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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).
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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 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 Oprina et al. (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 (Jung et al., 2005; No et al., 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 et al., 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 coefficient reaching 0.5. In addition, it was proved experimentally that the power coefficient 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 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 et al. (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 et al. (2021) and in terms of optimized system configuration with counter-rotating rotors (Mirnikjoo et al., 2020; Ullah et al., 2022a; Ullah et al., 2022b). Cho et al. (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 Vázquez-Hernández 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 et al., 2016b; Saulescu et al., 2018; Neagoe et al., 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., 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 kt (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 kt. Section 5 deals with the expression of the kt 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 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.
[image: Figure 1]FIGURE 1 | Conceptual diagrams of the WECS considered in the comparative analysis: systems with a counter-rotating generator (A) and conventional generator (B).
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.
• 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.
• The ratio of the torques of the two wind rotors [image: image] is introduced; it allows controlling 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 II = 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 [image: image] and [image: image], respectively, where zi is the teeth number of the gear i = 1…6 and [image: image] is the kinematic ratio, where the rotational motion is transmitted from body x to body y and z is considered the reference body.
[image: Figure 2]FIGURE 2 | Structural schemes and block diagrams of the 1-DOF systems with a counter-rotating generator (A) and conventional generator (B).
[image: Figure 3]FIGURE 3 | Block diagram of the 1-DOF planetary speed increaser with two inputs and two outputs.
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 ≡ R1—primary input; 4 ≡ R2—secondary input) and two outputs (1 ≡ 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 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 (TR1) and the input torque ratio kt.
3 KINEMATIC MODELING
The specific kinematic correlations of the speed increaser and its connections to the external links can be written according to Figure 3 starting from the general relationships of a planetary gear set (Neagoe et al., 2020).
Considering the motion of the rotor R1 as an independent parameter, Eq. 1 highlights the kinematic correlations specific to the isolated subsystems: 
• Input shafts:
[image: image]
• Planetary gear sets:
[image: image]
• Transmission connections with the generator stator and rotor:
[image: image]
• The transmission functions of the system:
[image: image]
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:
[image: image]
• 1-DOF speed increaser with two counter-rotating inputs and one output, as shown in Figure 2B ([image: image] and [image: image]):
[image: image]
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 [image: image].
For the 1-DOF speed increaser with two counter-rotating inputs and two counter-rotating outputs, as shown in Figure 2A, the equality [image: image] 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:
[image: image]
• Internal shafts:
[image: image]
• Planetary gear sets (PG I and PG II):
[image: image]
• Transmission connections with the generator stator and rotor:
[image: image]
• Transmission functions of the system:
[image: image]
• The mechanical characteristics of the wind rotors and the electric generator:
[image: image]
• For the 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 [image: image]:
[image: image]
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 KT RATIO
In the general case, the static ratio [image: image] depends on the input and output mechanical characteristics; a certain value for the [image: image] ratio can be obtained by modifying appropriately at least one mechanical characteristic. As a result, the analytical expressions of the [image: image] ratio are further modeled for both systems according to the coefficients of the input and output mechanical characteristics:
• Case a, see Figure 2A and Eq. 4:
[image: image]
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:
[image: image]
The [image: image] ratio can be obtained by solving the equation system Eq. 7:
[image: image]
By denoting
[image: image]
it is obtained
[image: image]
Case b, see Figure 2B and Eq. 5:
[image: image]
Similar to the previous case, by combining Eqs 1, 3, 5 with system (11), it is obtained
[image: image]
The ratio [image: image] can be determined by solving system (12):
[image: image]
where A, B, C, D, and E are defined by Eq. 9.
Taking into account Eqs 2–5, the expressions of the constants [image: image] and [image: image] (related to the characteristic of the wind rotor R2) are deduced based on the imposed ratio [image: image]; the following equation can be written from the expression of the [image: image] ratio:
[image: image]
An equation of [image: image] type is obtained from Eq. 15, which leads to
[image: image]
As the angular speed [image: image] is the independent kinematic parameter, the previous relationship is fulfilled for any value of [image: image] only if [image: image] and [image: image]; therefore, the coefficients [image: image] and [image: image] become
[image: image]
6 DETERMINATION OF THE OPERATING POINT
The analytical relationships of the kinematic and static parameters are systematized comparatively in Table 1 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:
TABLE 1 | Analytical expressions of the kinematic and static parameters.
[image: Table 1]• Case a, Figure 2A (see Eqs 2, 4):
[image: image]
• Case b, Figure 2B (see Eqs 3, 5):
[image: image]
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 [image: image] and [image: image] and the internal efficiency [image: image] and [image: image] for all three scenarios, under following general assumptions:
- The primary rotors R1 have the same mechanical characteristic (i.e., same values of [image: image] and [image: image], respectively, see Table 2).
- The electric generators have the same mechanical characteristic in both cases (i.e., same values of [image: image] and [image: image], respectively, see Table 2).
TABLE 2 | Values of the parameters related to the steady-state operating point for Scenario (A).
[image: 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:
Scenario (A): the static ratio in both cases is [image: image], 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 kt 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 kt (kt = 1) is obtained for the two WECSs by changing [image: image]. In this particular case, the wind rotors R1 and R2 rotate with equal speeds in opposite directions.
The values of the coefficients aR1,2 and bR1,2 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 [image: image]; 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 reduced on the SI outputs, and thus the operating points in both cases are obtained, as depicted in Figures 5, 6.
[image: Figure 4]FIGURE 4 | Mechanical characteristics of the wind rotors R1 and R2 in Scenario A.
[image: Figure 5]FIGURE 5 | Operating points in Scenario A reduced on the shaft of the counter-rotating generator [image: image] and on the shaft of the conventional generator [image: image].
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.
[image: Figure 6]FIGURE 6 | Operating points in Scenario A reduced on the generator shafts with the specification of the afferent mechanical power.
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 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 [image: image].
Due to the higher efficiency in Case a compared to Case b, an output power PGc > PG 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 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.
TABLE 3 | Values of the parameters related to the steady-state operating point for Scenario (B).
[image: Table 3]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 [image: image] 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.
7.3 Comparative analysis in Scenario C
In order to meet the premise of [image: image] in both cases, the value of kinematic ratio [image: image] is determined by imposing [image: image] in Eq. 1d:
[image: image]
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 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.
TABLE 4 | Values of the parameters related to the steady-state operating point for Scenario (C).
[image: Table 4]7.4 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: [image: image], [image: image], and [image: image]. It is obtained as follows: the mechanism with the block diagram from Figure 7 (with [image: image], [image: image], and [image: image]), the mechanism from Figure 8 (with [image: image], [image: image], and [image: image]), and the mechanism from Figure 9, respectively (with [image: image], [image: image], and [image: image]).
[image: Figure 7]FIGURE 7 | Block diagram of the planetary speed increaser from Figure 3 in the functional case of [image: image], [image: image], and [image: image].
[image: Figure 8]FIGURE 8 | Block diagram of the planetary speed increaser from Figure 3 in the functional case of [image: image], [image: image], and [image: image].
[image: Figure 9]FIGURE 9 | Block diagram of the planetary speed increaser from Figure 3, for which the independent torque [image: image] is considered to be non-zero, i.e., [image: image], [image: image], and [image: image].
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.
TABLE 5 | Expressions of the torques and speeds for the speed increaser with two inputs and two outputs (Case a, Figure 3).
[image: Table 5]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., ωGS = 0). This speed increaser with one output is a particular case of the one from Figure 3. Its internal torques and speeds are presented in Table 6 by processing the relationships (3) and (5).
TABLE 6 | Expressions of the torques and speeds for the speed increaser with two inputs and one output (Case b).
[image: Table 6]A modeling of the power flow from inputs to outputs in both cases is further developed by considering the input power of the primary rotor ([image: image]) as an independent variable and known values for the input parameters [image: image], [image: image], [image: image], and [image: image], 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).
[image: Figure 10]FIGURE 10 | Power flow for the 1-DOF speed increaser with two inputs and two outputs (Case a).
[image: Figure 11]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 PR1), which is then directed through the planetary gear set PG II and subsequently connected with power PR1. 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 I. Due to the direct transmission of a significant power share to the GS (0.091 PR1, Figure 10), the output power in Case a is higher than in Case b (0.907 PR1 vs. 0.893 PR1).
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:
• 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 coefficients from Table 3 (Scenario B): by 6.7% more in Case a and by 7.7% more in Case b.
• The correlation between the speeds of the wind rotors influences decisively their behavior, including static ratio [image: image]; the increase in the ratio of the wind rotor speeds is accompanied by the increase in the static ratio [image: image], 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 [image: image] times (compared to the motion of the wind rotor R1) while reducing the torque [image: image] 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 i01 (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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