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Abstract: Hydraulic mechanical continuously variable transmission (HMCVT) is widely
used in powerful tractors due to its excellent performance. This paper aims to find universal
methods for analyzing and optimizing the transmission efficiency of HMCVT. The energy
efficiency improvement of HMCVT is important for the economy of powerful tractors.
Firstly, by correctly analyzing the transmission efficiency of HMCVT, the transmission
efficiency during the operation of HMCVT can be accurately calculated. Secondly, an
improved NSGA-II genetic algorithm was adopted to achieve dynamic optimization of
shifting points through transmission parameter combination optimization, ensuring smooth
shifting while improving overall transmission efficiency. According to the transmission
efficiency simulation platform, the accuracy of the transmission efficiency calculation was
verified. Adopting an improved NSGA-II genetic algorithm to continuously optimize the
design of HMCVT configurations achieves dynamic optimization of HMCVT parameters
without being limited by shifting speed. The specific HMCVT structure proposed in this
study can meet the requirements of a three-speed continuously variable transmission at
speeds of 0-50 km/h. Meanwhile, the improved NSGA-II genetic algorithm can effectively
provide support for the design of various HMCVT powertrain systems.

Keywords: HMCVT; transmission efficiency; transmission parameter optimization algorithm;
HMCVT efficiency simulation platform

1. Introduction

With the rapid development of smart agriculture [1,2], high horsepower tractors play
an important role as the main agricultural machinery driving agricultural production. The
output torque and speed of the tractor transmission need to constantly update to adapt to
changes with external loads [3]. In this background, the application of continuously variable
transmissions has become a promising development trend. The most commonly used
types of continuously variable transmissions (CVTs) are the hydraulic static transmission
(HST) and the hydro-mechanical continuously variable transmission (HMCVT). Among
these, the efficiency of hydraulic static transmissions (HSTs) is significantly lower than
that of gear transmissions, limiting thier widespread use in high-power tractors [4]. To
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address the limitations of HSTs, an upgraded design incorporates a parallel connection
with mechanical components, resulting in the development of the hydraulic-mechanical
continuously variable transmission (HMCVT) [5,6]. The hydraulic part only transmits part
of the power, and the remaining power is transmitted through mechanical components.
As a result, transmission efficiency is enhanced, while also offering improved driving
comfort [7,8].

The hydraulic mechanical continuously variable transmission began in the early 20th
century. Due to limitations in the manufacturing level of hydraulic systems, HMCVT
did not begin to be applied to vehicles until the 1960s [9]. The calculation accuracy of
HMCVT efficiency has guiding significance for subsequent optimization designs. Jiang
Li et al. proposed a novel method for analyzing the efficiency characteristics of variable
loads, providing theoretical support for efficiency improvement in the design and analysis
of multi-planet HMCVT tractors [10]. Zhang G et al. obtained the expression for the trans-
mission efficiency of HMCVT composed of dual row planetary gears by analyzing torque,
transmission ratio, and power cycling phenomena [11]. Lu Kai et al. proposed a method
based on Variational Mode Decomposition (VMD), Particle Swarm Optimization (PSO),
and Backpropagation (BP) neural network to improve the quality of transmission efficiency
prediction, which can better adjust the transmission ratio during tractor operation [12]. It
can be seen that an accurate evaluation of HMCVT is crucial for the design of HMCVT.

The transmission optimization design of HMCVT is important for improving the
performance of high-power tractors. To improve the transmission efficiency of HMCVT,
Cheng Z et al. used an improved genetic algorithm to determine the variable speed shift
connection point. By changing the crossover and genetic probabilities in the genetic algo-
rithm, the speed and accuracy of the algorithm were improved [13]. Afterwards, Cheng Z
et al. improved the speed and accuracy of the HMCVT optimization algorithm by changing
the crossover and genetic probabilities in the genetic algorithm [14]. Later, they established
a tractor transmission model using a new five level HMCVT, which is characterized with
more accurate efficiency. A segmented modeling method for HMCVT efficiency charac-
teristics was referenced, which was based on an improved genetic algorithm [15]. Li]
et al. designed an improved NSGA-II genetic algorithm based on system speed regulation,
power performance, and economic characteristics [16]. The optimization design of HMCVT
characteristic parameters was carried out with the goal of optimizing torque ratio and
transmission efficiency. Finally, the torque ratio was increased by approximately 2.81%,
14.32%, 2.31%, and 15.07% in HM1, HM2, HM3, and HM4, respectively. Also, the trans-
mission efficiency was increased by approximately 3.48% and 1.97% in HM1 (HM3) and
HM2 (HM4).

In order to achieve an accurate evaluation of HMCVT efficiency and optimize trans-
mission parameters based on transmission efficiency, this paper first proposes a new
three-speed HMCVT scheme suitable for high horsepower intelligent tractors. The plane-
tary gear adopts the Ravigneaux Hertz planetary gear structure, which has higher space
utilization compared to the common Simpson planetary gear mechanism and can achieve
multiple gears in relatively few components. Secondly, the transmission efficiency of the
new HMCVT was calculated using the Kpeitnec method. Thirdly, based on the charac-
teristics of comprehensive transmission efficiency and smooth shifting of all gears, an
improved NSGA-II genetic algorithm was adopted, which combines simulated annealing
and non-uniform mutation ideas. This algorithm achieves the dynamic optimization of
HMCVT shift points and transmission parameters.
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2. Theoretical Analysis on Transmission Characteristics of HMCVT

The HMCVT structure proposed in this paper is shown in Figure 1. It includes input
shaft 1, the pump motor hydraulic system, Ravigneaux planetary gear mechanism, gear
pair, shift clutch (C1, C2, C3), and directional clutch. The mechanical path runs from shaft
1 to shaft 3. The hydraulic path goes from shaft 1 to shaft 2, then from shaft 2 to shaft
4 and from shaft 4 to shaft 5. Finally, the mechanical transmission path and hydraulic
transmission path are coupled and transmitted to shaft 6 in the planetary gear mechanism.

Shaft 4

LLLLLL
| T | :

Il
|

=i,

S1

S
[w
Shaft 6
ig iy

L
Shaft 8 | j, - Shaft 7

| T
1 DR H DF BE=—=
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Figure 1. Schematic diagram of HMCVT for tractor. Note: i; to iy are gear ratios; k; and k, are
characteristic parameters of Ravigneaux planetary gears; C1, C2, and C3 are first, second, and third
gear clutches; DF and DR are forward and reverse gears; and n;, and Tj, are input speed and torque,
while 11y,t and Tyt are output speed and torque.

2.1. Speed Characteristic
2.1.1. Ranges HM1 and HM3

As illustrated in Figure 1, the engine output power is transmitted to HMCVT through
shaft 1. The power transmission routes for the firs and third gears are basically the same,
except for gear pairs i3 and i;. In both cases, in the Ravigneaux planetary gear system, the
large sun gear S; and the small sun gear S; are inputs. The planetary carrier c is the output.
1, is the engine speed, so the speed 7 of the large sun gear and the input speed 7, of the
variable pump are formulated in Equations (1) and (2).

{ i vy @
nsl = in 7
np = —2n, 2
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In this study, the influence of volume control speed loop volume efficiency was ignored.
The relationship between quantitative motor output speed n,,, variable pump input speed
1y, and pump motor displacement ratio is shown in Equation (3). Meanwhile, the rotational
speed 1y of the small sun gear S, is shown in Equation (4).

eniy

Ny = €Ny = — — 3

m p 7 3)
en en;

Ngp = _‘717 = -7?”/ 4)
I5 1115

where e = Qp/Qm = nw/np, =1 < e < 1. Qp and Qy, are the instantaneous displacements
of the variable displacement pump and the quantitative motor, respectively.

According to the planetary gear mechanism (PGM) speed characteristic equation [17],
the input speed n,; of the large sun gear Sy, the input speed ny of the small sun gear
S,, and the output speed n. of the planetary carrier ¢ in HM1 and HM2 gears satisfy the
relationship as given in Equation (5).

ne(ky + ko) —kingy — kongg =0, (5)

where ky = Z,/Zs1;ko = Z;/ Zsp; Z, is the number of teeth of the ring gear; Zs; is the
number of teeth of the large sun gear; and Z;; is the number of teeth of the small sun gear.

Therefore, the rotational speed . of planetary carrier c can be obtained in HM1 and
HM3 gears, as derived in Equation (6).

7 (6)

w (ke Kk
{ ne =gt (i — ), (HM1)

; k k
ne = i (RE — 2, (HM3)

When the HMCVT output shaft is seven, the vehicle moves forward. When the output
shaft is eight, the vehicle moves backwards. This is similar to the transmission method
with an output shaft of seven, except for the addition of ig and ig to make the output speed
opposite to that of shaft 7. Therefore, taking output shaft 7 as an example, the output speed
of HM1 and HM3 in two forward gears can be calculated. The output speed of shaft 7 n, is
shown in Equation (7). The transmission ratio i; of HMCVT is shown in Equation (8).

Nin kie _ kf
no:{ W(F ;§>'<HM1> -
Nin e 4
v (s — 6 ) (HM3)
(kyize—koiyis)
ot ) T tisisen (HMD) ©
$ 7, | abeckiis) gy

2.1.2. Ranges HM2

In the Ravigneaux planetary gear system, the ring gear r and the small sun gear S, are
the inputs. The planet carrier c is the output. Like HM1 and HM3, the speed of the small
sun gear Sy is ngp = enj, /iyis. The speed of the ring gear r is n, = —n;, /is. According
to the PGM speed characteristic equation, the input speed 7, of the ring gear r, the input
speed 1, of the small sun gear Sy, and the output speed 7, of the planetary carrier ¢ can be
obtained, which satisfy the relationship shown in Equation (9).

ngy — kony — (1 - kZ)nc =0, )
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Therefore, the rotational speed 7. of planetary carrier ¢ in the HM2 gear can be obtained

as shown in Equation (10)
Ny e Q

= — , 10

=1 LGEt ) (10)
Here, taking output shaft 7 as an example, the output speed 1, of HM2 in forward gear

is calculated. The output speed 1, of shaft 7 is shown in Equation (11). The transmission

ratio ig of HMCVT is shown in Equation (12).

Niy e k2
_ 1
Mo = T vinieds | iaiedy” (11)
, n; ige + kpiyis

no (1 — k2)1114l5l617,

2.2. Torque Characteristic
2.2.1. Ranges HM1 and HM3

In the condition of ignoring power loss, which is similar to speed calculation as
mentioned above, this study takes output shaft 7 as an example to calculate the HMCVT
output torque T, during the vehicle’s forward movement. The torque of T, is shown in
Equation (13).

To
c= E/ (13)

In the transmission process of HM1 and HM3, the input torque T}, is transmitted
to HMCVT. The torque is divided into two parts. One part is transmitted to the variable
pump of shaft 2 as Tj,. The other part is transmitted to the large sun gear Sy of shaft 3 as T;.
Therefore, the relationship among the input torque Tj, and the torque of the variable pump
and the large sun gear S; is shown in Equation (14). The torque relationship between the
variable pump and the quantitative motor is shown in Equation (15).

! { —p 19)
in — T.; 7
T,
T, = eTy = _€i552’ (15)

According to Equation (5) and the PGM torque characteristic equation, it can be seen
that the relationship among the input torque T of the large sun gear Sy, the input torque
T of the small sun gear S, and the output torque T, of the planetary carrier ¢ in the HM1
and HM3 gears is shown in Equation (16).

Msl : MSZ ‘M, = k2 : kl : —(kl —l—kz), (16)

According to Equation (13), the relationship between the output torque of planet
carrier ¢ and the output torque T, of HMCVT can be determined. Equation (17) represents
the input torque of the large sun gear S; and the small sun gear S, using the output torque

_ __k
=Rl (17)
Ty = ——L-T,
s2 k1+ko ¢

T. of the planetary carrier.
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Thus, the relationship between the HMCVT input torque T}, and output torque T, can
be calculated from Equation (18) based on the above Equations (13)—(17).

Uahis—kise)To | (prp)

- i113isigi7 (k1 +kp)”
T, = igl7 )

Finally, the ratio p between the output torque of HMCVT and the input torque of the
engine in the HM1 and HM3 gears is expressed in Equation (19).

ivisisigiy (ki +k2)
_ E — 1(73:251)‘1?57*7:11'36‘)2 ,(HM1) (19)
"= T, ili2i5i6i7(k]+k2),(HM3> !

(kpiris—kyize)

2.2.2. Ranges HM2

In the HM2 gear, the HMCVT output torque T, is also represented by Equation (13).
In the transmission process of HM2, the input torque Tj, is divided into two parts. One
part is transmitted to the variable pump of shaft 2 as T, and the other part is transmitted to
the ring gear r as T,. Therefore, the relationship among the input torque Tj, and the torque
of the variable displacement pump and the annular ring gear r is shown in Equation (20).

T.=-F -2, (20)

Similarly to the torque calculation of HM1 and HM3, it can be seen that in the HM?2
gear, the relationship among the input torque T, of the ring gear r, the input torque T,
of the small sun gear S,, and the output torque T, of the planetary carrier c is shown in
Equation (21).

M, : Mg : M. = —kp:1:—(1—kp), (21)

In Equation (22), the output torque T, of the planetary carrier is used to represent the
input torque between the ring gear r and the small sun gear S;.

— ko
RS A (22)
Ts2 = szch

Thus, the relationship between the HMCVT input torque T}, and output torque T, can
be calculated according to Equations (20)—(22), as shown in Equation (23).

T, — et kaieiz)To (23)

Finally, the ratio p between the output torque of HMCVT and the input torque of the
engine in the HM2 gear is derived from Equation (24).

T,  iyigisigiy(kp — 1)
_ Lo _ hlalstelz (e — 1) 24
=T, (ige + koisiy) @)

2.3. Transmission Efficiency Analysis

In this study, the Kpeitnec method [18], as shown in Equation (25), is introduced to
calculate the transmission efficiency of HMCVT.

T,/ T,
ne/ny’

n=—pu/ig=— (25)
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where i is the ratio of output torque to input torque; and ig is the HMCVT ratio.

The torque considering power loss for HMCVT in each working range is shown in
Tables 1 and 2. Among them, the transmission efficiency calculation process of HM1 and
HM3 is listed in Table 1 and the transmission efficiency calculation process of HM2 is listed
in Table 2. In Tables 1 and 2, #1—17 is the transmission efficiency of the i1—iy gear pair. g
is the transmission efficiency of the hydraulic system. #,5; and 7,5 are the transmission
efficiencies from the ring gear r to the large sun gear S; and from the ring gear r to the small
sun gear S, respectively.

Table 1. Equation of efficiency calculation for HM1 and HM3 ranges.

Elements HM1le>0 HM3e>0 HMle<0 HM3e<0
; _ T Ty __Tm Ty _ . Ty _ . Ty
Engine I = i i31]3 I = i ioi Te = i 1313 I = im b
Pump Ty = eTulln Ty =eTm/nu
Motor T = —Ts1s/is T = —Ts /1515
PGM Ta+Ta+T.=0

Intermediate shaft

T. = T, /igizneny

Sun gear 1 Ts1 = —kaiprsaTe/ (kitrs1 + katprs2)
Sun gear 2 T = =k Te/ (kanprs1 + katprs2)
~ To/Te
# (Consider efficiency loss at this point)
iy /1o (k1+ky )irizizigiy (k14K )irinisigiy (ky+ky)iyisisigiy (k1 +kp )i inisipiy

(kiize—kaiyis) (kiize—koiyis) (kiize—kaiyis) (kiize—koiyis)

Table 2. Equation of efficiency calculation for HM2 ranges.

Elements HM2e>0 HM2e<0
i -5 T __Lm 1
Engine I = M gl I = i i47]s
Pump Ty = eTm/NH Ty = eTunn
Motor T = —Ts/isys T = —Ts215/ 15
PGM Tr+Top+T.=0

Intermediate shaft

T, = T,/ isiznen7

Ring gear T, = k277r52 Tc/(l - k277r52)
Sun gear 2 Tsp = Te/ (katprs2 — 1)
~ To/Te
# (Consider efficiency loss at this point)
iy /o (1—kp)iriaisisiy

(ige+koiyis)

In the HMCVT gearbox, the output torque T, of the engine is the input torque T},
of the HMCVT. The output speed 7, of the engine is the input speed n;,, of the HMCVT.
Taking the calculation of transmission efficiency in HM1 with e (displacement ratio) greater
than 0 as an example explains the Kpeiinec method. In Table 1, T}, can be represented
by T and Tg;. T) can be represented by Ty,. Ty, can be represented by Tgp. T and Ty,
can be represented by T, according to the PGM equation. According to Equation (13), the
relationship between T, and T, can be known.
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According to the torque and speed transmission relationship in HMCVT, j and ig in
Equation (25) can be obtained. The transmission efficiency of HMCVT can be calculated
using Equation (25).

Finally, the transmission efficiency within different displacement ratio ranges of the
HM1/HM2/HMS3 gears can be obtained numerically, as calculated in Equation (26) below.

(k111rs1 +kotrs) (koiris —kyise) 1316117 (e > 0)
_ (k1+ka) (kaivistyso—kiizeninansiysiiin)
M1 = (k111rs1 Thotrso) (koivis —kiise) 1131567 H (e <0)
(k1t+ko) (kaivisyiysirsan—kiizenss) 7\ —
(katprsp —1) (igetkairis ) 11747516171 1 (e>0)
— (ko =1) (igena+koivisyinsirsann) 7
THM2 (katrso—1) (ige+kai1is) 4 i67 (e <0) ’
(ka=1) (igeninansnu+kairisirs2)’ N —
(k11rs1+kotrs) (ko is —kize) 1o16717 (e > 0)
_ (k1+ko) (kaiistyso —k1iaenyanisisiin)’
HM3 (k1trs1+kottrsa) (koivis —kqipe) 111215167 H (e <0)
(kit+ko) (koivisyiysirsana—kiizenas) 7\ —

(26)

3. HMCVT Optimization for Coupling Comprehensive Transmission
Efficiency and Shifting Smoothness Across All Gears
3.1. Determination of HMCVT Parameters

The engine speed matched with HMCVT is 2200 r/min. The driving speed and gear
information of the tractor in different gears are tabulated in Table 3. The maximum speed
is 50 km/h. The main reduction ratio i is 1.29 and the driving wheel radius is 0.858 m.

Table 3. Displacement ratio, vehicle speed, clutch engagement, and information of tractor in differ-

ent gears.
e Speed (km/h) C1 C2 C3
HM1 (—0.92,0.82) 0-16 Vv / /
HM?2 (—0.92, 0.96) 16-32 / Vv /
HM3 (-1, 0.96) 32-50 / / Vv

Note: e is displacement ratio of hydraulic pump to hydraulic motor. C1 is clutch 1, C2 is clutch 2, C3 is clutch 3.
Check mark is used to indicate whether C1, C2, and C3 corresponding to each speed range are engaged.

When HMCVT switches between adjacent gears, the displacement ratio and transmis-
sion ratio at the change point must meet the conditions shown in Equation (27).

(27)

According to the vehicle information in Table 3 and Equation (27), the relationship
among the HMCVT gear pair transmission ratio, k; and k; can be obtained, as shown in
Equation (28).

0.82kyiz = koiyis
0.92kqi3+koiqis — koi1i5—0.92iy

i3(k1+k>) iy(1-k2)
0.96i4+kyiyis — 0.96kqip—kpiqis 7 (28)
ig(1=kz) ip(k1+k2)

kyiptkoiris 0.091

There are a total of nine parameters to be solved for HMCVT in Equation (28), with
only four equations. Therefore, when solving the HMCVT parameters, it is necessary to
firstly assign values to five parameters and then calculate the remaining four parameters.
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Meanwhile, during the calculation process, it should be noted that the transmission ratio
igHM1toM2 at the transition point between the HM1 and HM2 gears is smaller than the
transmission ratio igimtorms at the transition point between the HM2 and HM3 gears.

Therefore, the planetary gear mechanism (PGM) structure parameters kj is set to 3.5,
i1 is 1.5, i3 is 4, ig is 3, and iy is 3.5. The remaining four transmission ratio parameters can
be calculated using Equation (28). The remaining parameters of HMCVT are calculated as
follows: kj is 3.98, ip is 0.74, i4 is 3.09, and i5 is 1.58. All parameters are recorded in Table 4.
In Section 4 an HMCVT model was established based on nine transmission ratio parameters,
which can determine its variable speed transmission law based on the input transmission
ratio parameters. By inputting the nine transmission ratios into the Simulink model built in
Section 4, the output speed curve and transmission efficiency can be obtained.

Table 4. One set of calculated transmission ratio values.

Transmission
Parameters

k1 k2 il 2 i3 i4 i5 i6 i7

value

3.5 3.98 1.5 0.74 4 3.09 1.58 3 3.5

3.2. Structural Optimization of HMCVT Using Improved NSGA-II

By using Equations (27) and (28), the HMCVT structural parameters that conform
to the shifting pattern in Table 3 can be calculated. In this section, considerations for
HMCVT efficiency and shifting smoothness are included in the calculation of transmis-
sion parameters [19]. Redesign HMCVT parameters using an improved NSGA-II genetic
algorithm. The optimized genetic algorithm can improve overall transmission efficiency
and shifting smoothness while meeting the design requirements of the gearbox. At the
same time, the algorithm introduces the concept of simulated annealing in the calculation
of mutation operators to avoid being stuck in local optima and increase the algorithm’s
fine-tuning ability.

3.2.1. Objective Function and Constraint Condition

The transmission efficiency and the effective connection between adjacent gear speed
points are related to the PGM structure parameters k and the gear pair tooth ratio. The
design of gear parameters will have a direct impact. The objective function min f(X1)
includes the difference in transmission ratios between adjacent gears at all gear transition
points, as well as the difference between the initial /end points of the continuously variable
transmission and the theoretical data, as shown in Equation (29). The objective function min
{(X2) includes the comprehensive transmission efficiency of HM1-HM3 working sections.
The transmission efficiency of different points on each working section is calculated at
intervals of 0.1 to obtain comprehensive transmission efficiency, as shown in Equation (30).
Because it calculates the maximum comprehensive efficiency, but seeks the minimum value
during the optimization process, Equation (30) is therefore transformed using the method
shown in Equation (31).

minf(X1) = |1/ig_ g (0.82)] + |ig pam1(—0.92) — iy ppa(—0.92)|+

. ) ) ) p (29)
lig_HM2(0.96) — ig 1ipm3(0.96)| + |imax — ig_Hm3(—1)]
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0 0.82
Y. yumi(e)/10+ Z nam1(e) /94
09201 =001
0
Y

0
0.96
minf(X2) = 10 x num2(e)/10+ L numz(e)/10+ /6,  (30)
=-0.92,0.1 e=0,0.1
0 0.96
Y nums(e)/11+ ¥ nums(e)/10
e=—1,0.1 e=0,0.1

minf(X2) = 1/minf(X2), (31)

The decision variable is a related parameter that can directly affect the value of
the objective function. According to Equations (29)—(31), the decision variable is the
transmission ratio 7 of each gear pair and the parameters k; and k; of the planetary gear set,
that is

X = [ky, ko, 11,12, 13, i3, 16), (32)

The speed range of the tractor is 0-50 km/h, the speed range of the HM1 working
section is 0—y; km/h, the speed range of the HM2 working section is -, km/h, and the
speed range of the HM3 working section is 1/,-50 km /h. The driving speed of the tractor
can be expressed as Equation (33).

551.65
o = 0.3770n" _ 29209 (33)

igly ig

The constraint conditions for the transmission ratio in three gears are shown in
Equation (34). The constraints between the shifting points of multiple working stages

satisfy Equation (27).
0< B8 <,
y1 < f{igﬂ <y (34)
n< B8 <50

3.2.2. Optimization of HMCVT Configuration via NSGA-II

The NSGA-II genetic algorithm is an adaptive random search algorithm that simulates
the natural process of survival of the fittest and it is widely used to solve nonlinear, multi-
objective optimization problems [20]. The analysis of HMCVT parameters is quite complex.
In order to improve the applicability and accuracy of genetic algorithms, the traditional
NSGA-II genetic algorithm is improved by introducing the concept of simulated annealing
into the mutation operator calculation of the NSGA-II genetic algorithm. As the population
continues to evolve, individuals within the population gradually tend to stabilize and the
probability of compilation also decreases. Therefore, a mutation operator incorporating
simulated annealing is used to enhance the stability of the genetic algorithm. The improved
mutation operator is shown in Equation (35).

pm = pmg x (0.9)"*7, (35)

where pmy is the original mutation operator; n is the current generation of the population
and the maximum generation of the population is set to 11¢.; and 7 is the constant of the
simulated annealing algorithm, taken as 0.95 here.

At the same time, the non-uniform mutation approach is introduced to establish a
relationship between the role of mutation operators and evolutionary algebra, in order to
ensure that the stability of the genetic algorithms is enhanced while also improving their
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local search capabilities. Assuming that in the nth generation population, individual m (m1,
m2, m3, m4, m5, m6, m7) undergoes mutation, a uniform random selection method is used to
mutate one of the gene values mj. The specific way of mutation is shown in Equations (36)
and (37). During the mutation process, rand2 is used to determine the calculation method
of mj and k, enhancing the randomness of the mutation process. After mutation, the gene
of the new individual m becomes (m1, my, ..., mj, ..., my).

b
mj+kx (1- mndgl_n/ngf) ), rand, > 0.5

b 7 (36)
mj—kx (1— randilfﬂ/nga ), else

THjZ

i,2) —m; > 0.
. { bound(j,2) mj, randy > 0.5 37)

m; — bound(j,1),else

where rand; and rand, are both random numbers within the range of 0-1; b is the uniformity
parameter, generally ranging from 2 to 5; and bound (j,1) and bound (j,2) are the lower and
upper limits of the value of the jth gene, respectively.

In this study, the NSGA-II genetic algorithm introduces the concept of simulated
annealing and uniform mutation characteristics, as shown in Figure 2. Firstly, in the
initial stage of optimization, set the initial population size, initial crossover probability,
genetic probability, and maximum number of iterations. Secondly, initialize the population
based on the optimization objective function mentioned above. Thirdly, non-dominated
sorting of the population is performed based on the calculated fitness. Fourth, select
outstanding individuals for crossover and mutation. Each generation of the population
uses Equation (35) to calculate the mutation operator, and Equations 36 and 37 to calculate
the mutated individuals.

By comparing the optimization process of HMCVT design parameters before and after
algorithm improvement, the results shown in Figure 3 can be obtained. The improved
genetic algorithm has better optimization performance within the same evolutionary
generation. In the 10th generation, the original genetic algorithm’s min f(X1) (HMCVT shift
loss) can be reduced to a minimum of 0.071; the improved genetic algorithm’s min f(X1) can
be reduced to 0.025, a decrease of 65.6%; and min f(X2) (HMCVT loss) can be reduced from
0.27 to 0.12, a decrease of 56.2%. In the 20th generation, the original genetic algorithm’s
min f(X1) can be reduced to a minimum of 0.065, while the improved genetic algorithm’s
min f(X1) can be reduced to 0.015, a decrease of 76.3%; min f(X2) has decreased from 0.20 to
0.11, a decrease of 48.2%. In the 50th generation, the original genetic algorithm’s min f(X1)
results were concentrated between 0.06 and 0.11, while the improved genetic algorithm’s
min f(X1) results were concentrated between 0.01 and 0.04; min f(X2) decreased from the
original (0.2, 0.3) to (0.1, 0.225). Overall, the introduction of simulated annealing and
non-uniform mutation characteristics in the NSGA-II genetic algorithm has improved the
optimization performance of the algorithm.

By adopting a weighted approach to select the optimal point on the Pareto front of the
50th generation optimization algorithm, the weights of min f(X1) and min f(X2) are both
0.5. The HMCVT optimized transmission parameters are ultimately selected as shown in
Table 5.
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Table 5. NSGA-II and improved NSGA-II transmission ratio values.
Transmission k1 k2 i1 i2 i3 ia i5 i6 i7
Parameters
Valuel
(NSGA-II) 44 7.8 5.1 2.6 11.2 7.7 1 3.5 1
Value2 4.8 6.1 7 2.5 11 9 1 3.1 1

(improved NSGA-II)

4. HMCVT Optimization Verification and Results

This section validates the transmission analysis in Section 2 and the transmission
efficiency optimization in Section 3. A gearbox transmission efficiency simulation platform
was built using Simulink in the MATLAB R2022b(64-bit) Section 4.2 showed that the
structural optimization algorithm can play a certain role in optimizing the transmission
efficiency of high-power tractors.

4.1. The Composition of Each Part of the HMCVT Model

From Figure 4, it can be seen that the Simulink model of HMCVT consists of five parts,
which include the target speed information, engine, HMCVT speed controller, HMCVT, and
transmission efficiency analysis module. The engine provides input speed n;, and input
torque Tj, for HMCVT. The speed message transmits the target output speed of HMCVT to
the transmission controller. The controller modulates the change in displacement ratio e and
gear switching of the hydraulic module inside the transmission based on the output speed
1oy and target output speed aim_ny, of HMCVT. HMCVT can perform corresponding
actions based on the e and clutch engagement/disengagement signals provided by the
transmission controller and calculate the output speed and torque of HMCVT [21].

\ ) | aim_speed clutch_signal clutch_signal
/

Speed message n_out

n_out
| current_speed e P e

Transmission controller T_out

4,—» n_in Efficiency analysis monitor

T_out

Lb Tin

Engine

HMCVT

Figure 4. HMCVT simulation model.

4.2. HMCVT Speed Controller Verification

The transmission controller is shown in Figure 5. Figure 5 is the internal structure
of the transmission controller, which adjusted the value of u input to displacement ratio
and gear controller through PID controller. It shows the control logic of the HMCVT
gear to the displacement ratio created through Stateflow in Simulink. The shift_state
module can determine the clutch signal for switching between three gears. The pump_state
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module below can calculate the change in the displacement ratio. The final output signal is

transmitted to HMCVT in Figure 4.

shift/

shift_state/

“| entry:C1=0;C2=1;
C3=0,CPTO=0;
DR=0;DF=1;

‘pump_state/
en:e=0.82;

pump1/
duze=e+(0.00005%u/x);

—1 [e>=0.9575)/(e=0.9575;send(HM3toHM

__ [e<=—0.92)/{e=—0.92;send(HM2toHM1)}

Figure 5. Transmission controller.

The simulation time for model testing is set to 300 s, and the simulation step size is

0.1 s. The change in the displacement of the pump motor module is shown in Figure 6.

T T T T T T T T T T T T T
Lor O HMI e>0|]
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o O o > — A HM2 e<0| ]
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E i Q ® M3 e<0|

z 02 G ‘?% ’
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£ 0o0r i .‘ .

8 [ ] ®

~%—0.2 - = . T
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r ®
0.6 [ = ® .
sl [ o -
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Time/s

Figure 6. Pump motor displacement variation.

4.3. Model Simulation Results

By inputting the HMCVT parameters calculated in Section 3.1 and the optimized

parameters in Section 3.2 into the HMCVT Simulink model for simulation, the vehicle

speed variation process shown in Figure 7 can be obtained. It can be seen that compared to
the original speed range in Figure 7a, the optimization of the HMCVT structure considers
shifting smoothness and comprehensive transmission efficiency, and the working range of

HM2 is more concentrated in the range of 20-30 km /h. It can be seen that the optimization

algorithm can achieve smooth shifting and optimal comprehensive transmission efficiency
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50
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=

Tractor speed(km/h)

during the dynamic change in shifting points. Meanwhile, in the 50th generation popu-
lation, compared to NSGA-II, the improved NSGA-II reduced the error of HM1-HM2 by
changing short joints from 0.31 km/h to 0.15 km/h, and reduced the error of HM2-HM3 by
changing segment connection points from 0.46 km/h to 0.26 km/h, making the segment
change process smoother.

Tractor speed(km/h)

(a) One set of transmission parameters

Dispalcement ratio
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(c) Transmission process of tractors obtained by improved NSGA-II

Figure 7. The curve of the tractor speed.

Meanwhile, Figure 8 shows the transmission efficiency of the three sets of transmission
parameters obtained in different ways during the simulation process. The transmission
configuration using the NSGA-II genetic algorithm and the improved genetic algorithm can
achieve the best comprehensive transmission efficiency and smooth shifting within a certain
range of transmission ratios. From Figure 8b,c, it can be seen that the ordinary NSGA-II
optimization algorithm and the improved NSGA-II optimization algorithm adjust the
second speed range of the original design parameters from 16 to 32 km/h to 19-28 km/h.
The improved genetic algorithm has slightly improved compared to NSGA-II in the HM2
working stage, with an efficiency increase of 0.67% at the maximum transmission effi-
ciency point. In summary, optimizing the transmission structure parameters of HMCVT
through the improved NSGA-II genetic algorithm can more effectively improve the overall
transmission efficiency of HMCVT and promote smooth gear shifting.
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Figure 8. Curve of HMCVT efficiency. (a) HMCVT efficiency based on calculated transmission
ratio. (b) HMCVT efficiency obtained by optimizing transmission ratio using NSGA-II. (¢) HMCVT
efficiency obtained by optimizing transmission ratio using improved NSGA-II. (d) HMCVT efficiency
of transmission ratios obtained through three different methods: ordinary calculation, NSGA-II, and
improved NSGA-IL

5. Discussion

To verify the effectiveness of the method, this HMCVT was tested in a transmission
efficiency simulation platform. The transmission efficiency results of the three working
stages are roughly equal to the true values, and the proposed Kpeitnec calculation method
can effectively evaluate the transmission efficiency of this new HMCVT. At the same time,
based on the distribution characteristics of transmission efficiency in the working section,
the changing trend of transmission efficiency in the HM1 working section can be seen.
It can be seen that in the part where the displacement ratio is greater than 0, the rate of
increase in transmission efficiency slows down, while in the HM1 working section where
the displacement ratio is less than 0, the rate of decrease in transmission efficiency slows
down. This phenomenon also exists in the HM2 and HM3 working stages. To minimize the
loss of transmission efficiency as much as possible, it is possible to consider how to improve
the phenomenon of slowing down the rate of increase in transmission efficiency, while also
optimizing the ability to slow down the rate of decrease in transmission efficiency.
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Meanwhile, based on the continuous variation in the displacement ratio of HMCVT
and the engagement and disengagement of the clutch, it can be concluded that the controller
of HMCVT has achieved effective control. By issuing the desired displacement ratio and
clutch engagement/disengagement signal, continuous variation in HMCVT output speed
was achieved.

By comparing the corresponding transmission efficiency results of HMCVT parameters
obtained by three different methods, it can be seen that the optimized NSGA-II algorithm
achieves dynamic optimization of transmission parameters through different combinations
of transmission ratios and shift points. After optimization, the transmission efficiency of
the three working sections was significantly improved. At the same time, the range of the
entire HM2 working section is shortened, indicating that the appropriate shortening of
the HM2 working section of this HMCVT has a certain effect on improving the overall
transmission efficiency.

6. Conclusions

This paper proposes a new transmission scheme for HMCVT. The variable speed
structure is composed of a Ravigneaux planetary gear set and a pump motor module
connected in parallel. According to the displacement ratio of the control clutch and pump
motor module, HMCVT achieves a continuously variable transmission of a tractor within
0-50 km/h.

According to the design requirements, a new HMCVT configuration would be derived
via the intelligent optimization algorithm. The goal is to achieve optimal shifting smooth-
ness and comprehensive transmission efficiency with the constraint of a continuously
variable transmission within 0-50 km/h. Improved NSGA-II realizes dynamic optimiza-
tion of HMCVT parameters with unrestricted gear shifting speed. Introducing the concept
of simulated annealing and uniform mutation into the mutation process of the NSGA-II
algorithm not only enhances the stability of genetic algorithm but also improves its local
search capability. Under the same algebraic population conditions, the improved genetic
algorithm has abilities on modulating transmission configurations with better shifting
smoothness and higher overall transmission efficiency.
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