intrare prin roata (2) centrala;

- se regleaza al treilea cuplaj (E) dublu prin comanda de solidarizare a statorului (G)
generatorului cu baza (8) fixa pentru a se obfine o transmisie cu o singura iegire prin rotorul
(H) generatorului electric, respectiv prin comanda de conectare a statorului cu elementul (1)
port-satelifi pentru a se obtine o transmisie cu doua iesin contrarotative;

8
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- se regleaza cuplajul (F) simplu prin comanda de solidarizare a rofii (7) centrale cu
dantura interioara cu baza (8) fixa pentru a se obt{ine © transmisie monomobila, respectiv
roata (7) centrala cu dantura intericara se roteste liber pentru a se obtine o transmisie
bimobila care functioneazéd numai cu cele doua rotoare (A,B) eoliene activate simultan,
respectiv se conecteazé primul rotor (A) eolian cu elementul (1) port-sateliti, prin comanda
primului cuplaj (C) dublu, iar al doilea rotor (B) eolian se conecteaza cu roata (2) centrala cu
dantura interioara, prin comanda celui de-al doilea cuplaj (D) dublu;

- se regleaza simultan primul cuplaj (C) dublu pentru a solidariza primul rotor (A)
eolian cu baza (8) fixa si al doilea cuplaj (D) dublu pentru a solidariza al doilea rotor (B)
eolian cu baza (8) fixd, atunci cand este necesara deblocarea celor doua rotoare (A, B)
eoliene.
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