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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:

• 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];

• the influence of rotor pitch on the output power of a conventional wind turbine [6]
and of a counter-rotating wind turbine [7];

• the effect of the number of blades of counter-rotating wind turbines on the system
performance [8];

• 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]. Vázquez-Hernández 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:

• 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.

• In both cases, the speed increaser SI has the same structure and the same values for
internal kinematic ratio i0 and internal efficiency η0 [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.

• 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., ωG = ωGR − ωGS. 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.

• The ratio of angular speeds of wind rotors is denoted by kω = −ωR2/ωR1 > 0. The
ratio kω 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.

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
(ωH andω4), as sun gear 1, ring gear 4 and carrier H are mobile bodies.

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 speedsωR1 andωR2 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 speedsωR1 and
ωR2 in an output angular speed ωGR. Angular speedωGS 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 kω = −ωR2/ωR1 on the behavior
and performance of the two wind systems. Notations in Figure 3 are: Tx and ωx for torque



Energies 2021, 14, 2594 6 of 21

and angular speed of kinematic body x; i0 and η0 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).

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., THS = 0) and by fixing the stator GS to the frame (i.e.,
ωGS = 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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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 (ωH and
ω4). 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]:

ω1 = ωH(1− i0) + ω4i0;
ωR1 = ωH ; ωR2 = ω4;
ωGR = ω1; ωGS = ωH .

(1)

where the internal kinematic ratio i0 can be calculated from the particular case when H is
assumed to be fix, given by relation (2):

i0 = iH
14 = ω1H/ω4H = z4/z1, (2)

where iH
14—angular speed transmission ratio from gear 1 to gear 4 when carrier H is

considered fixed (or reference body), ωxy—angular speed of body x relative to body y,
zj—the number of teeth of gear j; i0 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 kω:

ωR2 = −kωωR1, (3)

the relative angular speed between rotor GR and stator GS of the electric generator, ωG,
can be obtained:

ωG = ωGR −ωGS = −ωR1i0(1 + kω). (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):

ωGS = 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:

ωG = ωGR = ωR1[1− i0(1 + kω)]. (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:

• 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;

• a static equilibrium equation for each of the other five components of the wind system,
which are obtained after breaking the connections;

• 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:

THR = −T1(1− i0η−1
0 ); T4 = −T1i0η−1

0 ; T1 + T4 + THR = 0;
TR1 − TH = 0; TR2 − T4 = 0; TGR − T1 = 0; TGS + THS = 0; TH − THR − THS = 0;
TG = TGR = −TGS;

(7)
where the internal efficiency of the planetary transmission is:

η0 = ηH
14 = ηH

12·ηH
23·ηH

34 = η3
g, (8)

where ηH
xy is the efficiency of the fixed-axis gear mechanism consisting of gears x and y

(considering H ≡ 0), while ηg 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 + THS = 0 in system (7) has to be replaced by THS
= 0, as the connection of stator GS to wind rotor R1 is broken and then fixed to the frame
(ωGS = 0).

In the general case 2 in-2 out, the efficiency of speed increaser can be obtained starting
from its definition:

η = −ωGRTGR + ωGSTGS
ωR1TR1 + ωR2TR2

, (9)

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:

η = η0, (10)

as well as for wind turbines with conventional generator:

η = η0
1− i0(1 + kω)

η0 − i0(1 + kω)
. (11)

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:

• 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 = −aR1ωR1 + bR1;
TR2 = −aR2ωR2 + bR2;

(12)

• the mechanical characteristic of DC generator, represented by a linear function with
constant coefficients, describing generator’s torque TG in relation to angular speed
ωG. By convention, the torque of the generator is TG = TGR:

− TG = aGωG − 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 speedωF =ωG and the torque TF = TG.
Thus, for the two analyzed wind systems, the following expressions of parametersωF, TF
and power PF are obtained:

• for the wind system with counter-rotating generator, Figure 2a: ωF =
bG−

bR1η0
i0

aG+
aR1η0

i20(1+kω )

;

TF = −aGωF + bG; PF = ωFTF.
(14)

• for the wind system with conventional generator, Figure 2b: ωF =
bG−

bR1η0
i0−η0

aG−
aR1η0

(i0−η0)[1−i0(1+kω )]

;

TF = −aGωF + bG; PF = ωFTF.
(15)

3.4. Input Angular Speeds Ratio kω
Generally, the input speeds ratio kω depends on the mechanical characteristics of the

motor and effector sub-systems and on the intrinsic parameters of the speed increaser (i.e.,
i0 and η0); in practical applications, ratio kω 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 kω 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:{

T1 = TH
η0
i0

= −T4
η0
i0
⇒ TH = −T4 ⇒ TR2 = −TR1;

T4 = −T1
i0
η0
⇒ T1 = TG ⇒ TR2 = −TG

i0
η0

.
(16)

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: 

−aR2ωR2 + bR2 = aR1ωR1 − bR1;
−aR2ωR2 + bR2 = aGωge

i0
η0
− bG

i0
η0

;
ωR2 = −kωωR1;
ωG = −ωR1i0(1 + kω),

(17)

which allows one to obtain the expression of kω:

kω = −
aR1bGi0 + aR1bR2η0 + aGbR1i20 + aGbR2i20
aR2bR1η0 + aGbR1i20 + aGbR2i20 − aR2bGi0

. (18)

Similarly, the following correlations can be written for the system with conventional
generator (Figure 2b):{

T1 = −TH
η0
η0−i0

= −T4
η0
i0
⇒ T4 = TH

i0
η0−i0

⇒ TR2 = TR1
i0

η0−i0
;

T4 = −T1
i0
η0
⇒ T1 = TG ⇒ TR2 = −TG

i0
η0

,
(19)
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and by combining them with Equations (3), (6), (7), (12) and (13), we get:
−aR2ωR2 + bR2 = aR1

i0
η0−i0

ωR1 − bR1
i0

η0−i0
;

−aR2ωR2 + bR2 = aGωG
i0
η0
− bG

i0
η0

;
ωR2 = −kωωR1;
ωG = ωR1[1− i0(1 + kω)].

(20)

The kω expression is the result of solving the system of Equation (20):

kω = −
aR1bGi0 + aR1bR2η0 + aGbR2(η0 − i0)− aGbR2i0(η0 − i0)− aGbR1i0(1− i0)

aR2bG(η0 − i0) + aR2bR1η0 + aGbR1i20 − aGbR2i0(η0 − i0)
. (21)

The influence of ratio kω 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 aR2 and bR2 become variables which are dependent
on both ratio kω 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 TR2 = −TR1 from Equation (16):

−ωR1(aR1 + aR2kω) + bR1 + bR2 = 0, (22)

whereωR1 is the independent parameter; this equality is mathematically satisfied only if
the following two conditions are met simultaneously:{

aR1 + aR2kω = 0;
bR1 + bR2 = 0,

(23)

which leads to the solution: {
aR2 = aR1/kω;
bR2 = −bR1 .

(24)

Similarly, for the wind turbine system with conventional generator (Figure 2b), the
starting point is established from the equality deduced in Equation (19):

TR2 = TR1
i0

η0 − i0
, (25)

from which Equation (26) is obtained as function ofωR1:

ωR1[aR1i0 + aR2(η0 − i0)kω ]− bR1i0 + bR2(η0 − i0) = 0, (26)

as well as the expressions of coefficients aR2 and bR2 are determined:{
aR2 = −aR1i0/[(η0 − i0)kω ];
bR2 = bR1i0/(η0 − i0) .

(27)

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.

Parameter Symbol
Wind System

2 in-2 out,
Figure 2a

Wind System
2 in-1 out,
Figure 2b

Amplification kinematic ratio ia = ωG
ωR1

−i0(1 + kω) 1− i0(1 + kω)

Efficiency η η0 η0
1−i0(1+kω)
η0−i0(1+kω)

Angular speed of the
generator ωG = ωGR −ωGS −ωR1i0(1 + kω) ωR1[1− i0(1 + kω)]

Generator torque TG = TGR −TR1
η0
η0−i0

−TR1
η0
η0−i0

Generator power PG = TG ωG TR1ωR1η0
i0(1+kω)
η0−i0

−TR1ωR1η0
1−i0(1+kω)
η0−i0

Angular speed of the
generator rotor ωGR ωR1[1− i0(1 + kω)] ωR1[1− i0(1 + kω)]

Generator rotor torque TGR TR1
η0
i0

TR1
η0
i0

Generator rotor power PGR TR1ωR1
η0[1−i0(kω+1)]

i0
TR1ωR1

η0[1−i0(kω+1)]
i0

Angular speed of the
generator stator ωGS ωR1 0

Generator stator torque TGS −TR1
η0
i0

−TR1
η0
i0

Generator stator power PGS −TR1ωR1
η0
i0

0

Angular speed of the carrier H ωH ωR1 ωR1

H carrier torque TH TR1 TR1

H carrier power PH TR1ωR1 TR1ωR1

Angular speed of the shaft HR ωHR ωR1 ωR1

HR shaft torque THR TR1
i0−η0

i0
TR1

HR shaft power PHR TR1ωR1
i0−η0

i0
TR1ωR1

Angular speed of shaft HS ωHS ωR1 0

HS shaft torque THS TR1
η0
i0

TR1
η0
i0

HS shaft power PHS TR1ωR1
η0
i0

0

Angular speed of gear 4 ω4 −kωωR1 −kωωR1

Torque on gear 4 T4 −TR1 −TR1
i0

i0−η0

Power of gear 4 P4 kωTR1ωR1 ωR1TR1
kω i0

i0−η0

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., THS = 0) and fixing the stator SG to the
frame (i.e., ωSG = 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 i0 and kω 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 η0;

- ensure the operation with higher angular speeds ωG and powers PG of the electric
generator, for the same power of the primary wind rotor PR1 = TR1 ωR1 ;

- the wind rotor R2 operates at lower torques and powers.



Energies 2021, 14, 2594 13 of 21

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 i0 and η0), 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 kω.

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: i0 = 10 andη0 = η3

g =

0.953 = 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: TR1 = −aR1ωR1 + bR1 = −18.763 ωR1 − 204.81 and TR2 = −aR2ωR2 + bR2 =
−18.763ωR2 + 204.81;

- electric generators have the same mechanical characteristic −TG = −aGωR1 − bG =
−;0.4ωG − 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,
Figure 2a

Wind System 2 in-1 out,
Figure 2b

ωR1[s−1] −5.470 −5.989
TR1[kNm] −102.176 −92.438
PR1[kW] 558.905 553.613
ωR2[s−1] 5.470 5.527

TR2[kNm] 102.176 101.106
PR2[kW] 558.905 558.818
ωG[s−1] 109.401 109.171

TG[kNm] −8.760 −8.669
PG[kW] −958.382 −946.366
η 0.8573 0.8507

kω 1.000 0.923
ia = ωG/ωR1 −20.000 −17.209

aR1 = aR2 = 18.763 [kNms]; bR1 = bR2 = −204.81 [kNm]; aG = 0.4 [kNms]; bG = 35 [kNm]; i0 = 10; η0 = 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 TR1 = −aR1ωR1 + bR1 =
−18.763ωR1 − 204.81

- the same wind rotor R2, with the mechanical characteristic TR2 = −aR2ωR2 + bR2 =
−18.763 ωR2 + 204.81; established from the condition that the two wind turbines
generate equal power;

- the same electric generator, with the mechanical characteristic TG = −aGωR1 − bG =
−0.4ωG − 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,
Figure 2a

Wind System 2 in-1 out,
Figure 2b

ωR1[s−1] −4.754 −5.283
TR1[kNm] −115.604 −105.693
PR1[kW] 549.622 558.332
ωR2[s−1] 6.474 6.474

TR2[kNm] 115.604 115.604
PR2[kW] 748.372 748.372
ωG[s−1] 112.279 112.279

TG[kNm] −9.912 −9.912
PG[kW] −1112.868 −1112.868
η 0.8574 0.8516

kω 1.362 1.225
ia = ωG/ωR1 −23.616 −21.255

aR1 = 18.763 [kNms]; ]; bR1−204.81 [kNm]; aR2 = 13.780 [kNms]; bR2 = 204.81 [kNm]; aG = 0.4 [kNms]; bG = 35
[kNm]; i0 = 10; η0 = 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 aR2) 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 aR2 coefficient of: (a) output power, (b) efficiency and (c) ratio kω,
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
aR2 < 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 aR2 > 13.78. The efficiency
of the conventional turbine decreases with the increase of values for aR2 (see Figure 5b).
In all instances, the wind turbine with a counter-rotating generator is stabilized at higher
values of ratio kω, i.e., a greater difference between input speeds, but with less significant
differences for aR2 > 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 aR1 = aR2.

4.3. Scenario C

The Scenario C is an extension of the Scenario B, by ensuring the additional condition
of obtaining the same ratio kω 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., aR2 6= a*R2
and bR2 6= b*R2. As a case study, the target value of ratio kω = 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,
Figure 2a

Wind System 2 in-1 out,
Figure 2b

ωR1[s−1] −3.367 −3.529
TR1[kNm] −141.630 −138.592
PR1[kW] 476.908 489.117
ωR2[s−1] 8.418 8.823

TR2[kNm] 141.630 151.589
PR2[kW] 1192.301 1337.455
ωG[s−1] 117.857 119.992

TG[kNm] −12.143 −12.997
PG[kW] −1431.138 −1559.516
η 0.8574 0.8538

ia = ωG/ωR1 −35.000 −34.000
aR1 = 18.763 [kNms]; ]; bR1−204.81 [kNm]; aR2 = 7.505 [kNms]; bR2 = 204.81 [kNm]; kω = 2.5; a*R2 = 8.209 [kNms];
b*R2 = 224.016 [kNm]; aG = 0.4 [kNms]; bG - 35 [kNm]; i0 = 10; η0 = 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 kω—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 kω, 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 kω 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 kω and output power, implicitly (Figure 6b). Instead,
the wind turbine with a conventional generator proves to be more efficient for higher
values of ratio kω 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:

• 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
η0 of the planetary transmission; instead, the efficiency of the wind turbine with a
conventional generator is significantly influenced by system parameters (i.e., ratio kω,
coefficients of mechanical characteristics, kinematic ratio i0), the value η0 being the
upper limit of efficiency variation for this type of wind turbine.

• 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
ω Angular speed GR Electric generator rotor
T Torque GS Electric generator stator
kω Ratio of the input angular speeds i Kinematic ratio
z Number of gear teeth i0 Internal kinematic ratio
H Satellite carrier ia Amplification kinematic ratio
F Operational point η Efficiency of the speed increaser
a Angular speed coefficient η0 Internal efficiency
b Torque coefficient ηg Efficiency of a gear pair
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