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Abstract: In this paper, the graph theory model of the kinematics of the double internal meshing
planetary gear is established by splitting the k value of the planetary gear, the system matrix of the
dual-state logic planetary gear transmission is assembled, the logic characteristics of the dual-state
logic planetary gear transmission control are analyzed, the logic characteristic table of the 32-gear
control is established, and the system model of the kinematics analysis and calculation of the entire
planetary gear transmission is established. The expressions of rotational speed and transmission
ratio of each component (including planetary gear) of the planetary gear in 32 gears are solved
and obtained. The efficiency expression of each gear is derived through the Kleinas method, the
calculation of the transmission ratio and efficiency of the 32 gears is completed, and the system
efficiency diagram is drawn, which provides a reliable basis for the structural design, shift dynamic
simulation analysis, and test verification of the dual-state logic planetary transmission.

Keywords: double internal meshing gear; bimodal logic; planetary gearbox; kinematic analysis; efficiency

1. Introduction

Due to the demand for technical indicators of high speed and heavy load equipment,
the performance requirements of planetary gear transmission are becoming higher and
higher. At the same time, it must meet the requirements of compact structure, high
power density, and high reliability. Therefore, the planetary transmission technology with
compact structure and high power density also needs to be further improved. In view of
the shortcomings of planetary transmission technology, such as the uneven load between
multiple planetary gears caused by the deformation of manufacturing and installation load,
and the low efficiency of the external meshing gear pair in the ordinary planetary gear
train, some scholars have adopted the double internal meshing coplanar planetary gear
transmission, which has made major improvements in three aspects: First, the positive
planetary gear train is adopted, and the sun gear, planetary gear and gear ring all adopt the
internal meshing form. Compared with the external meshing gear in the negative sign row,
the coincidence degree is higher and the efficiency is higher. Second, improvements result
from changing the tooth profile of planetary gears, replacing the traditional involute tooth
profile with the tooth profile with a long tooth mesh line, and replacing the conventional
involute tooth profile with the addendum tooth profile and its conjugate meshing tooth
profile. In the direction of the meshing line (straight line) of the traditional involute gear,
the tooth top and tooth root of the driving gear and the tooth root and tooth top of the
passive gear, respectively, realize the meshing transmission mainly in the form of rolling
friction. The tooth profile of the double internal meshing coplanar gear is replaced by the
conjugate tooth profile of the tooth top profile on the tooth root profile. The meshing of
the driving gear and the passive gear is realized by a sliding contact on a segment of arc
meshing line. For a single pair of gears, the number of teeth engaged by the new tooth
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profile gear is much more than that of the traditional involute tooth profile gear, with
increased coincidence and high efficiency, as shown in Figure 1a. The third aspect is the use
of coplanar planetary array structure. In the positive planetary array, two pairs of internal
meshing gear pairs that are usually not in a plane are designed to work in a plane, reducing
the axial size. One internal meshing gear pair is embedded in the ring gear planetary gear,
and another internal meshing gear pair is embedded in the ring gear planetary gear (ring
gear and planetary gear, see Figure 1b). Because the embedded ring gear becomes the
internal gear in the planetary gear, the embedded planetary gear also becomes the sun
gear. In order to make the structure clear, the frame model is not built. The brake frame or
any two components in the planetary array form two transmission ratios (including 1:1).
This coplanar structure design meets the requirements of a small size, fewer parts, and a
compact structure while ensuring the transmission ratio.

(@) (b)
Figure 1. Planetary transmission with large coincidence tooth profile and coplanar teeth. (a) Large
coincidence tooth profile. (b) Model of coplanar gear planetary array.

As a common mechanical transmission device, planetary gear transmission is widely
used in machinery, engineering and automotive fields. In the tank transmission system,
planetary gear has a very important role, including driving tank track system, speed control,
steering system, etc. The purpose of the application of planetary gear transmission in tanks
is to provide efficient, flexible and reliable power transmission to meet the diverse needs
of tanks in different battlefield environments. The planetary gear is mainly composed of
several key components, including a sun wheel, planet wheel, ring wheel, double row roller
bearing and load distribution mechanism. Due to prolonged heavy loading and harsh
working conditions, planetary gears may inevitably experience failure forms such as gear
tooth surface wear. Z Shen et al. [1] proposed a pure torsional dynamic model of planetary
gear wear based on Archard’s equation to evaluate gear wear and analyzed the influence of
gear wear on planetary gear dynamic parameters and vibration response. C Yuksel et al. [2]
established a computational model of planetary gear transmission and studied the influence
of surface wear on the dynamic characteristics of a typical planetary gear transmission.
Many scholars have conducted further research on issues such as tooth surface wear. A
Kahraman et al. [3] combined the torsional dynamics model with the surface wear model
to study the interaction between surface wear and dynamic response of planetary gear
sets. M Gao et al. [4] proposed a stiffness model based on the three-segment tooth profile
equation to calculate the meshing stiffness under healthy wear conditions and established
the meshing relative displacement function considering the influence of back backlash and
wear thickness. ] Wang et al. [5] coupled the Archard wear model with a nonlinear dynamics
model and proposed a new solar wheel RUL dynamic evaluation method to accurately
evaluate the remaining service life of gears with worn surfaces. Planetary gear transmission
is widely used in various fields due to its advantages of compact structure, light weight,
large carrying capacity, large transmission ratio and high transmission efficiency [6]. The
strong impact inside the gearbox will cause vibration damage, and the dynamics and
vibration characteristics of planetary gears have been paid more and more attention [7-9].
Kahraman et al. [10] studied the influence of dynamics on the gear stress, that is, the
change in the wheel rim thickness and the number of planets. Ambarisha et al. [11] used



Appl. Sci. 2024, 14,1773

30f12

the lumped parameter model and finite element model to study the complex nonlinear
dynamic behavior of a positive planetary gear. In order to obtain an accurate vibration
response prediction and understand the coupled vibration mechanism in planetary gear
systems, ] Wei et al. [12] proposed a comprehensive, fully coupled, dynamic modeling
method using virtual equivalent shaft elements to improve the reliability of planetary
gear systems. The structure of planetary gears determines their functional strength. In
order to optimize the superiority of the structure, many scholars have conducted a lot
of research on this. DP Karaivanov et al. [13] proposed a multi-objective selection of the
structural scheme and parameters of a dual carrier planetary gear system, considering
the use of a dual carrier planetary gear system with three and four outer shafts. The
torque method was used to select among all possible structural schemes of the discussed
planetary gear system. W Qiu et al. [14] studied the kinematic principles and structural
symmetry of coaxial and noncoaxial transmission of linked planetary gear trains, extended
the composite structure based on linked planetary gear trains, and conducted a calculation
method for the reduction ratio of the extended structure. A Shahabi et al. [15] studied
the influence of the pressure angle on the meshing stiffness of the meshing gear and the
dynamic model of the planetary gear group in view of the planetary gear structure. Y Fan
et al. [16] designed an automatic transmission with improved planetary gear using the
lever method and carried out kinematics and dynamics analysis. With the development
of optimization methods for planetary gear structure, an optimization method based on
graph theory has been proposed. Many scholars began to study this. H Xue et al. [17]
used graph theory to analyze the kinematics, static force and power flow of planetary gear
systems. EL Esmail et al. [18] used graph theory to represent planetary gear trains (PGT),
developed a procedure to identify fundamental leverage entities (FGE) and developed
an algorithm to detect the degenerate structure of PGTs using the concept of FGEs and
the notation of related adjacency matrices. VR Shanmukhasundaram et al. [19] proposed
a graph theory-based method for detecting degenerate planetary gear train diagrams in
enumeration sets. Y Fan et al. [20] proposed a transmission performance analysis method
based on graph theory and matrix equations to improve the transmission performance of
planetary gear automatic transmission. S Fu et al. [21] proposed a design method of a fixed
shaft gearbox transmission scheme based on graph theory and realized the type of synthesis
and number synthesis of gearbox transmission scheme. ] Mustafa et al. [22] proposed an
innovative Wiener number-based method to detect isomerism through graph theory for
all different outer ring gear mechanisms with multiple degrees of freedom and different
numbers of links. According to the above research, this paper will carry out research on the
kinematics and efficiency calculation of two-state logic planetary transmission based on
graph theory.

Based on the above research, it is known that the double inner meshing planetary rows
have the advantages of high torque transmission, smooth output, compact design, etc. In
this paper, the kinematic graph theory model of the double inner meshing planetary rows
is established, the system matrix of the two-state logical planetary transmission gearbox is
assembled, each gear of the gearbox is calculated and analyzed, and the system efficiency
diagram is drawn. It provides a reliable basis for subsequent simulation analysis and test
verification.

2. Dual-State Logic Drive

The core technology of the dual-state logic transmission is the planetary transmission
technology of the double internal meshing coplanar gear with a large coincidence tooth
profile. Dual-state logic transmission technology is the unique transmission technology first
developed by Ker-Train Company in Canada. It can give full play to the characteristics of
engine power and has the advantages similar to CVT technology of stepless transmission;
high transmission efficiency of variable speed gear and good fuel economy; fast acceleration
performance; no need to reduce the vehicle speed during the steering process; high mobility;
the step ratio between gears is small; the range of the transmission ratio is large; automatic
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gear shifting can be realized; the handling performance is good; the reliability is high.
Without a hydraulic torque converter, it adopts coplanar meshing technology with large
coincidence and a long contact line, an efficient conical friction disc clutch and a steering
differential system with full gears, compact structure and high power density.

On the basis of dual-state logic transmission technology, a prototype SG-850 has been
developed abroad, with a maximum power of 850 hp, a maximum torque of 2700 Nm, a
maximum input speed of 2300 rpm, a vehicle weight of 35 tons and a transmission weight
of 1750 kg. It has completed 18,000 km of real vehicle tests on the Pizarro model. KTR has
adopted the above patented tooth shape technology to meet the market demand for the
automatic driving function of vehicles. The new transmission system Gemini III developed
by the company is a dual-state logic transmission device with 900 horsepower and 32 gears,
which is a better platform to replace the current 40-50-ton tracked vehicle transmission
system. Both the Gemini III and the fan transmission system adopt wire control technology,
achieving integration with the automatic driving vehicle. Due to the transmission efficiency
of more than 90%, the Gemini III can provide more cruise power to the vehicle, save fuel,
improve the range and enhance the tactical and logistical support capabilities. KTR also
developed the first generation of the “Alpha” unit for the US Tank Vehicle Research and
Development Project (TARDEC). KTR is also actively developing the second generation
“Beta” unit, with the goal of improving reliability, optimizing the efficiency of the unit
subsystem, reducing weight, reducing design and manufacturing costs, developing the
software and hardware of vehicle control and realizing the fully controlled transmission
system by wire.

The dual-state logic transmission is composed of a series of coplanar gear planetary
array modules in series. Each module achieves its two transmission ratio output modes
by the control unit that controls the conical friction plate. The output transmission ratio
of the two components of the planetary array is 1:1, and the other transmission ratio is
achieved by formulating one component of the planetary array. A single row can form
two transmission ratios, and n rows can form 2" gear transmission ratio in series. If the

1
maximum transmission ratio of the gearbox is R and the gear ratio is X, then X = R?"-1.

3. Double-State Logic Drive-Double Internal Meshing Coplanar Gear Planetary Array
Characteristic Analysis

Planetary row can be divided into a positive and negative row. The negative row
is shown in Figure 2a, and the positive row is shown in Figure 2b. The negative row
is a planetary row with an external meshing transmission, and the positive row is a
planetary row with two planetary gears to achieve two external meshing transmissions.
The characteristic equation of negative sign row is ns + kn, — (1 + k)n, = 0; the characteristic
equation of the positive row is ns — kn, — (1 — k)n, = 0. Here, k = z—;, and k is the ratio of
the number of teeth between the planetary gear ring and the sun gear. We used graph
theory to express the topological structure of the planetary array and form a graph theory
model, which is convenient for the calculation and analysis of the kinematics and dynamics
of the planetary array. In the graph theory model of the transmission system, points are
used to represent the rotating components, and edges (the connecting line between two
points) are used to represent the relative motion relationship (kinematic pair) between
points (components). The rotating pairs with coaxial axes in the gear train are represented
by solid line edges, and the gear pairs in the gear train are represented by dotted line
edges. The graph theory representation model of an ordinary planetary array is shown
in Figure 2a, and the points s, p, ¢ and r represent the components of the sun gear, the
planet gear, the frame and the gear ring, respectively. Here, the planet gear also becomes a
separate component.
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(a) (b) (c)

Figure 2. Schematic diagram of planetary array. (a) Ordinary single planet row. (b) Ordinary double
planet row. (c) Graph theory expression model.

3.1. Graph Theory Model of Coplanar Gear Planetary Array

The coplanar gear is a positive planet row. The positive planet excludes the three types
shown in Figure 2b above. Figure 3a is the coplanar gear planetary array. In the gearbox
studied in this paper, the planetary gear p; and the sun gear s (internal meshing) and the
gear ring r and the planetary gear p, are basically designed in the same plane. The graph
theory expression of the positive planetary array in Figure 3 is shown in Figure 3d. In the
ordinary negative planetary array (including a planetary gear), it is usually coincident p;
with py; that is, the cp; edge is coincident with the cp, edge, which is an edge cp.

r n
P, P,

1 - pl p2

: // \\
_ _;_ _le L, ‘/ \\
il I T T S

iP;

p S
LT — 1
(a) (b) (c) (d)

Figure 3. Schematic diagram of positive planet array. (a) Coplanar gear planetary row 1. (b) Coplanar
gear planetary row 2. (c) Coplanar gear planetary row 3. (d) Graph theory expression model.

3.2. Analysis of Rotational Speed and Speed Ratio of Single-Row Coplanar Gear Planetary Array

In the study of the graph theory model of the transmission system, the basic circuit
is usually used to calculate and analyze the speed, torque or power flow of the planetary
gear. The basic circuit is a closed circuit composed of three components, which is composed
of two meshing gears and the planet carrier between its rotating shaft. From this, we
can see the characteristics of the basic circuit: a closed circuit composed of three points
(components), one gear pair edge (dotted line) and two rotary pair edges (solid line). The
number of basic circuits are equal to the number of gear pairs. In a planetary basic gear
train, there are two basic circuits which can form two basic circuit equations. In Figure 3d,
the coplanar gear planetary array contains (p1, s) c and (py, ) ¢, two basic circuits, and the
basic circuit equation is as follows [23]:

I I : 1 I
W, — W, = Isp1 (wpl - wc) (1)
I 1T : 1T 1T
W, —We = Ipor (wr —we) 2)
I i
Wy = Wpp @3)

ws, Wp1, Wy, we and wy, respectively, represent the rotational speed of the corresponding
components in the basic circuit, namely, the sun gear, the planet gear 1, the planet gear 2,
the planet carrier and the gear ring, where wy1 = wpy, isp1 = zp1/2zs = k1 and ipo1 = z4/zpp =
ko, respectively, represent the tooth number ratio of the two internal meshing gears of the
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planet gear 1 and the sun gear, and the planet gear 2 and the gear ring. Then, the whole
coplanar gear characteristic parameter k = k; x kj is rewritten with k; and k, for the above
basic loop equation, the circuit mark is removed, wp1 and wy are replaced with w) to
obtain the following equation:

w, —kw, — (1 —k)w. =0 4)
w, — kpw, — (1—k))w.=0 (5)
Written in the form of a transmission ratio matrix, the following equation is obtained:

Ws
1~k 0 —(1—k)||w,
0 1 *kz *(1*](2) Wy

We

A-w= =0 (6)

That is, A X w = 0, where A is the transmission ratio matrix, w is the coefficient
of the angular velocity of Equations (4) and (5), and Equation (6) represents the case
of a single planet of a coplanar gear lining up two loops, which is the rotational speed
characteristic matrix of a single planetary row of a coplanar gear. The following establishes
the corresponding speed characteristic equation (matrix) for a gearbox composed of five
coplanar gear planetary rows and one ordinary planetary row connected in series.

3.3. Speed Matrix Analysis of a Coplanar Gear Planetary Gearbox

A planetary gearbox has a total of six planetary rows which are arranged in order of
1,1,2,3,4 and 5. The first five rows are coplanar gear planetary rows, and the last row is
a cylindrical spur gear ordinary planetary row. The r row is used to achieve reverse gear.
There are 32 gears in the forward gear and 32 gears in the reverse gear. See Figure 4 for the
schematic diagram. The numbers 1-13 represent the number of planetary gear sets, C1-C5
represents the clutch, a total of five, and B1-B5 represents the brake, a total of five.

0 )
B e [ B2 ﬁm
] T ﬁ\ iy
10 C3 c‘4 J
i
> T I I {
|
_-r

i

5
I—ﬂ 0 rh—I
Figure 4. Schematic diagram of a coplanar gear planetary transmission.

In this paper, planetary rows 1, 1, 2, 3, 4 and 5 are named successively according to the
arrangement order of each row in the transmission structure, and the speed characteristic
matrix of the transmission is obtained by deducing the speed matrix of each single row and
assembling it into the system speed characteristic matrix.

Since there are connectors between the transmission rows, power transmission be-
tween the rows is formed. The connecting parts between the transmission rows are com-
posed of the following: the sun gear in row 1 and the frame in row r, the sun gear in row r
and the sun gear in row 2, the gear ring in row 2 and the gear ring in row 3, the sun gear
in row 3 and the sun gear in row 4, and the gear ring in row 4 and the sun gear in row 5,
which are connected, respectively, forming the following connecting parts matrix (7).
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1000000-10000000000000000| (w1
000010000—-100000000000000] | wyq
00000000001000—-1000000000||we1| =0 (7)
0000000000001000—-10000000 .
00000000000000000010—-1000]| | wys
LWes

In practice, the combination or separation of the brake or clutch can establish the gear
to make the vehicle run normally. For the above gearbox, according to the corresponding
components of braking, the speed characteristic matrix of brake parts is established below;
see matrix expression (8). Similarly, according to the components combined by the clutch,
the speed of the two components can be equal to form the corresponding clutch speed
characteristic matrix below; see matrix expression (9).

001000000000000000000000
000000100000000000000000
000000000001000000000000
000000000000000100000000
000000000000000000010000
000000000000000000000010

001-100000000000000000000
0000001—-10000000000000000
00000000001—-1000000000000
000000000000100—-100000000
0000000000000000100—-10000
0000000000000000000010—-10

Wes |

3.4. Analysis of Gear and Dual-State Logic Characteristics of Coplanar Gear
Planetary Transmission

There are two controls (brake B and clutch C) in a single coplanar gear planetary row.
It is a planetary row with three degrees of freedom. It needs to execute one control to input
the power source before it can output. Here, 1 represents combination and 0 represents
separation, State indicates the non-working condition, and 4/ state indicates the working
condition. Because there is a logical relationship between brake B and clutch C in the same
planetary row of the gearbox, BQC = 0 and BUC = 1. It indicates that B and C cannot
execute simultaneously and B and C must execute at least one piece. Therefore, in the
actual working state, there are only two states BC = 01 and BC = 10, of which there must be
B = Cor C = B. It can be seen that the actuating characteristics of the single coplanar gear
planetary brake and clutch are the same as the XOR logic characteristics of the binary in the
digital circuit, and the truth value of the XOR expression are shown in Table 1.

Table 1. XOR logic truth table.

C B B&C State
0 0 0 X
0 1 1 v
1 0 1 i
1 1 0 X

Due to the fact that an n coplanar planetary transmission can achieve 2 nth power
gears, according to the exclusive characteristics of the control brake and clutch of the single
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coplanar gear planetary bank, the logical relation between the gear shift and the control
is derived.

Due to the maximum transmission ratio in the first gear of the gearbox, the principle
is to use the maximum (and greater than 1) transmission ratio of each row at work, due
to the assumption of the corresponding logical state of the transmission gear and control
components mentioned above that the input of each row is a sun gear which is connected
to the next planetary row in a deceleration state. But it can be seen from the schematic
diagram of the bimodal logic mentioned above that the X1 and X3 rows use ring gear input.
If the corresponding brake is brake, its single-row transmission ratio is less than 1, which
belongs to the growth state. Therefore, in order to achieve the maximum transmission ratio
of 1, the X1 and X3 planetary row controls should work with C1 and C3 (transmission
ratio greater than 1). So, the positions of B1, B3, C1 and C3 in the logical relationship table
corresponding to the transmission gears and control components mentioned above should
be interchanged; at the same time, because the r row is a reverse gear row, this paper only
studies its forward 32 gears, so Cr replaces Br (Br is braking in reverse gear).

3.5. Transmission Control Logic Characteristic Matrix

Due to the implementation of various gears in the planetary gearbox, the joint partici-
pation of various planetary gears and their control components is required. Because each
row of elements in the control matrix corresponds to the speed vector of each row of sun
wheels, planet wheels, gear rings and frames in accordance with the order of 1,1, 2, 3, 4
amd 5 planet rows, when forming each gear, the transmission control speed characteristic
matrix needs to be selected. If the corresponding row vector of the non-braking brake is
eliminated, the clutch in the same planetary platoon must be combined when achieving
gear, and its corresponding row vector in the transmission control speed characteristic
matrix must be preserved. Assuming its retention state is set to 1 and its truncation state is
set to 0, this is consistent with the logical characteristics of the control element. Therefore,
each gear vector in the transmission control logic characteristic matrix is used to form a
diagonal matrix and the transmission control speed characteristic matrix is multiplied to
obtain the transmission control speed characteristic matrix for each gear.

3.6. The Velocity Characteristic Matrix of Each Gear of a Coplanar Gear Planetary Transmission

The planetary transmission speed matrix of each gear is composed of the planetary
transmission speed matrix, the coupling speed matrix and the corresponding control speed
matrix of each gear. The control matrix of each gear is obtained by converting the row
vector (12 x 1) of each gear in the control logic characteristic matrix and the control speed
characteristic (12 x 24) matrix. Because there are only six ones in the row vectors of each
gear (with the remaining six being 0), a 6 x 24 execution matrix for each gear control
is formed. Together with the coupling of the speed characteristic (5 x 24) matrix, the
planetary transmission speed matrix (12 x 24) and an input (with a speed of 1), a 24 x 24
planetary transmission speed matrix is formed, so as to achieve the calculation of the speed
of each component of the planetary transmission sun wheel, planetary wheel, gear ring
and planetary frame.

4. Analysis and Calculation of Speed and Speed Ratio of Two-State Logic
Transmission Gearbox

For the characteristic of 64 gears, the velocity characteristic matrix equation can be
used to analyze and calculate the speed and the corresponding transmission ratio of each
gear. The following is limited by space, taking the first five gears of the gearbox and the
first three rows of the planetary platoon studied in this paper as examples. The speed
characteristics of each component in the planetary platoon at each gear are calculated, and
the corresponding expressions are obtained. The details are shown in Table 2 below. The k
values used in the calculation of the surface transmission ratio are as follows: kq; = 1.0606,
kip = 1.0404, ky; = 1.13636, kyp = 1.07317, k31 = 1.27027 and k3zp = 1.16949.
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Table 2. Calculation of speed and gear ratio of each component of a two-state logical planetary

transmission.
Gear
1 2 4
Array of Planets 3 >
Sun 1 k11 k12 1 k11k12 1
1 Planet 1 k12 1 k12 1
Ring 1 1 1 1 1
Carrier 1 0 1 0 0
Sun 1 k11k12 1 k11k12 1
’ Planet 1/ko ki1kip/ ko1 1 ki1ki2 1/ko
Ring 1/kakoy  kitkip/kotkyy 1 kyikio 1/ko1kn
Carrier 0 0 1 ki1ki2 kii1kqo
Sun 1/kotkyy  kikia/kpky 1 ky1kz Kziksp /ko1kop
3 Planet 1/kpkyn  kitkip/kotkoy 1 kyikio k3o /ko1ka
Ring 1/kotkys  knkia/kaksy 1 ki1kz 1/ko1kp
Carrier 1/kotkyy  kipkia/kakyn 1 ISTISD) 0

5. Analysis and Calculation of Power Loss and Efficiency of a Two-State
Logic Transmission

The power loss of planetary transmission is currently mainly analyzed and calculated
using the meshing power method, mainly calculating the meshing power during the plan-
etary gear transmission process. This is because the planetary transmission mechanism
usually adopts the method of conversion mechanism when calculating its speed or trans-
mission ratio. By attaching a virtual rotation speed opposite to the rotation speed of the
planetary array system, the planetary array system can be viewed as a “fixed axis gear”
system with zero rotation speed of the planetary array. However, the relative speed and
friction condition of the planetary carrier between the gears in the original planetary gear
system have not changed, and the meshing power between the converted “fixed shaft gear”
and the gears in the original planetary gear train remains unchanged.

Since the input power p; is equal to the sum of the output power p, and the loss power
p1, the efficiency of the gear transmission is the ratio of the output power p, to the input
power p;;

_ Py _ P — P
K P

It is assumed that the tooth ring in the planetary row or the sun wheel has a fixed
value, there is no fixed component j, the speed is wj, the torque acting on the above is M;
and the rotational torque of the frame is wy;, and My, respectively. So, the meshing power

(10)

of component j is Pyes; = M; (w]- — wh) = Mjw; (1 — %‘) The speed ratio % between
frame / and component j is sometimes greater than 1 and sometimes less than 1 in different
types of planetary arrays. There are two situations where the converted meshing power
Piyesn and the transmitted power P; = M;w; of the original gear train have the same or
different directions, which brings complex direction judgments to power flow calculations.
The Kleinas efficiency calculation formula effectively solves this complex situation and
provides a shortcut for calculating power loss and efficiency. The following uses the Cleinas
efficiency calculation formula to calculate the efficiency of the above gear (limited to space),
respectively, through the kinematic transmission ratio and the dynamic transmission ratio.
For the first gear, the formula is as follows:

i = kotkookarkao (14 ksiksy) = koks(1 4 ks) (11)
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Among ky = ko1kp, ka = kaiksp and ks = ksiksp, it is also the characteristic parameter
value of each single planet row. So, the dynamic transmission ratio is calculated by
i= k2k4(1 + k5)

ani 9. ——y 3 ,
= a—kzln[kz ks (1 +k5)} = 5, ke +Inky +In(1 + ks)] = o (12)
ani 9. ——y 3 ,
= a—k41n[k2 ks (1 +k5)} = 5 ko - Inky +In(1 + ks)] = - (13)
ni 9. ——y 3 )
= %m[kz k4(1 +k5)} = s e +ink + (k)] = 3= (19
~ X X,
P=ka (1) “ka(12) " (U4 ks Cinttout)'™) = Kok (1 + Kstfintiour) (15)
_ ?: k2774k4(1 +k577in770ut) _ 774(1 +k577in770ut) (16)
= kokg(1+ ks) (1+ks)

According to Equations (12)—(15), the partial derivative of k is greater than 0, and x»,
x4 and x5 are equal to 1, and then, iis obtained. Finally, the final expression is obtained
according to the Cleinus efficiency formula.

When the gear meshing efficiency is calculated using high coincidence double internal
meshing gears, 1 = 0.985 (0.99), 7;,, = 0.98 (ordinary internal meshing) and #,,; = 0.97
(ordinary external meshing). The efficiency of the calculated gears (the first five as an
example) is shown in the Table 3 below.

Table 3. Efficiency of the first five gears of a two-state logic planetary transmission.

Transmission Ratio

Efficiency

Gear Expression Efﬁc1ency EXPI‘QSSIOII 7= 0.985, Tout = 0.98 E 0.99, Hout = 0.98
in = 0.97 #in = 0.97
1 ko kg (1 +ks) 74 + ksyinfout) /(1 + ks) 0.9043 0.9228
2 ka ky (1 +ks)/kqg 1781 + kstintfout) / (1 + ks) 0.8774 0.9044
3 ks (1 +Ks) 72(1 + ksfintout) /(1 + ks) 0.9321 0.9416
4 ks (1 + ks)/kq 74 + kstinfour) /(1 + ks) 0.9043 0.9228
5 ko ks (1 +Kks)/ks 178(1 + ksfintout) /(1 + ks) 0.8774 0.9044

The efficiency of each gear of the aforementioned dual-state logic planetary gearbox is
plotted as a general efficiency diagram as follows. In the Figure 5, the red curve is the gear
efficiency of the ordinary planetary gear and the blue curve is the gear efficiency of the
two-state logical planetary transmission, which improves the gear efficiency of the ordinary
planetary gear transmission by an average of 2.6%.

—+—1=0.99, n,=0.97, n =098

1.00
1=0.985, 1,=0.97, 1, =0.98 /\
[\

0.98 -
0.96 -
094
092 / \

\//RW \/ /
0904 \ [ |\ /
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Overall efficiency

0.86 4
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Gear position

Figure 5. Total efficiency of dual-state logic planetary gearbox.
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Compared with other studies, the efficiency loss of gear six in this paper is the largest,
which is due to the large number of planetary rows involved in the working condition.
Specific solutions include optimizing design parameters and changing the number of
planetary rows.

6. Conclusions

1. Due to the particularity of the double internal meshing planetary row, this paper
splits the k value of the planetary row, establishes its graph theory model and its
corresponding speed equation, and uses the standard form of the equations to assem-
ble the kinematics equation of the whole two-state logical planetary transmission to
realize the calculation and analysis of the speed (speed ratio) expression of each gear.
This provides strong support for further optimization and design of the transmission.
Through in-depth understanding of the kinematic characteristics of the double in-
ner meshing planetary rows, the corresponding transmission system can be better
designed and improved, and its performance and efficiency can be improved.

2. The efficiency improvement in a planetary gearbox with dual internal meshing gears
is evident compared to traditional conventional planetary gearboxes. As can be seen
from the figure above, when the efficiency of the double inner meshing gear with a
large contact degree changes from 0.985 to 0.99, the efficiency of the entire two-state
logic double inner meshing planetary transmission is significantly improved. In the
two-state logic planetary transmission, the efficiency gradually increases with the
rise in gear, especially when the speed is close to the maximum, giving an efficiency
roughly above 95%. The low efficiency of individual gears, such as sixth gear, is due
to the large number of planetary rows involved in the working condition (four rows),
so the meshing power loss is large. In the follow-up study, parameters such as module
and meshing angle of the gear can be optimized, and the number of planetary rows
can be adjusted in the design to reduce the meshing power loss.

3.  Based on the graph theory method, this paper establishes the speed and efficiency
analysis and calculation model of 32 gears (this paper only studies the 32 gears in
the forward gear) in full gear working conditions and establishes the corresponding
program model to determine the efficiency calculation and power loss analysis of the
whole planetary gearbox in all working conditions, laying a foundation for further
research.

4. In this paper, from the perspective of digital circuits, the corresponding logical rela-
tionship table is established between each gear control and each gear of two-state logic
transmission, which provides a clear and feasible basis for the analysis and simulation
of speed, torque, efficiency and automatic shift.
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