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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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(d)

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',17, ... , 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.



Appl. Sci. 2022,12, 4233

7 of 21

I
_Tzn
wR1 w2
Tre —T2'T2 T w6
= Tc
() /;\wS()_ L pes
—TAT> T: FTs L1 Tes
¥ Tm ’Ti
—Tw1 i S
Ts w8
Ts
@) wr2BTre  wrs A Trs
I=
@RI I
w2
Tm -T2 T2

B < Te
( mwsf ( or s

—TZ) T> al/ Ts)_Ts T7) —T7 Tes
Ts
~~
Ta1 T

' ws

wH = w=wre=0 T=0

(b) wrs A\ Trs

4~
wR1 w I
Trt _Tzi Tz -
T
e N ¢
_Tz')Tz' I X )_ | 7)_ . Tes
T: I-T5 T 1-T:
wH1| Ta1 I
H1
Ts leos
—T
’ I Trs =
() wr2 B Tr2
— 2
CORL s w I
Tn RIT2 WG
( Tc
_TZ')TZ’
(d) wit=w=wr=0 | Te=0 l]‘R3=0

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 = wp; =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, T9 = 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 (K2 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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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;

1 0.685 1.285

2,069

3.880

- .
P/ | x| /Pas \_ |Pzli/Pr1=
Pm (= 3,440
= = 2.357
= e 4,420

|Pzs|/Pr1
i

2.750

VAN

|Prz21/Pr Pra/Pm

|Perl/Pr L |Pg|/Pr1=

- 4 587
= 3143
== =l 5,594
> |Pzsl/FPr1

0.612

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 I 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

|P5R|,.'IPR1]\ \Pel/Pa=

(- 2293
-] 572
= 3,947
| Pasl/Pr1
0.229 :
0.157
0.295

Pr3fPr

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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