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Abstract: Part II, like Part I, discusses geometry, kinematics and statics in detail without taking into account
power losses in meshing. The main goal of Part II, however, is to prove that there are complex and structurally
coupled planetary gear systems, i.e. containing a closed circuit in which no circulation of power flow is
generated. The power flow analysis is also carried out using the direct method, with a slight modification in
the way of writing the equations identifying active and passive gears, i.e. at the same time the directions of
power flow on all transmission paths. The analysed planetary gear system (PGS) is characterised by mobility
equal to 1, i.e. single degree of freedom (DoF). It consists of three subsystems in the form of the 2KH type
planetary units connected in series-parallel, specially selected to demonstrate the thesis of this paper. It consists
of three subsystems in the form of single planetary subsystems of the 2KH type connected series-parallel,
specially chosen to illustrate the thesis of this paper. Comparisons of the power flow in two structurally very
similar types of complex and coupled cylindrical planetary systems were performed in two separate parts of
this paper.

Keywords: pseudo-coupled planetary gear systems, series-parallel planetary gear systems; power flow,
circulating power flow

1. Introduction

Due to their structure and parallel connection of subsystems, PGSs are characterised not only by
multi-path power transmission but also by the phenomenon of power closure, commonly called
power circulating inside, at least one parallel connected elementary subsystem in the form of a closed
circuit. As demonstrated in papers [1-3], this phenomenon can be a source of even a large overload
of gears, shafts and bearings of a closed subsystem. In the case of an unfavorable distribution of
power on individual paths, an additional reduction in efficiency may be revealed. Therefore, after
determining the directions of power flow, power losses caused by friction in the meshing and
efficiency should be determined. In the case of an unfavorable distribution of power on individual
paths, an additional reduction in efficiency may be revealed.

However, the atlas of planetary gears [4] contains kinematic diagrams of several three-row
cylindrical series-parallel PGSs in which there is no phenomenon of power closure inside closed
parallel connected elementary subsystem. At the same time, in the extensive literature review
included in Part I regarding methods of calculating power flow in complex and coupled PGSs, not a
single paper or book was found that discussed the possibilities of avoiding the very harmful
phenomenon of circulating power flow. Simply put, in all planetary transmissions there were closed
subsystems in which the phenomenon of power flow circulation occurred. Therefore, in Part II it will
be checked whether such three-row cylindrical series-parallel PGSs actually exist. If they exist, it
should also be possible to find at least one design feature that determines the lack of circulation of
power flows in closed subsystems.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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A priori such PGSs could be called semi-coupled or pseudo-coupled because coupled PGSs must
be structurally and dynamically coupled. Structural coupling, manifested by the presence of closed
subsystems, results from their parallel connection. However, there is no circulation of power streams
in these subsystems, i.e. no dynamic coupling.

The cylindrical PGS analysed in Part II (Figure 1(a)(b)) is very similar in structure to the PGS
analysed in [3] (Figure 4(a)). It consists of two subsystems A and B in the form of solar-type units as
elementary 2KH planetary gears and one star-type gear C — (Figure 2(a)(b)). Subsystems are
connected in series-parallel. Also, the number of DoF of both PGSs is the same:

M=3-n-2-p.—p, =1, 1

because the number of active members n =7, the number of lower pairs p, =7 and the number of

higher pairs p, =6.
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Figure 1. Kinematic diagrams of pseudo-coupled PGS in to views: side and frontal.

First subsystem A type 3(a) - (Figure 2(a)(b) and Figure 3(a)) has mobility equal to one and is
connected in series with the next two DoF subsystem B type 4(a) (Figure 4(a)) via the shaft of carrier
h, and the shaft of sun gear 4 (Figure 1(a) and Figure 2(a)(b)). Subsystem B is connected in parallel

with the star gear subsystem C type 3(b) (Figure 3(b)) through the shafts of carrier h; with the shaft

of ring gear 9 and additionally through the shaft of ring gear 6 with the shaft of sun gear 7 (Figure
2(a),(b)). Sun gear 7 and ring gear 9 are movable elements of the C subsystem, while the carrier h,
is fixed. Therefore, the single DoF subsystem C is not a typical 2KH planetary unit, but a star-type
gear (Figure 3(d)). The unit type names 3(a), 4(a) and 3(d) are assigned to subsystems A, B and C
respectively as shown in Figure 3(a), Figure 4(a) and Figure (3b).
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Figure 2. Diagrams of the analysed PGS: (a) Kinematic; (b) Block.
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B *output B ‘input B Toutput
h h h
——t— [t |——
output output input
o Tinput o ioutput o ioutput
(a) (b) (c)


https://doi.org/10.20944/preprints202406.0441.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0441.v1

4
B L’nput B 1output B anut
h h h
[——— [——— [
input input output
o ioutput o tinput o 1input
(d) (e) ()

Figure 4. Block diagrams of possible types of subsystems with two DoF.
2. Materials and Methods

2.1. Algorithm for determining the Power Stream Flow in PGS without Power Loss

Determining the flow directions of power streams in closed PGSs can be very simple. It is enough
to introduce an explicit distinction between the active and passive shafts of each subsystem. Namely,
when the torque vector is consistent with the angular velocity vector, then the shaft power as a
product of angular velocity and torque is active, because it is transferred to the analysed subsystem.
Otherwise, the power is passive because it is transferred outside the subsystem. At the same time,
the torque is then active or reactive, respectively. Determining the flow directions of power streams
in closed PGSs can be very simple. It is enough to introduce an explicit distinction between the active
(driving) and the passive (driven) shafts of each subsystem. Namely, when the torque vector is
consistent with the angular velocity vector, then the shaft power as a product of angular velocity and
torque is active because it is transferred to the analysed subsystem. Otherwise, power is passive, i.e.
transferred outside the subsystem. At the same time, the torque is then active or reactive, respectively.
Therefore, determining the directions of flow of power streams in closed PGSs only requires prior
detailed analyses of kinematics (determination of angular velocities) and statics (determination of
torques without taking into account power losses).

Based on the above considerations, a detailed algorithm for determining the direction of the
stream power flow can be proposed. Of course, this is a universal algorithm because it was also used
in Part I to analyse the flow of power streams in fully coupled PGS:

a) gearbox geometry analysis - determination of gearbox mobility, division of the gearbox into
kinematic subsystems and their classification depending on the number of DoF — according to
Figure 1 to Figure 4, subsections 3.1 and 3.2,

b) determination of the magnitudes and directions of angular velocities of gears and carriers in
subsequent subsystems - subsubsection 3.3.1 and Appendices A and B,

c) determination of the magnitudes and directions of action of the torques loading the shafts of each
of the subsystems (at this stage of calculations, without taking into account power losses) —
subsection 2.2, subsubsection 3.3.2 and Appendix C,

d) determining the active and passive shafts of each of the transmission subsystems and the
directions of the flow of power streams — subsection 2.2, subsubsections 3.3.4 and 3.3.5.

2.2. Static Analysis without Taking Into Account Meshing Friction and Identification of Active and Passive
Shafts

It is known that the dot product of the same-directed vectors of torque and angular velocity
Tew, =P >0, where j=a,p, h,ie power P >0 isactive. This means that power is supplied to the

subsystem through the active shaft. In the case of these vectors oppositely directed, their product

Tew, =P <0, ie. the power P <0 isreactive and this means that the power is discharged from the

subsystem through the passive shaft. Then, the torque vector is a reaction torque, marked as T; >0

- the resistance moment of the shaft of the adjacent driven subsystem. Thus, when identifying the
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active and passive shafts of subsystems connected in series or in parallel, two basic conditions for
transferring power from or to a subsystem are used:

(1) for the driving shaft, the vectors of the angular velocity w, and the torque T; are in the same
direction (Tjsw; >0),

w, .
(2) for the driven shaft, the vectors of the angular velocity ' and the reaction torque ~® are

T w,
oppositely directed ( ;<0 )-

Unfortunately, these are only the conditions necessary to be met. Sufficient conditions are a
system of governing equations derived separately for each of the subsystems with mobility equal to
1 or 2. Each such system consists of a torque equilibrium equation and practically one energy balance
equation in the reference system related to the stationary body, because the second equation of the
energy balance in the system associated with the carrier can only be used for verification. A certain
difficulty in deriving these equations for the subsystem with mobility equal to 2 is the lack of
identified characters of the two shafts (Figure 4). The nature of the third shaft is known because it is
either the input or output shaft of the PGS or it is an extension of the shaft of the adjacent subsystem
whose shafts have been identified earlier (subsubsection 3.3.4). If for instance, the shaft of an adjacent
subsystem is passive, then the shaft of the analysed subsystem is active.

In the general case, there are three versions of the governing equations, assuming that the shaft
of the sun gear is active.

First version modelling the type 4(a) subsystem:

T, +TBR +T; =0, 2)
Ta.wu+TﬁR.wB+ThR.wh =0, 3)

where conditions for active and passive shafts are as follows: T ., >0, TﬁR.wB <0 and
Trew, <0.

Second version modelling the type 4(e) subsystem:

T,+T+T, =0, 4)
T ew, +Tpew,+T e, =0, )

where conditions for active and passive shafts are as follows: T .o, >0, TﬁR°wB <0 and
Tgrew, >0-
Third version modelling the type 4(f) subsystem:
Ta+TB+ThR=0, (6)

T, ew, +Tew, + T e, =0, %)

where conditions for active and passive shafts are as follows: T,-w, >0, Tﬁ'wﬁ >0 and

Tgew, <0

The fourth version with three active shafts is impossible to implement, both from a mathematical
and technical point of view. Reasons: the positive terms of the sum cannot be zero and each gear
transmission must have at least one input and one output.
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Using the "trial and error" method, it is possible to choose the right version of governing

equations, because the magnitude and direction of active T]. and reactive torques TjR , as well as the

products of torques and angular velocities (Tj°wj >0)and (TjR ‘W, < 0) are known.

Of course, in the case of subsystems with mobility equal to 1, there is no problem with
identifying the power flow path, because such a subsystem depending on the type (Figure 3) has
known input and output shafts. Moreover, its third shaft is fixed and hence its angular velocity and

power are respectively ®; =0 and Pj:TjR'(Oj =0, where j=a, B or h. Then the subsystem

equilibrium equations are determined directly without fitting the conditions for active and passive
shafts with one of the three versions of the equations ((2),(3)), ((4), (5)) or ((6), (7)).

3. Case Study

3.1. Case Study Subjects

The purpose of this chapter is to present in detail the graphical and analytical method of
determining the directions of power stream flow in the pseudo-coupled PGS with very similar
geometrical structures and the same gear ratios i__ , inputangular velocities «, and input torques

T, - The forms of these two PGSs have been selected in terms of their geometrical structure so that

their kinematic and dynamic similarities and differences can be demonstrated.

Figure 5(a)(b)(c) shows the diagram of the PGS in the form of kinematic blocks A, B and C. The
subsystem blocks A, B and C are additionally separated in the kinematic diagrams in Figure 2(b). The
names of subsystem types, according to Figure 3 and Figure 4, are shown in Table 1. All blocks shown
in Figure 3 correspond to two-shaft subsystems, i.e. they contain 2 moving shafts and thus have a
single DoF each. On the other hand, all blocks shown in Figure 4 correspond to three-shaft
subsystems, i.e. they contain 3 movable shafts and thus have two DoF each.
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Figure 5. Expanded block diagrams of analysed PGS subsystems (according to Figures 3 and 4): (a) C-type 3(b);
(b) B-type 4(a); (c) A-type 3(a).

Table 1. Numbers of DoF of the PGS subsystems (according to Figures 3 and 4).

Subsystem A B C
DoF Number 1 2 1
Subsystem type 3(a) 4(a) 3(b)

3.2. Data
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Table 2 presents data on the geometry of the gears of the analysed PGS. Parameter symbols: =,
, d,, m, - number of teeth and pitch diameters and gear modules (i=1 to 9), L/ §; - carriers

radii and number of planet gears (j=2, 5, 8), respectively. There is also input torque T, =10 N-m

and input angular velocity (rotation velocity) o, =153.938 rad/s (n, =1470 RPM ).

Table 2. Data on PGS.

Subsystem A Subsystem B Subsystem C
z, =18 z, =54 z, =—126 , =18 z, =84 z, =—186 z, =20 z, =100 z, =220

=— z
3
d, =18 d,=54 d,=-126 d . =—279 d, =50 d = 250 d, = 550

m, =m;, =m, =m, =1mm m =m_  =1.5mm m. =m, =mg =m, =2.5mm

m
n,, =(d, +d,)/2=36mm r, =(d,+d;)/2=765mm , =(d, +d;)/2=150mm

s, =3 s, =3 sg =3

T,=T,=10N-m o, =, =153.938 rad/s (n, =n, =1470 RPM )

3.3. Power Flow Paths in PGS

3.3.1. Calculations of Angular and Tangential Velocities

Identification of the power flow paths in the pseudo-coupled PGS is carried out according to a
similar algorithm used for the coupled PGS [3]. The values of the fixed carrier transmission ratios of
subsystems A, B and C and pairs of sun and planet gears are listed in Table 3 based on calculations
in Appendix A. These parameters are necessary to determine the magnitude and direction of the
angular velocity of the gears and carriers of the PGS.

Table 3. Values of fixed carrier transmission ratio of subsystems of analysed PGS and sun and planet
gear pairs.

i\=2,/z i, =2,/ i =2,/ i=-2,/z iy =-z,/ i =—2g/
1,3~ %3/ %1 16 =2/ 2y 1;9= 242, 1,2= %2/ % 1)5=725/24 1, s =~2g/2,;

-7 -10.33(3) -11 -3 —4.66(6) -5
Detailed calculations of the angular velocities of sun, rim, planet gears and carriers are provided

in Appendices A and B, while the tangential velocities are in Appendix B. In addition, the angular
velocity vectors are presented in Table 4 and their directions are shown in Figure Al to Figure A3,

where k is the unit vector of angular velocity. Also, the directions of tangential velocity vectors are
shown in Figure Al to Figure A3 and their magnitudes in Tables A1l and A2.

Table 4. Vectors of angular velocities of elements of the PGS in rad/s.

wH:w9:wh5:(’)H'k w, =, -k wh2=w4=®4-k w,; =, -k w, =w, =0, -k w, = oy -k

w, =0.154-k w, =-25656-k  w,=19242-k w,=-3936k w,=-1693-k w, =0.339-k

From the equations (Al), (A2) and (A3) the formula for the total gear ratio of the PGSs was
derived:

iLH:(iLg)m m0:%:&:(1+Z_9.Z_6_Z_6].(1—Z_3j:1000.0 for ©, =0,=0,
hg =3 9

i Z; 2, Z, Z

where the fixed carrier transmission ratio is:
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3.3.2. Transmission Ratios on Power Flow Paths in Subsystems of PGS

According to Figure 1, Figure 2, Figure 5 and Table 1, the analysed PGS consists of subsystems
A and C with a single DoF each and subsystem B with two DoF. The calculations of the transmission
ratios of each of the subsystems A, B and C are presented in Appendix A and Table 5.

Table 5. The transmission ratios on the power flow paths of the subsystems of PGS.

. 0) . 0)4 . 0‘)7
N T T R SN o A GO (-
> h, @3=0 e 06 (Dh hs 6 "8 9 wh8:0
0g=-1.693

(o)
h5=0.154
5 5

8 125 -11.36(36) 10.25

3.3.3. Calculations of the Shaft Torques of Subsystems A, B, C
e  Shaft torques on the shafts of one DoF subsystem A

According to Figure 5 and Table 2, the vector torque on the input shaft I of the PGS is given
T, =T, =10-k N-m, i.e. its magnitude isequal T, =T, =10 N-m and k is a unit vector of torques.
Therefore, it was used to calculate the active and reactive torque vectors Thz , Tth and T,, T, on

the shafts of carrier n, and ring gear 3, respectively in Appendix C1. Equilibrium equations (A26)

to (A38) were derived using the free body diagram based on Figure A4 and Figure A5. The vectors
of the calculated torques are presented in Table 6. In subsubsection 3.3.4 they will be used together

with the vectors of angular velocities @}, ~and «, to select the appropriate system of equations to

determine one power flow path in the subsystem A.

Table 6. Torque vectors T,, T, . and T,, T, in N-m.

T, =T, -k T,=-T, -k Ty, =T -k
ThZR = _Tth -k
Thz =80.0-k ThzR =-80.0-k T,=-70.0-k T, =70.0-k

e  Shaft torques of the two DoF subsystem B
According to equation (A40) and Figures A4 and A5 the torque T, acting on the input shaft of

sun gear 4 is equal to T,=T, =80-kN-m- Therefore, it was used to calculate the active and reactive

torques Th5 , ThSR and T, T, of the carrier h_ and ring gear 6 shafts, respectively. The

magnitudes and vector directions of these torques were determined in Appendix C2 from the
equilibrium equations (A39) to (A52) based on Figure A6. The magnitudes of the calculated torques
are presented in Table 7. In subsubsection 3.3.4 they will be used together with the angular velocities

Wy and @, (from Table 4) to select the appropriate system of equations to determine the two

power flow paths in subsystem B.

Table 7. Torque vectors T,, T, . and T,, T, in N-m.

T, =T, -k Tox="Thek T, =-T, -k T =Tex - k
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T, =906.66(6)k T, , =-906.66(6)-k T, =-826.66(6) -k T, =826.66(6) -k

e  Shaft torques of the one DoF subsystem C

According to equations A54, A55 and Figure A7, the torque acting on the shaft of the ring gear
7 are given T, = -T,, = -826.667-kN -m . Therefore, it was used to calculate the active and reactive

torques Ths , ThSR and T,, T

,x Of the shafts of carrier nh, and ring gear 9, respectively.

Magnitudes and directions of these torques were determined in Appendix C3 from the equilibrium
equations (A56) to (A64) based on Figure A8. The vectors of the calculated torques are presented in
Table 8. In subsubsection 3.3.4 they will be used together with the vectors of angular velocities ,

and @y (from Table 4) to select the appropriate equation to determine the one power flow path in

subsystem C.

Table 8. Values of the torques Ths and T,, in N-m.

T, =-T, k T =T -k T, =T, k T =-T .

T, =-9920.0-k T, , =9920.0-k T,=9093333)-k T, =-9093.33(3)-k

3.3.4. Power Flow Paths in the Subsystems A, B and C of the PGS
e Identification of the power flow paths in the type 1(a) subsystem A

Subsystem A has a single DoF and is type 3(a) according to Figure 2(b), Figure 3(a), Figure 5(c)
and Table 1. Therefore, it has one power flow path from the input shaft of sun gear 1 to the output
shaft of carrier h,, because the shaft of ring gear 3 is fixed. In this case, the governing equation can

be determined directly, just like equations (2) and (3):
T, + Ty + T, =0/ (10)
T1-(,o1+T3R-(,.)3+Th2R-(,.)hz =0/ (11)

where adapted new indices a=1 , B=3 , h=h, (according to Figure 3(a)) and
T, =T, =10.0-k N-m (according to Table 2).

The form of these equations is consistent with the assumption that in this subsystem having a
single DoF the shaft of sun gear 1 is active (input), the shaft of carrier h, is passive, and the ring

gear 3 is fixed ( w,=0 ) (Figure 6). These assumptions correspond to the conditions:

T,-w, =1539.380 W >0, Tth.whz =-1539.380W <0 and T, -w, = 0. The directions of the torque

T
vectors hR 7 Tsp

and angular velocity vector @y = are shown in Figure 6(a) and in the Table 6.
The torque T,, must also satisfy the additional energy balance equation in the reference frame
related to the carrier h,, so there is a second way to check its magnitude in addition to the free body

diagram (Figure A5 and equation (A38)) used in Appendix C1:

Tpe(@, — @, )+ Tye+(w,—w, )=0. (12)

do0i:10.20944/preprints202406.0441.v1
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(@) (b)

Figure 6. Angular velocities and torques of: (a) Elements of subsystem A; (b) Pair carrier h, - sun

gear 4.

e  Identification of the power flow paths in types 4(a), 4(e) or 4(f) subsystems B

The type of subsystem B cannot be determined directly, as it was done for a single DOF
subsystem A. Subsystem B has two DoF and, according to Figure 6(b), it is only known that the shaft
of sun gear 4 is an active (input). Figure 4(a), Figure 4(e) and Figure 4(f) present three possible cases
of power flow paths that may occur here. Thus, the correct type case selected from types 4(a), 4(e),
and 4(f) must satisfy one of the three versions of equation pairs ((2)-(3)), ((4)- (5) ) or ((6)- (7)) for this
subsystem as given below.

Conditions of the first possible case of two paths of the power flow path from sun gear 4 to ring
gear 6 and carrier h, (it is assumed that shafts of the ring gear 6 and carrier are passive, as for type

4(a) — Figure 4(a)):
T, e, =—1399.810W <0 and T e, =-139.570W <0. (13)

Conditions of the second possible case of two paths of the power flow from sun gear 4 and carrier
h, toring gear 6 (it is assumed that the shaft of the ring gear 6 is passive and the shaft of the carrier

is active, as for type 4(e) — Figure 4(e)):
T,ew, =—1399.810 Ww<0 and T, e, =139.570W>0. (14)

Conditions of the third possible case of two paths of power flow from sun gear 4 and ring gear
6 to carrier h, (it is assumed that the shaft of the ring gear 6 is active and the shaft of the carrier is

passive, as for type 4(f) — Figure 4(f)):
T, w, =1399.810W >0 and T e, =-139.570 W<0. (15)

The system of equations ((2)-(3)) is satisfied by a pair of conditions (13), and therefore the adapted
version of these equations takes the following form for subsystem B indices:

T4+T6R+Th5R:O, (16)

T4.w4+T6R.w6+Th5R.wh5 =0, (17)
where adapted new indices & =4, B=6 and h=h_ (according to Figure 4(a)).

The equations (16) and (17) are a mathematical model of subsystem B type 4(a), in which the input
shaft of sun gear 4 must be driving T,.cw, =1539.380 W > 0, while the shafts of the ring gear 6 and
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the carrier h, are driven (T ., <0 and ThSR'(JOh5 <0). The directions of torque vectors T,,

ThSR and T, areshown in Figure 7(a). The torque T_, must also satisfy the additional equation

of the energy balance in the mobile reference frame related to the carrier h_, so there is a second way

to check its magnitude in addition to the free body diagram (Figure A6) and equations (A52) used in

Appendix C2:
T4'(w4_wh5)+T6R'(w6_wh5):O (18)
T @ ®
R—"" i ‘*/6 TV ——_ 6
/
_ Os
e
TR

@) (b)
Figure 7. Angular velocities and torques of: (a) Elements of subsystem B; (b) Gear pair 6, 7.
e Identification of the power flow paths in type 3(b) subsystem C

Subsystem C has a single DoF and is type 3(b) according to Figure 7(b), Figure 8 and Table 1.
Therefore, it has one power flow path from the input shaft of sun gear 7 to the output shaft of ring
gear 9 because the shaft of carrier h, is fixed. In this case, the governing equation can be determined

directly, just like equations (2) and (3):

T, + Ty + ThSR =0, (19)
Tew, + T, + ThSR.whs =0, (20)

where adapted new indices a=7 , B=9 , n =h, (according to Figure 3(b)) and
T, =T, =-T,, =-826.66(7)-k N-m (according to equations (A54) and (A55)).

The form of these equations is consistent with the assumption that in this subsystem having a single
DoF the shaft of sun gear 7 is driving, the shaft of ring gear 9 is driven, and the shaft of carrier h is

fixed (0, = 0). These assumptions correspond to the conditions:
T, w, =1399.810W >0, T, z*@, =0 and T, ., =-1399,810W <0.

The directions of the torque vectors ThSR and T, are shown in Figure 8. The torque T,, must

also satisfy the additional energy balance equation in the reference frame related to the carrier h,,

so there is a second way to check its magnitude in addition to the free body diagram used in
Appendix C3 - equation (A63):

(@, @, )+ (@, -, )=0. (21)
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Figure 8. Angular velocities and torques of C subsystem elements.

For the previously determined torques acting on the shafts of carriers h, and h,, itis possible

to calculate the total torque on the output shaft II of PGS:
T =-T,= ThS -I—Tth =-10000-k N-m . (22)

and check the total gear ratio (for efficiency n  ):

. T, _ 10000

i= =1000 - (23)
YT m,, 1001

e Identification of the power flow path in PGS (summary)

Based on equations (10), (11), (16), (17) and (19), (20), Table 4 and Table 6 to Table 8 collective Table 9
was prepared, which presents the active and passive gears and carriers of PGS, and thus the active
and passive shafts of these elements.

Table 9. Active and reactive shafts of the PGS.

Shafts of gear or carrier
Parameter
h h
1 2 4 6 ° 7 9
w w, >0 w, <0 w, >0 w, >0 w, >0
i 1 wh > 0 4 6 wh > 0 7 9
2 5
T, T, >0 T, <0 T >0 T, >0 T, >0
i 1 Th > 0 4 6 Th > 0 7 9
2 5
’riR TIR < 0
ThZR <0 T, >0 Tp<0 T <0 T.; >0 T,; <0
Character Active Reactive Active Reactive Reactive Active Reactive
Type 3(a) 3(2) 4(a) 4(a) 4a 3(b) 3(b)

3.3.5. Powers and Power Ratios on the Shafts of Subsystems A, B and C of PGS

e  Calculations of powers and power ratios on the shafts of subsystem A

The values of the power and power ratios are presented in Table 10 and Table 11, respectively.

Table 10. Values of active and passive power on the shafts of subsystem A.
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P =T, -w, P s P, =Ty gy,

1539.380 W 0 —1539.380 W

Table 11. Power ratios on the shafts of subsystem A

[P,.|/P, -100% [P,|/P, -100% (.| B.]) /P, -100%

100% 0% 100 %

Tables 10 and 11 show that in accordance with the assumption 100 % of the power supplied to
subsystem A is transferred to the input shaft of subsystem B.

e  Calculations of powers and power ratios of the subsystem B

The values of the power and power ratios are presented in
Table 12 and Table 13, respectively.

Table 12. Values of active and passive power on the shafts of subsystem B

P,=T-w, Ph :Th W, Py = Ter=ws
5 5

5

1539.380 W -139.570 W -1399.810W

Table 13. Power ratios on the shafts of subsystem B x100% .

P, /P, -100% [P, | /P, -100% [P,|/P; -100% [P, +P,| /P, -100%

100 % 9.1% 90.9 % 100 %

Table 12 shows that the shafts of the ring gear 6 and the carrier h_ are reactive because the

powers P, <0 and p,_ <o0.Therefore, unlike the same subsystem B in coupled PGS [3], there is no

phenomenon of circulation of the power stream. Table 13 shows that there is also no overloading of
any of the elements of this and the next subsystem.

e  Calculations of powers and power ratios on the shafts of subsystem C

The values of the power and power ratios are presented in Table 14 and Table 15, respectively.

Table 14. Values of active and reactive power on the shafts of subsystem C

P, =T, -w, P,

9
P W,

=T . R = The,
heR — ThgR

1399.810 W 0 —1399.810W

Table 15. Power ratios on the shafts of subsystem C x100%

L, /Pl ‘Phg ‘/Pl |P9 |/P1 ‘Phg +Ph5 ‘/P1 |P11 |/P1
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90.9% 0% 9.1% 100.0% 100 %

here Pi =P B, =-1539.380W
where 5

The shaft of the carrier h, is fixed, so the power P, =0 (Table 14). Table 15 shows, among

others, the value of the power ratio equal to |PH| / P, -100% =100% , which means that, according to

the assumption, in the analysed PGS no power loss occurred (as it was assumed that losses due to
friction in the gears were not taken into account).

4. Results

The aim of this paper was to check whether there are actually closed, i.e. series parallel three-
row PGS, in which there is no power flow circulation phenomenon. According to the algorithm
presented in subsection 2.1, Table 9 and subsubsubsection 3.3.5 the searched paths and directions of
power flow of the power flow streams were determined.

The search results are shown in Figure 9(a), where it can be seen that in none of the subsections,
and especially in the closed circuit composed of two-DoF B and a single-DoF C subsystems, there is
no power flow circulation. According to the above, subsection B, which forms a closed circuit with

subsection C (composed of gears 5, 6, 7, 8, 9 and carrier h,) is only structurally coupled, i.e. semi-

coupled. It is not dynamically coupled due to the lack of power flow circulation. There is also no
increase in the power ratio above 100%, which was a normal phenomenon in coupled PGS (Figure

9(b) [3])-
h8
o o 9 o o )
9 90.90% 100% _ 110.70% 99.00%
hs s hs
1P ¥ 11.70%
—X 9.10% ) o
ke 90.90%
u 5 s 3
110.70% r
§ ) T 100% 1 N 2
s LT 100% 110.70% ;
m N 1 99.00% —<
o 7 |4 2 = 2 7 4 1% h2
T Tk T 100%
—_— £ [—_— —_— L L —_
I — [Nn |22
Z 2 ﬁ- I ] @) 7 L o
7 | T rer 1 |2
1 100% <4 i 100% [
— i -
O
Tir
(a) (b)
Figure 9. Directions of power stream flows and power ratios in the: (a) Pseudo-coupled PGS, (b) Coupled
PGS [3].

It is proposed that PGS containing at least one closed circuit without visible dynamic coupling
be called pseudo-coupled or semi-coupled. For comparison, Figure 9(b) [3] next to Figure 9(a) shows
that in a very similar circuit consisting of gears 5, 6, 7, 8 and two carriers h, and h,, there is dynamic

coupling and the resulting significant increase in the power ratio of over 100%. This means that the
gears, bearings and shafts contained in the closed circuit are significantly overloaded. The worst thing
is that this excess load cannot be determined by typical static calculations of nominal torques as
presented in Appendix C. This very harmful dynamic coupling effect is not visible in Figure 9(a)
showing the power flow together with the power ratios in pseudo-coupled PGS.
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Recognising the differences between dynamically uncoupled PGS (Figure 9(a)) and dynamically
coupled PGS (Figure 9(b)) is easy, because in the first system, the shaft of carrier n_ is passive

(transferring power to the output shaft Il PGS), while in the second system, the shaft of carrier n, is
active (transferring power to the internally closed system consisting of gears 5, 6, 7, 8 and carriers h,
and h;). However, the shaft of carrier h, in the second closed circuit composed of gears 1, 2, 3, 4,5
and carriers h, and h, is passive (Figure 9(b)), as a result of which this subsystem is not

dynamically coupled.

Since no power losses were considered in both PGSs, the power on their output shafts II, even
despite the power circulation in the second, reached 100% of the input power.

5. Conclusions

In this paper, which is the second part of a three-part study, a systematic methodology of
determining the paths and directions of power flow in compound cylindrical three-row series-
parallel PGS has been presented. This single-DoF pseudo-coupled PGS consisted of three 2KH type
subsystems (two a single-DoF and one two-DoF) contains a single-closed circuit. The aim of
developing the second part of the study was:

1) analytical verification of whether a pseudo-coupled (in which there is no power flow
circulation phenomenon) three-row PGS design is indeed possible,

2) comparison of the power flow paths and directions in two structurally similar PGSs, the
first of which turned out to be only pseudo-coupled with the second coupled PGS analysed in part I,

3) initial adaptation of the algorithm to automate analysis of coupled and pseudo-coupled
three-row series-parallel PGSs,

4) development of the rules for designing pseudo-coupled complex PGSs (without circulation
of the power streams in closed circuits).

The algorithm used in Part Il is significantly different from the algorithm used in Part I and is as
follows (assuming that the geometric parameters of PGS are already given):

1)  checking the PGS mobility, dividing the PGS structure into blocks (subsystems) and
closed circuits, determining the fixed carrier transmission ratio of individual subsystems,

2) modified method determination of the angular velocity magnitudes of gears and carriers as
well as gear ratios of individual subsystems and PGS using the Willis relationship,

3) modified method determination of the active and reactive torque magnitudes, as well as
tangential and radial forces, using the free body diagram, necessary to calculate the active or passive
powers transmitted by the shafts of individual subsystems,

4) original method determination of the paths with power flow directions by defining the role
of individual subsystem shafts (active shafts - supplying power to the subsystem, passive shafts
discharging power from the subsystem),

5) calculation of the power values and the power ratios as a check of the algorithm.

Conclusions resulting from the modified algorithm in terms of achieving the planned effects:

1) the main goal set in Part II was achieved because after analytical verification it was found
that it was possible to design a cylindrical pseudo-coupled three-row series-parallel PGS (without
circulation of the power streams in closed circuits),

2) notation of kinematic equations in vector form, after transformation in matrix form,
significantly simplifies the determination and interpretation of the angular velocity vectors
(magnitudes and direction), so it is unnecessary to use the method using the Willis formula and/or
graphic-analytical or other methods,

3) distinction concept between active - reactive torques and active - passive shaft powers,
notation the torque and power balance equations in vector form (such as governing equations (2)-(3),
(4)-(5) and (6)-(7)) greatly simplify the selection of types two-DoF subsystems (there is no need to use
the "free body diagram" method unless only to check the results obtained from the system of
equations in matrix notation),
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4) the direct method described above, unlike modelling in terms of graphs, e.g. contour
graphs, is not suitable for automatic generation and solution of kinematics, statics and balance power
equations,

5) development of the rules for designing pseudo-coupled complex PGSs is not possible based
on the analysis of only one pseudo-coupled PGS; it seems that each characteristic feature of pseudo-
coupled PGS cannot be consistent with the characteristic feature of coupled PGS treated as a counter-
example.

Due to the limited recognition of the advantages and disadvantages of pseudo-coupled and
coupled PGSs, based only on one comparison, the following research in this area is planned:

1) comparison of the meshing power losses in pseudo-coupled and coupled PGSs gearing - Part
III (75% progress),

2) searching for pseudo-coupled PGSs of the cylindrical-bevel or CVT-bevel type,

3) search for pseudo-coupled cylindrical PGSs with a mobility of two or three (three-shaft or
four-shaft),

4) automation of PGSs design, among others using contour graphs.
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Appendix A
Appendix A.1. Willis Formulas for Subsystems A, B, C and PGS
e  Equation for subsystem A (Figure Al):
. ®; — O,
iy o (a1
W5 — O,
where: i1%=-7, o, =153938rad/s, o, =0, o, =, (Table2).
e  Equation for subsystem B (Figure A2a):
. @, — Oy
s , (A2)
W — Oy,
where: ii‘% =-10, 33(3) ;0= O =0;=0, (Table 2).
e  Equation for subsystem C (Figure A3):
W, — O
O (A3)
0y 0y
h o, =0 o, =0, =0,
where: i,=-11, ™ , s (Table 2).
Appendix A.2. Willis Formulas for Sun Gear and Planet Gear Pairs
e  Equation for sun gear 1 and planetary gear 2 (Figure Al):
. ®; 0,
i, =—", (A4)
W, O,
where: ii‘fz =-3 ,m, =153.938 rad/s, 0, =0, o, =0, (Table 2).
e  Equation for sun gear 4 and planetary gear 5 (Figure A2):
. W, — O
12,55 =, (AS5)
W5 — 0
« h
5, =—4,66(6 =
where: 457 (6) ;OO ®, =0, =o, (Table?2).
e  Equation for sun gear 7 and planetary gear 8 (Figure A3):
®, —®
i??s =7 M (A6)
Wy — O,

- h,

where: i%, =-5, o, =0, o, =0 (Table 2).

8 —
7,8

Appendix A.3. Calculations of Angular Velocities of Gears and Carriers of PGS

*  Angularvelocities ®, and w, of the carrier h, and sun gear 4, respectively:
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-1 -1
z z
> W, =w,=w, -[1——3] =w, -k-[l——3J =19.242 k rad/s, (A7)
’ Z Z
le. wy =w, >0 and w, =w, =19.242 rad/s (Figure Alb, Figure A2a).
e  Angular velocities of the carrier h,, ring gear 9 and output shaft II:
1 -1
- z, Z Z
Wy, =w, (i1 -iler ) =, k| =228 —Z41] =0154-krad/s, (A8)
’ ' , ' Z7 Z4 Z4

le. w, =w,=w;>0 and o, =, =0, =0.154 rad/s (Figures A2 and A3).

e Angular velocity o, of the ring gear 6 and sun gear 7 (Figures A2 and A3):

Zg Z Z

-1 -1
w6:i w1~z4-(1—z—3] +wh5-(zé—z4) -1 wl-z4-[1—z—3J +wh5-(26—24) -k=-1.693-k rad/s
. (A9)

ie. w, =w, <0 and w, =w, =1.693 rad/s (Figures A2ab, Figures A3).

e Angular velocity o, of the ring gear 9 (Figures A2 and A3):

=2 = w,=-"Tw,= hl (~w, -k)=0.154 -k rad/s, (A10)
7 Z9 17?9

le. Wy =w, =w; >0 and o, =0, =0, =0.154 rad/s.
e PGS gear ratio (with fixed carrier h, and ring gear 3):

- (hg,3)_ . (
L0 =1

S I [1+Z—9-Z—6—Z—6J-(1 —Z—3J =1000.000 rad]/s . (A11)

5
®y O, Z7 2y 24 Z

e  Angular velocity , of the planet gear 2:

w, :—i—l-{wl -~ (1+§—2]:| :—i—i-{wl —wy, [1+z—zﬂ.k:—25.657-k rad/s.
2 1 2 1

(A12)
ie. w,<0 and w,=25.657 rad/s.

e Angular velocity o, of the planet gear 5:

w; = —2—4|:w4 —wy, [1+§—5H :—i—‘{wél — W, (1+2—5ﬂ-k =-3.936-k rad/s,

5 4 5 4
(A13)
ie. w,<0 and w,=3936rad/s.

e  Angular velocity o, of the idler gear 8:
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-Z—=Z—7.w7 -k=0339-krad/s = w,=0.339rad/s,
z, z

(Al14)

ie. w,>0 and w,=0.339rad/s.

Appendix B

Appendix B.1. Calculation of Tangential Velocities of the Gears of PGS

e Tangential velocities Vigr Viss Vig of sun gears 1, 4, 7 respectively, at the points of contact

with the planet gears 2, 5 and the idler gear 8 are determined from the following formulas
(according to Figures A1-A3):

Vi, =wxr, =o kxr i, (A15)

iiv1 — Wi i+l ii+1
where: i=1,4,7. Thus:
Vi, =, -erL2 -1=153.938-kx0.009-1=1.385-j m/s = Vv, = 1.385 m/s ,

V5=, ~k><r4,5 -1=19.242-kx0.0135-1 =0.260 - j m/s = vV, =0.260 m/s,

v, s =w, kxr,  -i=-1.693-kx0.025-i=-0.042-j m/s = v, =0.042m/s,

where:

r..=00

1,2 r

d
12 =T i=21i=000940,  r, ;=00

4,5

.od, . .
s = 4,5.1=74~1=0.0135-1,

d
r,=00,,=r,,i :?7-i =0.025-i.

e  Tangential velocities v,,, v,., v,, of the ring gears 3, 6, 8 respectively, at the points of

contact with the planet gears 2, 5 and the idler gear 8 are determined from the following formulas
(according to Figures A1-A3):

Vi = xr =0 kx (rili_1 ) i, (A16)
where: i=3,6,9 and d, <0, (these are ring gears).
Thus:
V,, =W, ~k><r3/2'i =0-kx0.063-i=0-] = Vi, = 0,
Vs =W kxr, i=-1.693-kx0.1395-i=-0.236-j m/s = v, =0236m/s,
Vo =W, kxry -i=0154-kx0275-i=0.042-jm/s = v, =0.042m/s,

where:

r,,=00,,=r,,i =@~i =0.063-i, 1, =00, ;=1 ,i= @-i =0.1395-1,

o

9

1, =00, =1,i= -i=0275-i, O, - contact point of gear i with gearj,

e Assumption that the tangential velocities of the planet gears v,,, v,;, Vi,, Vi¢, Vi, Vg,

are equal to the respective magnitudes of velocities of the sun and ring gears at their points of
contact O, (according to Figures A1-A3):

Vo1=Vipr Vo3 =Vaor V5 =Vyssr Vs =Vesr Vg =Vogs

The calculated magnitudes of these velocities are given in Table Al.

Table Al. Calculated magnitudes of tangential velocities in m/s.
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Vo1~ Vi 2,3 3,2 V54 = Vys v Ve,5 Vsr = Vos v v

89~ Vos

1.385 0 0.260 0.236 0.042 0.042

56

Appendix B2. Determination of Instantaneous Centre of Zero Velocity C, and Velocities of the Planet Gear
2 with Carrier h,

e  The coordinate x, of the instantaneous centre of rotation C, of the planet gear 2
According to Figure Ala, the instantaneous centre of rotation C, of the planet gear 2 is located
at the point of contact with the fixed ring gear 3, because for ®, =0 also tangential velocities

Vi3 =Vs, = 0.

Oy ] 2 7

Iy V45
4\ [
o
(b)

Figure Al. Angular and tangential velocities of: (a) The elements of subsystem A; (b) The pair of carrier h, and

sun gear 4.

e  Tangential velocity v,, of the planet gear 2 at the point of contact with sun gear 1:
v2,1=v2,1-j:wzxruzwz-kx(—rzll)-i = V2,1~j=w2-k><(—d2)-i =
V,,j=-25.656-kx(-0.054)-i=1.385-j = v,,=1385m/s, (A17)

where r,,=C,0,, =-1,-i=-d, i=-0.054-i and O, - contact point of planet gear 2 with sun

2171

gear 1.

e  Tangential velocity v,, of the planet gear 2 at the point of contact with ring gear 3:

V,, =W, 'k><r2,3~i =-25.657-j +0~i:0m/s = V;,=V,, =0,
(A18)

where r, =C,C,=r,,i=0-i = r,,=0.

e  Tangential velocities v,, of the centre O, of planet gear 2 at the point of contact with carrier

h, and v, , of the carrier h, at the point of contact with the centre O, of planet gear 2

(Figure Al):
V2,1 Vz,h2 .
o "co = Vem =Vi2=05v,,=06%] m/s = v, =v, ,=0693m/s.
221 22

(A19)

Appendix B3. Determination of Instantaneous Centre of Zero Velocity C, and Velocities of the Planet Gear
5 with Carrier h,
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e The coordinate x, of the instantaneous centre of rotation C; of the planet gear 5 (Figure A2a)

A\ A\ A\

5,4 5,6

= =
C505,4 CSOS,6 X5 -1 (ds—xs)-i X5 -1 (ds—xs)-i

v 260-j -0.236-j
45 6,5 . 0 60‘]= 0.236] = x;=0.066 m,

(A20)

where C,0,, =-C,O,,-i=-x,-i and C,0,, =C,O, -i=(d;—x;)i.
e Tangential velocity v, of planet gear 5 at the contact point O, , with sun gear 5 (Figure A2):
Vi j=ws kx(—x5)-i = vy, j=-3.936-kx(-0.066)-i=0.260-j = v,,=0260m/s.
(A21)
e Tangential velocity v, . of planet gear 5 at the contact point O, with ring gear 6 (Figure A2):

Vg j= s kx(ds—x,)i = v, -j=-3.936-kx(0.126-0.066)-i =-0.236-j =

= v,,=0236m/s. (A22)

* Tangential velocities v,, and v, . of the centre O, of planet gear 5 and carrier h,,

respectively (Figure A2a):

-1
Vsh Vs Vsa . [d ]
— s =27 =y = , .CO. = v =V ']'(—X . _5_X =
C505 C505,4 5,hy C505,4 575 5hg 5,4 5) 2 5
260-j
= v, :—0_06006 2(-0.003)=0012 j mfs = v, =v, ;=0012 m/s (A23)

where:

d
C,0,=-C0, i =(75—x5j-i=—0.003-i, C,0,, =-C,0,,-i=—x,-i=-0.066i.

V56~ V65 "m*
6
/
Cs

X5

| —
(a) (b)

Figure A2. Angular and tangential velocities of: (a) The elements of subsystem B; (b) The pair of gears
6and?7.

Appendix B3. Determination of Instantaneous Centre of Zero Velocity O, and Velocities of the Planet Gear
8 with Carrier hg

e The coordinate of the centre of rotation O, of the idler gear 8 (Figure A3)

The carrier h is fixed w, =0, so gear 8 is not a planetary gear but an idler gear. So its centre

of rotation is the geometric centre of the circle O, (Figure A3).
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Figure A3. Angular and tangential velocities of the subsystem C.

e Angular velocity o, of the idler gear 8 :
. d8 . . .
Vgog =Wg XIy = 0.042-]=w8-k><7~1 = 0042 j=w, -kx0125i =

= w,=w, -k=0339-krad/s = w,>0 and w,=0.339rad/s,
(A24)

s - contact point of idler gear 8 with ring gear 9,

d
where: r,=0,0,,-i=r -i:?s-i:O.125~i, @)

8,9
Vog =Vgo =0.042 m/s (Table Al).

9,8

e Velocity magnitude of the centre O, of idler gear 8 and of carrier h, (Figure A3):

=v, ,=0. (A25)

Table A2. Velocity magnitudes of the centres of planet gears 2, 5, idler gear 8 and carriers h2, h5, h8 in m/s.

Vonh, = Vn, 2 Vsn, = Vhs Ven, = Vhg8
0.693 0.012 0
Appendix C

Appendix C1. Calculation of Torques, Tangential and Radial Forces Acting on Gears 1, 2, 3 and Carrier b,
e The reaction torque T,; balancing the given active torque T, (T, >0) (Figure A4a):

T+T;=0 = T,=-T <0 = Ty=-T'k = T;=-10ck N-m,. (A26)
ie. Ty <0 (Figure A4a).

e The tangential force F,,, exerted by planet gear 2 on sun gear 1 (Figure A4(a)):

dl-F

? 2,1

T +s, 1o xE,; =0 = Tl-k+s2'r1‘i><(—F2,1'j):0 = T -k-s, k=0 =

2,1 t
2.T,
t2,1
5, -4,

‘i, F :—Fm-j<0, @)

t2,1

=370.370 N, (A27)

where: 1, =r - contact point of sun gear 1 with planet gear 2.

1 1,2

e The radial force F

r2,1

exerted by planet gear 2 on sun gear 1 (Figure A4a):
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F

r2,1

=F,, tana =134.804 N, (A28)

where pressure angle o =20°.

F{z,3 FrZ,S

(b)

Figure A4. Free body diagrams of the subsystem A elements: (a) Gears 1, 2, 3; (b) Carrier h,.

e The tangential force F,, exerted by sun gear 1 on planet gear 2:

Ftl,2 + FtZ,l =0 = Ft1,2 == th,l = Ftl,Z == <_Ft2,1)'k = Fn/z = FtZ,] =370.370 N,
(A29)
ie. K, ,=F,,"j>0.
e Theradial force F,, exerted by the sun gear 1 on planet gear 2:
F,,=F,, tana=134.804 N . (A30)
e The tangential force F,, exerted by ring gear 3 on planet gear 2 (Figure A4a):
d2 . . d2 . .
rOzOmXFtLZ +16,0,,% F,,=0 = —7-1><Ft1,2 ']+7'1XFr3,2 j=0 = E;,=F,,=370370N
,  (A31)
d d .
where: 1., = —?z-i, Too0,.= ?z-i, E,,=F,,j>0.
e The tangential force F,, exerted by planet gear 2 on ring gear 3:
F,,=-F,;, = F,,=F;,=370370N. (A32)

e The radial forces F,, and F;, exerted respectively by planet gear 2 on ring gear 3 and vice

3,2

versa by ring gear 3 on planet gear 2:

F,.=F

12,3 ~ 1132 Fr1/2

=134.804 N. (A33)

o Theforce F_, exerted by carrier h, on the centre of planet gear 2 (Figure A4a):

. . 4-T, .
F,,+F,+F, =0 = F ,=-F,j-F,,j=0 = F ,=— 'dl j=-740741§j N =
2 1
= F,_,=-F ,-j<0 = F_,=740741N. (A34)

* The tangential force F, = exerted by the centre of planet gear 2 on carrier h,:
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Ft2,h2+Fh2l2:0 = F =-F =

t2,h, h,,2
4.T

dl -k=740.741-k N, (A35)

1

th,hz z_(_th,z)'j = th,hz =

ie E,, =F,, k>0 and F,, =740741N.

t2,h, t2,h,

* The reaction torque T, ; balancing the torque of tangential forces F,,, ~with respect to centre

of carrier h, (Figure A4b):

d, +d, . )
T, xts, 1, xF,, =0 = T =-s, 12 2-1><thrhz-]=0 =
d, +d, 2T, (2, +2,)
T, x=—Fon S > k=- . ‘k=-80-kN-m = T, =80N-m,

1
(A36)
ie. T =-T, -k<0 (Figure A4b).

* Theactive torque T, ~balancing the reaction torque T, ; (Figure A4b):

T, +T, =0 = T, =-T,,>0 = T, =-(-T )k = T, =T, ,-k=80-k N'm
(A37)
ie. T, =T, -k>0 (Figure A4b)
e The reaction torque T, balancing the torque of tangential forces F, ; on the radius |d3 / 2| of

ring gear: (Figure A4a):

T3R+SZCrOOZ,3XFt2,3=0 = Tp=-s, 'IX(_th,a'])zo =

F,.-s -|d T -z T.
2375 3|'1<= 1|3|-k=—1—Z3-k=—T1-ill‘g-k=70-kN-m = T,=70N-m
. ,

= T, =

3R
2 z

1 1

, (A38)
ie. T, =T,, k>0 and T,=-T,;, <0 (Figure Ada).

Appendix C2. Calculation of Torques, Tangential and Radial Forces Acting on Gears 4, 5, 6 and Carrier h,

 The reaction torque T, balancing the torque of tangential forces F,, on the arm of carrier
h, : (Figure A5, Figure A6a):
d, +d,

T +s, 1, xF,, =0 = T, =-s, T, -i><Ft2,h2 jo= Tgi=-s, T.thrhz ‘k =
= T, =—2-(1—i‘1‘,22)-T1 .1<=—(1—11;f3).T1 k=-80-kN-m, (A39)
ie. T=-T,; k<0 and T,; =80 N-m (Table 2, Appendix A2).
e The active torque T, balancing the reaction torque T,, (Figures A5, A6a):
T,+T;=0 = T,=-T;>0 = T,=-T,-k =
= T,=2-T,-(1-i}3 ) k=T,-(1-i}3 ) k=80-k N-m , (A40)

ie. T,=T,-k>0 and T, =80 N-m.
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e The tangential force F,, exerted by planet gear 5 on the sun gear 4 (Figures A5, A6a):
T,+s;1,xF;, =0 = T,=-s,-rxE;, = T k=-s;-rxF;, = F;,=-F;,j =
.h
2.T 4-T -|1-1,?
= T,-k=s,-r,-F., -k = F = j=—0" ( 1’2).,':1975.309-]' N,
' ' s5-d, s5-d,
(A41)
d
ie. B, =-F;,-j<0, F;,=1975309N, 1, =1, =r4~i=74-i.

e The tangential force F,, exerted by sun gear 4 on planet gear 5 (Figures A5, A6a):
Fs +E,5=0 = F,,=-F;, = F,5= _(_Ft5,4)'j = Fysi=Fs4 0 = Fis=Fsy =

4.T, -(1-i™
= M j=1975.309-j N . (A42)

t4,5

S5 'd4

ie E,.=F,.-j>0.

t4,5 t4,

Figure A5. Balance of active T, and reaction torques T, , acting on sun gear 4 and carrier h,,
2 2

respectively.
/TG/ Fis F’ié\;Tm
/{6 Egs Fie5 \6
AN ‘LOS 05 Fisis
B 5 P hs Fisr

(a) (b)
Figure A6. Free body diagrams of the subsystem B elements: (a) Gears 4, 5, 6 (b) Carrier h,.

e The tangential force F ; exerted by ring gear 6 on planet gear 5 (Figure Ab6a):

I'o0,, XBys+150s%Fs=0 =
—r5~1><Ft4/5-]+r5th6’5=0 = r5th6/5=r5-1th4r5-] =

= rS‘IXFtB,S']=r5‘let4,5'] = rs'Fts,s'kzr ‘K


https://doi.org/10.20944/preprints202406.0441.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0441.v1

26
-h,
4T, (1-1%) | .
= E,,=————>-j=1975309-j N, (A43)
' S5-d,
where: 1, =-1,+i, 1o, =r-i, r,=d;/2 and F ,=F,;j>0.
e The tangential force F;  exerted by planet gear 5 on ring gear 6 (Figure A6a):
FotEes=0 = Ego=-F,, = F;(=-F.;j =
.h2
4T (1-11) _
= F,, =————7.j=-1975309-j N, (A44)
’ s;-d,
ie. B  =-F;,j<0 and F, =1975309N.

e The radial forces F,; and F;, exerted respectively by sun gear 4 on planet gear 5 and vice

versa by planet gear 5 on sun gear 4:

F

14,5 Fr5,4 =

F s tana=718.954 N. (A45)

e The radial forces F;, and F, . exerted respectively by planet gear 5 on ring gear 6 and vice

6,5

versa by ring gear 6 on planet gear 5:

F,¢=F¢s=F,;tana=718954 N. (A46)
e The tangential force F, . exerted by carrier h; on the centre of planet gear 5:
Fh5,5 +E, s +F ;=0 = Fh5,5 =—F,;-F.s = Fh5,5 =-F,; 'j_Fte,5 Jjo=
8-T,-(1-i}3)
= K 5= _(Ft4,5 +Ff6,s)'l T —3950.618-j N,
(A47)
ie. E ,=-F ;-j<0 and F_;=3950.618 N.

* The tangential force F;, exerted by the centre of planet gear 5 on the carrier h,:

E,, +E_,=0 = F,, +(-F_.)j=0 = E,, =F_.j= ’)~j=3950.618~jN

t5,h; ' Thy,5
(A48)
ie E,, =F,, -j>0 and F,, =3950.618N

t5,h;

* The reaction torque T, , balancing the torque of tangential forces F

1s,n, With respect to centre

of carrier h,: (Figure A6b):

Th5R+ss-rh5><Ft5’h5:0 = Th5R+s ~rh-1><Ft5,h5~]:0 = ThSR:—s5-rh5~F ‘k =

5 5 t5,hy
d, +d " A
= T, =-5,Fg, 5-k:—4-T1-(1—14f5)~(1—11,22)-k:
.h .h
=T, (1-i}5 )-(1-1}3 ) - k = -906.667 -k N-m, (A49)
ie. ThSR :—Th5R~k<0 and ThSR =906.667 N-m .

* The active torque T, balancing the reaction torque T, , (Figures A6b, A7):
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T, +T, =0 = T, =-T,, = T, =—(—Th5R)-k =
= T, k=T, .,k = T, =T, =96667Nm, (A50)
i.e. Ths =Th5 ‘k>0.

e The reaction torque T,;, balancing the torque of tangential forces F;, with respect to centre of

ring gear 6 (Figures Ab6a, A7):
T +s5 1 xF =0 = T6R=—55-|r6|-i><( t56)] = T, =s, |r|F ‘k =

F

_ 15,6
6R

Ty =-2-T,-(1-i3 )il -k =T, (1-i}3 ) i}y, 'k =826.667 -k N-m,  (A51)

'SS'|d6|.k _

ie. T, =T, k>0 and T, =826.667 N.

e The active torque T, balancing the torque T, (Figures A6a, A7):

Ty +T, =0 = T, =-T, -k = T,=T-(1-i}3)-i}; k=-826.667 -k N-m
(A52)

ie. T,=-T,-k<0 and T, =826.667N-m.
Appendix C3. Calculation of Torques, Tangential and Radial Forces Acting

on Gears 7, 8, 9 and Carrier h,

Figure A7. Balance of active T, and reaction torques T, acting on ring gear 7 and sun gear 6,

respectively.

e The torque of tangential force F, , exerted by torque of tangential force F . (Figure A7):

rxE  +1,xE =0 = |1'6|-i><( t56)]” xF,,=0 = F, =F  j =
= r,ixEFg, ]—|r|F ‘k = r7-Ft8,7-k:|r6|-Ft5’6-k =
= Fm:M-FM:M-ME'(1_11;’22):—4'T1'(1_i?22)'i2'56:11022.222-kN,
C17 ' d7 Ss'd4 Ss'd7

(A53)
ie. Fy,=F4,j>0.

e The reaction torque T,, balancing the torque of tangential forces F  with respect to centre of

sun gear 7 (Figure A7):
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T7R+Ss'r6XFt5,6=0 = T7R+55'|r5|'ix(_Ft5,e)‘j=0 = T7R=S5’|r5|'Ft5,5'k =
- T7R=Ff5'%5'|dé|.k=-z.Tl.(1—i;‘;2)-i‘;;é-k:—Tl.(1—i§j23).11;76.k=826.667-k N-m,
(A54)

ie. T, =T, k>0 and T, =826.667 N-m.
e The active torque T, balancing the torque T,  (Figures A7, A8a):
T;+T, =0 = T, =-T,;, =
T,=-T, k= = T,=T(1-i}3)-i}; k=-826.667-k N-m,  (A55)
ie. T,=-T, k<0 and T, =T,, =826.667 N-m.

Fiso

> 04

hg

/.\Th\xx

| Wﬁ
hg

Og

@) (b)
Figure A8. Free body diagrams (a) of gears 7, 8, 9, (b) of carrier h,

e The tangential force F,,, exerted by sun gear 7 on planet gear 8:

t7,8
Ft7,8 +Ft8,7 =0 = Ft7,8 = _Ft8,7 = Ft7,8 = _Ft8,7 Jjo=
4.T -(1-i" )i
= F,,=— (121515, k=-11022.222-k N (A56)
’ sg-d,
ie. F,,=-F, j=-F, k<0 and F,, =F, =11022222N.

e The tangential force F,, exerted by ring gear 9 on planet gear 8:

Lo,0,, xF; o+ T 04040 xFoe=0 = L0055 % Fge=-1 0405, xF,o = 1rxFy=-1xF, =

= rsXFw,s:_(_rs)'ix(_Fw,s)‘j = Foe=-Foej = rs’ix(_Fw,s)‘j:rs'ix(_Fw,s)'j =

d d
= Ft7,8-78-k—Ft9,8-78-k:0 = F,=F, <0 =
4-T - (1-i) )iy
= FE,,=F,, = 1) ¥ k=-11022222 N, (A57)

s, -d,
ie. Fyo=-F,4j<0 and F,,=11022.222 N.
e The tangential force F,, exerted by planetary gear 8 on ring gear 9:

F

o thos =0 = Fo=-F, >0 = F;,= _(_Fw,g)'j = Fyo=Fo5) =
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4-T,- 1_i;122)'i226
= Fyo=F,; = FE ,=- : —-j=11022.222-j N, (A58)
' ' ' s5-d,
ie. Fgo=-F, =F,,j>0 and F,,=11022.222 N.
* The tangential force F, , exerted by carrier hy on the centre of planet gear 8:
Fhs,s +E; s tFgs =0 = th,s =F;s-Fos = th,s = _(_Fw,s)'k_(_Fw,s )'k =
8-T -(1-i" )i
= B, =(F, s +Fys)j=—— ( d“) 0 j=22044.444-j N, (A59)
' ' ' 850y
ie. F, (=F, j>0 and F, =22044.444N.
* The tangential force F, = exerted by the centre of planet gear 8 on the carrier h:
Fts,h8 +Fh8,8 =0 = Fts,h8 Z_Fhs,s = Fts,hB = _Fh8,8 j
8T, '(1_i?22)'1255
= Fy, = . —-j=-22044.444-j N. (A60)

s -d,
ie. Fg, =-F -':—Ft&hS -j<0 and Fts’hs =22044.444 N .

* The reaction torque T, , balancing the torque of tangential forces F, n, With respect to centre

of carrier h, (Figure A8a):

Th8R+ss‘rh8th8,h8=0 = Th8R+ss‘rhS-1><(—Ft8’h8)~]=0 = ThSsts-th'Ft&h&'k=0 =

T, =Fy, S, ~%~k = T,,=-4T .(1—1322).(1—i§§8)-i{;§6 k=9920-k N-m,
(A61)
ie. T, x =T,z k>0 and T, , =9920 N-m.
* The active torque T, balancing the torque T, (Figure A8D):
Ths +ThBR =0 > Ths :—Tth = T]18 :—Th8R~k =
= T, =4-T,-(1-1}% )-(1-i} )15 k=-9920-k N-m (A62)

ie. T, =-T, k<0 and T, =9920 N'm.

h8
e The reaction torque T, balancing the torque of tangential forces F, with respect to centre of
ring gear 9 (Figure A8a):

1]
2

T9R+Ss'r9XFt8,9:0 = T9R:_ss'|r9|'1XFts,9'] = TgR:_ss'Ft8,9 k =

Ty =-2-T, (1= )il ify -k =T, (1=} ) i), 7% -k =-9093.33(3) -k Nom,
(A63)
ie. T,, =-T,;-k<0 and T,, =9093.33(3) N-m.

e The active torque T, balancing the torque T,, (Figure A8a):
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= Ty=—(-Ty)k = T,=T, k=909333(3)-k N-m,
(A64)
ie. T,=T,-j>0 and T, =9093.33(3)N-m.
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