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Abstract: In this study, a dual-input coupling powertrain system (DICPS) was proposed to improve
the energy utilization efficiency of pure electric tractors (PETs). The working principles of the DICPS
under different modes were analyzed and dynamic models were established. To study the influence of
changing key parameters in the DICPS on the economic performance of PETs, a parameter-matching
design method was proposed and the feasible region of the design parameters was determined
according to the tractor’s dynamic performance. In addition, we put forward an energy management
strategy (EMS) based on the optimal system efficiency and a dual-motor-driven electric tractor (DMET)
model was built in MATLAB/Simulink. The simulation results revealed that different parameter
configurations of DICPS will lead to significant changes in overall efficiency, with a maximum
difference of 6.6% (under a rotary tillage cycle). We found that the optimal parameter configuration
for the DMET under two typical working conditions was PDR = 0.5, k = 1.6. Compared with the
single-motor powertrain system (SMPS), the DICPS with the optimal configuration of key parameters
can significantly improve overall efficiency by about 9.8% (under a plowing cycle).

Keywords: electric tractor; dual-input coupling powertrain; parameter optimization; quadratic
programming algorithm

1. Introduction

In recent years, the number of tractors of different forms has greatly increased, as they are the main
type of agricultural power machinery. The inefficiency and high fuel consumption of traditional tractors
lead to energy waste and environmental pollution [1]. A tractor uses 345,000 kL of oil, accounting for
48.5% of the total oil consumption of agricultural machines. Thus, developing an efficient tractor is
necessary [2].

Battery-powered electric vehicles have been proven to be one of the most effective ways to reduce
emissions and energy consumption. With the rapid development of battery technology and motor
technology, there is growing interest in the electrification of agricultural tractors [3]. Pure electric
tractors (PETs) seem to be a promising solution in the context of more sustainable farming as they
can use a wide range of power sources which can be obtained from a variety of renewable or clean
energy sources [4]. However, at the current technical level, the biggest bottleneck in the development
of PET is their limited operation time. Optimizing transmission efficiency is a practical method
to increase operation time before the energy density of the battery displays evident improvement.
The improvement of transmission efficiency depends on the development of an efficient powertrain
and effective control strategies.

At present, the powertrains of PETs on the market are mostly driven by a single motor, whereby
the diesel engine is replaced by batteries and a motor and the original multi-gear transmission is
retained [5-7]. Considering the different power requirements of tractors under various working
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conditions, the motor often works in a low-efficiency region under low-load conditions. Moreover,
research shows that the tractors” multi-speed mechanical gearboxes will bring more energy losses [8].
It has been found that in the powertrain configuration of “single motor + multi-speed transmission”,
it is difficult to change the current situation of tractors, whereby they present low efficiency and high
power consumption. Therefore, it is necessary to find other powertrain structures that can improve
tractor efficiency. Many studies have shown that dual-input coupling powertrain systems (DICPSs)
have been widely used in electric vehicles to reduce energy consumption and improve efficiency [9-12].
By using two smaller motors instead of a single high-power source, the torque capacity of a single
motor can be reduced, which is beneficial to the development of high-speed motors, thereby increasing
the power density of the driving system. Moreover, the operating points of the two motors can be
adjusted to optimize the efficiency of the drive system.

Most studies on DICPS in the agricultural tractor field have focused on hybrid tractors, while the
PET concept is applied less frequently. Lee et al. designed a powertrain simulation model and proved
the fuel consumption reduction of the parallel hybrid tractor through the power distribution ratio
strategy. The results showed that the fuel efficiency of the hybrid tractor was 11.78% higher than
the conventional tractor [13]. Lee et al. developed a parallel hybrid tractor, which had three control
modes: idle, power assist, and battery charge. The results showed that the performance of the hybrid
tractor was better than the conventional tractor at the higher load condition, and the fuel efficiency
was 74% lower than that of the conventional tractor [2]. Deng et al. designed a parallel hybrid tractor
transmission system with a planetary gear set as the power coupling device, and a design theory and
calculation method for the transmission system were proposed. The simulation results showed that the
hybrid tractor could save energy by up to 24% under plowing operations compared to the equivalent
power fuel tractor [14].

The literature studies described above show that hybrid tractors with a dual-input powertrain
can effectively improve fuel efficiency. However, hybrid tractors do not meet the development trend of
new energy vehicles for zero emissions. Moreover, the motors of hybrid tractors are mainly used as an
auxiliary power source to improve the fuel efficiency of the engine, which cannot fully provide the
characteristics of high efficiency and motor precision. Therefore, the DICPS was adopted to improve
the overall efficiency of PETs. When the power demand is low, the PET can be driven by a single motor
to increase the torque utilization factor of the motor. When the power demand is high, the PET can be
driven by two motors to improve the operating efficiency of the DICPS.

After the powertrain structure is determined, reasonable parameter sizing and control strategies
are necessary to realize efficient operation of the dual-motor-driven electric tractor (DMET). However,
the parameter-matching design method of a conventional tractor was not entirely suitable for DMET.
For conventional tractors, only the dynamic performance indexes need to be satisfied, but the parameter
matching of DICPSs should not only consider the dynamic indexes, but also the high-efficiency region
distribution of the two motors [15,16]. Chenetal. proposed a method of powertrain parameter-matching
and optimization design for a dual-motor-driven electric tractor, and used a particle swarm optimization
algorithm based on a mixed penalty function to optimize the parameters [17]. The results showed
that the selected optimization objectives had made evident progress after the optimization. However,
they did not optimize the structure parameters according to the actual working condition data of
the tractor. Therefore, it is necessary to study the matching optimization between the high-efficiency
region of the two motors and the actual working conditions of the tractor.

There have been some studies on control strategies for DICPSs. Wu et al. proposed a real-time
control strategy for a dual-input power-split transmission system [18]. The control strategy improved
the overall efficiency of the vehicle at low speed and at frequent deceleration. However, the three PI
controllers required a lot of debugging to obtain the best control parameters, a time-consuming process
that was not able to guarantee robustness and timeliness. Zhang et al. used Pontryagin’s minimum
principle (PMP) algorithm to optimize the control strategy of an electric bus driven by two motors
under three driving cycles [19]. Jia et al. proposed optimization-based energy management strategies
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for hybrid electric agricultural tractors to minimize fuel consumption in typical working cycles [20].
Compared with the typical rule-based strategy, these optimal energy management strategies (EMSs)
showed significant improvements in fuel efficiency. Both PMP and Dynamic programming (DP)
strategies require information of the entire cycle condition, and can only achieve global optimization
under specific conditions. Computational complexity makes real-time operation difficult to achieve.

The objectives of this study were to design a DICPS for a PET which could improve the PET’s
economic performance without compromising its dynamic performance. Furthermore, the system
needs a reasonable parameter configuration and an effective energy management strategy to ensure
the efficient operation of the PET. Furthermore, this study aimed to find the optimal parameter
configuration for tractor working conditions through simulation experiments.

The paper is organized as follows: Section 2.1 introduces the overall configuration of the DICPS.
The modeling and driving modes of the DICPS are displayed in Section 2.2. The system parameters
are matched and determined in Section 2.3. In Section 2.4, an EMS developed to minimize power
loss and maximize overall system efficiency is explained. The simulation results and discussion are
given in Section 3, where two typical working conditions were used to validate the effectiveness of the
proposed method. Finally, conclusions are presented in Section 4.

2. Materials and Methods

2.1. Configuration of the DICPS

The overall configuration of the DICPS is shown in Figure 1; it was mainly composed of two
motors, EM_S and EM_R; two brakes, Bl and B2; and the dynamic coupling gearbox. EM_S and EM_R
were powered by a Li-ion battery pack and connected with the sun gear and ring gear, respectively,
through reduction gears, and the carrier was the output of the powertrain. The power take-off (PTO)
was connected to EM_S or EM_R through the reduction gear to provide output power for tractor
farming operations. Due to the wide speed range and fast torque response of the motors, the multi-gear
transmission found in a conventional tractor was removed, saving space and reducing weight and costs.
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Figure 1. Schematic diagram of DICPS. 1. EM_S; 2. EM_R; 3. B1; 4. B2; 5. Reduction gear for EM_S ig;
6. Reduction gear for EM_R i;; 7. Ring gear; 8. Sun gear; 9. Carrier; 10. Main reduction gear i,,; 11.
Final reduction gear z'f; 12. Differential mechanism.
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2.2. Modeling and Modes Analysis

2.2.1. Tractor Dynamic Model

As agricultural vehicles, tractors experiences different resistances to automobiles—mainly
including traction resistance, rolling resistance, and slope resistance—which can be expressed by
Equation (1). It is noteworthy that tractors travel slowly, so air resistance is neglected.

. Tcimifm_TL
= &
Ty = (Frcosp +mgsin 6 + f(mg + Frsinf))r,

where T, denotes the output torque of the carrier, T} is the driving resistance torque, 7; is transmission
efficiency, m denotes the tractor mass, v, is the actual velocity, r; represents the radius of the
driving wheel, Fr is the traction resistance, f refers to the angle between traction resistance and the
horizontal direction, 0 is the incline angle of the road, g is the gravity acceleration, and f is the rolling
friction coefficient.

2.2.2. Dynamic Model of Planetary Gear Set

The static kinematics model of the planetary gear set, determined by the lever analysis method [21],
can be expressed as
kwy + ws = (k+1)w,
. _ T, _
=% = s @)

where k denotes the characteristic parameter of planetary gear set; the subscripts 7, s, c and p represent
the ring gear, sun gear, carrier and pinion, respectively; and @ and T refer to the rotation speed and
torque, respectively.

Since the static model does not take into account the dynamic response of components, there will
be a large deviation when the acceleration of gears is very large, and the two inputs of the planetary
gear set are controlled by two motors independently, so Equation (2) cannot meet the actual dynamic
response. When the speed and acceleration are given, the working points of EM_S and EM_R are not
uniquely determined. In order to make EM_S and EM_R work in the optimum conditions to minimize
power consumption, a dynamic model of the planetary gear was essential. The dynamic model can be
expressed as

Ird)r =T, - Ty

Isd)s =Ts- Tcs

Ly = 51T - ST

(Ic + Ips)d)c = ]%chs + ]%lecr =T

®)

where I, Is, and I are the equivalent inertia on the ring gear, sun gear, and carrier, respectively; I,
denotes the inertia of the pinion relative to the center of mass; I is its inertia relative to the center of
sun gear; and T, and T are the inner torques.

2.2.3. Battery Model

The thermal temperature effect and battery life were ignored in this paper, and the basic physical
model of battery was simplified as a voltage source with open circuit voltage and internal resistance,
both of which depend on the battery SOC, so the mathematical model of the battery can be expressed as

Upe - \/Uoc2 - 4Rbut : Pbat

SOC = —
ZRbat : Qbat

4)
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where U, is the battery open circuit voltage; Ry, is the internal resistance; Py, is the output power
of the battery, which is also the electric power consumed by the two motors; Q; is the capacity of
battery; and the index t represents any time instant.

It is worth noting that both U, and Ry, can be obtained from the look-up table of the battery
SOC, and the instantaneous internal energy of battery P, can then be obtained as

P, = _uochatSOC (5)
2.2.4. Efficiency Model

Since this paper mainly focused on the influence of the selection of a dual-motor coupling
powertrain on the economic performance of a PET, it was necessary to establish efficiency models of a
DICPS, including a motor efficiency model and a transmission efficiency model.

To obtain the efficiency model of the motor, we measured the output torque, speed, bus voltage,
and current of the motor through a bench test and calculated the efficiency value. The motor efficiency
was defined as the function of output speed and torque, as shown in Equation (6), and the efficiency in
a certain state was obtained by the interpolation method. The efficiency map of motors in this study is
shown in Section 2.3.1.

Nm = f(wm, Tm) (6)

where T}, and w,; denote the output torque and output rotation speed of the motor, respectively.

Here, we only considered the gear efficiency in the coupling box, including the dynamic efficiency
of the planetary gear set and the efficiency of the reduction gears. For a pair of gears, one of the most
widely used efficiency models is as follows [22].

1=1-[5 =) %

where Z, and Z, represent the number of teeth, and the + symbol indicates external (+) and internal
gear pairs (—). In terms of the planetary gear set, there are different control strategies and energy losses
for different design parameters and driving modes, so an efficiency model should be established for
each of the three driving modes.

k'(l_nc(s—r))

Mr(s—c) = 1- M1S
Oml _ .
Ns,r—c = 1- m (1 - T]C(s_r))DMC (8)
s
Ns(r—c) = 1- ka ) M2S

where 7,(,_) indicates the efficiency when the ring gear is fixed, power is input into the sun gear,
and output from the planet carrier; 7., is the efficiency when the planet carrier is fixed with power
inputs into the sun gear and outputs from the ring gear; 1(,_.) denotes the efficiency when the sun
gear is fixed and power is input into the ring gear and output from the planet carrier; and 1, ,—. denotes
the efficiency when power is input into the ring gear and sun gear and output from the planet carrier.

2.2.5. Driving Mode Analysis

The advantage of placing the brakes Bl and B2 on the output shafts of EM_S and EM_R rather
than directly on the ring and sun gears is that the required braking torque is reduced proportionally
through the reduction gears, so smaller brakes can be used. By controlling brakes B1 and B2, the DICPS
can operate in three driving modes: EM_S independent drive (M1S), EM_R independent drive (M2S),
and dual-motor coupling drive (DMC). Table 1 shows the working status of each component in each
driving mode.
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Table 1. System operation status.

Working Mode EM_S EM_R B1 B2
M1S ° o o .
M2S 0 . . 0
DMC ° ° o) 0

e indicates that the motor is on or the brake is engaged; o indicates that the motor is off or the brake is disengaged.

When the DICPS works in mode M1S, brake Bl is disengaged, B2 is engaged, EM_S is on,
and EM_R is off. The DICPS can amplify the output torque of EM_S through the planetary mechanism
to provide a high torque output, which is suitable for low-speed and high-torque operation conditions
such as plowing. The power flow is shown in Figure 2a, and the dynamic model of DICPS in M1S
mode was obtained based on the dynamic model of the planetary gear set.

(Tt = Lytdom1) - is(1 + k) = = = Lo,

ifim
2 e .
Lo mrgt Ualflm  MraUg
lewe = l‘fZ'in'lz 7 ifinr (9)
Ualflm .
g = —L is(1+k)

g

where Ty,;1 and w1 are the output torque and the speed of EM_S, respectively, and I;;1 is the equivalent
inertia of EM_S.

When the DICPS operates in mode M2S, EM_S closes and EM_R operates, B1 engages to brake
the ring gear, and B2 is disengaged. Figure 2b shows the power flow. The dynamic model of DICPS in
M2S mode is as follows. ‘

. 14k Ty _ Mrglg
(Tm2 - Im2wm2> e lf_leﬂ = if?m (10)
vulflmlr 1+k
T Tk

Wm2 =

where ;5 is the equivalent inertia of EM_R, T},1 and wy;; are the output torque and the speed of EM_R.

When the DICPS works in DMC mode, two motors operate simultaneously and the brakes Bl and
B2 are disengaged. At this time, the output power of EM_S and EM_R is combined by the planetary
gears. This mode can achieve a higher speed under medium and low loads, which is suitable for
transshipment and transportation operations. Figure 2c shows the power flow. The dynamic model of
the DICPS in DMC mode can be expressed as

. . . - .. 0a+T)
(mln(Tmlls/ Tm21r/k) — Iy wpis — ImemZZr/k) (1 + k) = % 1)

W /is + kama /iy = (14 k) =L




Appl. Sci. 2020, 10, 1608 7 of 25
Ring

Gear
ﬂ— —— EFM R 4— — — — —

B2

Carrier ¢ DMET Battery
Power

I
I
I
I
]

o ¢

Flow

B1
ﬂ—' I—o—@— EM.S ¢ — ———
Sun
Gear
(a)
Ring
Gear
o—@— EM_ R [~ — — — -
B2

I
I
Power I
I
|

; ez |
S
=
ws]
)
=
)
=
<

© ¢

Carrier ¢ DMET

B1

Gear

EM_S [a——— —

G

Ring

Gear
ﬂ—l I—o EMR¢———-—

|
I
B2 I
|
]

¢

Power
Flow

« (= @eya] | B
Carrier © —
(OO0
Power
B1
.
ﬂ \ ‘ Sun

I
|
Flow :
|
Gear

‘____

I
e
S
w

(9
Figure 2. (a) Power flow in M1S mode. (b) Power flow in M2S mode. (c) Power flow in DMC mode.
2.3. Parameter Matching of DICPS

Unlike cars or engineering vehicles, tractors are mainly used for farmland operations and
road transportation; the resistance loads are different under different operating conditions [23].
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The performance of the DICPS is closely related to the parameter design of components such as the
motors and the power-coupled gearbox. Correct selection of these parameters can effectively improve
the dynamic and economic performance of the DMET.

2.3.1. Motor Parameter Matching

A 40 hp tractor was the subject of this study, and its rated power was 29.8 kW. In order to evaluate
the economic performance of the DICPS, a single-motor two-speed powertrain system (SMPS) was
proposed as the benchmark, which mainly included a motor EM_T and a two-speed mechanical
transmission; its main parameters are listed in Table 2. The maximum draft force at 10 km/h was
determined to be 12,731.3 N through numerical calculation, and the maximum speed was about 31.25
km/h, which can meet the dynamic performance indexes of tractors.

Table 2. Powertrain specifications of SMPS.

Components Parameters Value
Motor Rated/peak power (kW) 30/49
Rated/maximum torque (Nm) 100/200
Rated/maximum speed (rpm) 2300/7500
Transmission 1 gear ratio 3.3
2 gear ratio 2.294
Main reduction gear iy, 2.67
Final reduction gear if 5.0714

To make a fair comparison between the proposed DICPS and SMPS, the summed power of EM_S
and EM_R was equal to the power of EM_T. However, the power ratio between the two motors in the
summed power, defined as PDR using Equation (12), was uncertain. To study the effect of different
power ratios on the dynamic and economic performance of the DICPS, we set five PDRs here: 0.2, 035,
0.5,0.65, and 0.8.

P
PDR = — —maxt 12
Pmaxl + PmaxZ ( )

where Prax1 and Ppaxe denote the maximum power of EM_S and EM_R, respectively.

To simplify the model, the efficiency MAPs of EM_S and EM_R were defined as having the same
shape as EM_T. The speed range of the two motors was the same as that of EM_T, but the torques were
proportional to EM_T, i.e., Tmax1 = PDR-Tmaxt, Tmax2 = (1-PDR)-Tmaxt. The efficiency map of EM_T is
shown in Figure 3.
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Figure 3. Efficiency map of EM_T in SMPS.

2.3.2. Gear Ratio Matching

Since tractors often work in heavy-duty working conditions, such as plowing, requiring a large
amount of power over a long duration, gear ratios should be reasonably designed to satisfy the demand
power of DMETs within sufficient speed ranges. As can be seen from Equations (7)—(9), the dynamic
performance of the DICPS mainly depends on k, i, is, i,;, and if, where i, and if are the same as those
in SMPS. Since the values of i, and i; are closely related to the size of k, and to verify the effect of k on
the economy of DICPS, we set the feasible range of k as (1.6, 7.6).

The maximum output torque of the DICPS in the three driving modes was

Temax,s = (1 + k)isTmaxl (wml) M1s
Temax,r = (1 + k)irTmaXZ (me)/k M2S (13)
Temax,D = min(Tcmax,s/ Tcmax,r) DMC

where Temaxs, Temaxr, and Temax p denote the maximum output torque in the M1S mode, the M2S
mode, and the DMC mode, respectively, and Trax1 and Tmax denote the maximum output torque of
EM_S and EM_R.

In the DMC mode, both motors are active at the same time. Although their speed can be
independently controlled, their torque depends entirely on the required output torque, as shown in
Equation (2). As a result, the branch with the smallest torque capacity limits the maximum torque
output of this mode. In order to maximize the operating range of the dual-motor driving mode, the
gear ratio i, and i; must be reasonably selected so that Temax,s = Temaxr-

ir k Tmaxl

I _ 1 . Tmax2 (14)

As can be seen from Figure 3, the available torque of the motor varies with speed and the motor
can provide a constant maximum torque from the stationary point to the rated speed. The available
torque then decreases with the increase of the motor speed. Since tractors have the characteristics of
low speed and high torque in field operations, the speed range is mainly 0.8-10 km/h. Therefore, to
provide the maximum available torque for the DICPS in heavy-duty operations, both motors should
run at less than the rated speed. The restriction can be expressed as

Wel | We2

—<k >
D T 36,

Cimip(1+k) (15)
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where w,1 and w,p are the rated speed of EM_S and EM_R, respectively.

To ensure that the DICPS can provide sufficient power for plowing and other heavy-duty
operations, the maximum torque limit for plowing, at the maximum operating speed of 10 km/h, can
be expressed as

imichmaX(U) 2 Frotar 14
Fiotal = FTmax + mgf (16)
Frmax = 1.2+ (Zb1hssy)

where Fy,, is the total resistance on the tractor, Fpy,,, refers to the maximum tractive force, Z is the
number of plowshares, b; is the ploughshare width, &; is the tillage depth, and s, is the soil-specific
resistance.

To ensure that the DMET can reach a maximum speed of 30 km/h, the relationship between the
maximum output speed of the DICPS and gear ratios needs to be satisfied as follows.

Tk~ @Wmaxc
Vmaxlflm
Wmax,c 2 3670

(17)

{ (wmaxl /is+kwmaxo /ir)

where Wmax1, @max2, aNd Wpay,c represent the maximum rotational speed for EM_S, EM_R, and the
carrier, respectively, and V,y is the maximum speed of the tractor.

Tractors need to meet the maximum gradient requirements in road transport conditions.
The required gear ratios to propel a DMET on a 15% grade road at 10 km/h can be expressed as

imifTemax(©) 2 Frotal - 14
Fiotal = (Gn + Gs)(f cos 0 +sin 0) (18)
v=10/3.6,0 =15

where G, is the total weight of the trailer and G; is the weight of the tractor.

On the basis of different PDR and K values, the feasible region of i; and i, satisfying Equations
(13)-(18) was obtained, as shown in Table 3. In this case, the DMET can produce a maximum traction
force of 14,319 N and a maximum speed of 30.6 km/h, which can satisfy the power requirements of a
40 hp tractor.

Table 3. Gear ratios of ig and i,.

PDR = 0.2 PDR = 0.35 PDR = 0.5 PDR = 0.65 PDR = 0.8

k=16 5.49 3.14 2.198 1.69 1.37
i, k=36 3.1 1.77 1.24 0.96 0.78
k=56 2.16 1.237 0.866 0.666 0.541
k=76 1.661 0.949 0.665 0.511 0.415
k=16 2.198 2.70 3.516 5.023 8.791
; k=36 2.795 3.44 4.472 6.388 11.18
r k=56 3.03 3.729 4.848 6.926 12.121
k=76 3.156 3.885 5.049 7.214 12.625

2.4. Energy Management Strategy

Energy-efficient operation of a DICPS depends on two crucial elements: a good choice of operating
mode (dual-motor or single-motor operation) and, in dual-motor operation, a well-selected power
distribution. Therefore, a real-time energy management strategy was introduced to improve the overall
efficiency of the DMET, which consisted of power distribution control and mode stability control.
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2.4.1. Power Distribution Control

When the DICPS works in single-motor driving mode (M1S, M2S), the output power of the
motor is directly determined by the required speed and torque of the driving wheels, without power
distribution. When the DICPS is in dual-motor coupling driving mode, the output power of both
motors can be valued within a certain range. It is necessary to determine the power flow between two
motors. As a pure electric tractor, the output power of the battery, composed of consumed power and
charging power, can be expressed as

Py = (Tmla)mlnml_Sig”(wmlel) + Tmzwmznmz—Sigﬂ(wszmz))/9550 (19)

According to Equations (4), (5), and (19), the internal power consumption of the battery can be
obtained, and the optimal control problem can be formulated as
. t
mum(]C = fto c(x(t),u(t))dt) 20)
c(x(t),u(t)) =P,

The goal was to find the control set 1 that would minimize the cost ., defined as the integral of
a cost function over a time interval. c(x(t), u(t)) denotes the objective function, which is the internal
energy of the battery. Four variables can be found in the objective function, i.e., Try1, @1, Tz, and wms.
However, these four variables are not independent. After the tractor speed and acceleration are known,
the torques of the two motors can be expressed as

Ifd)f+TL

ml ;{T’E;f‘l?(lJrk) mlWml (21)
fa)erTL) .
T = Tont 1y (1K) + Ipwmz

where I denotes the equivalent inertia of tractor body including transmission components and wy is
the angular acceleration of the final shaft.

As to the speed, there was only one independent design variable, which was the EM_S speed in
this study. Once it was determined, the EM_R speed could be calculated by

. we(14k)—wp /1
Wy = Z2—C T n (22)
we = W0 i
¢~ Tnre mtf

where v, is the actual velocity of the tractor in m/s.

In summary, there were only two independent variables of the proposed EMS: the motor speed
and the working mode. However, the selection of working mode in this study was based on the
maximum overall efficiency principle, and the efficient mode was selected among the three driving
modes. When both EM_S and EM_R can provide the required power of the DMET, the mode with the
least power losses is automatically selected according to the optimal solution. Therefore, the speed of
EM_S was chosen as the control variable, the optimization model can be rewritten as Equation (23)
when the target acceleration a; and speed v; are decided by the working cycle.

minPe (v, at, 1) (23)
Wm1
To ensure the safe and reasonable operation of the motors, the following inequality constraints
were necessary.

max2
< Tmaxl (wml (t)) (24)

< Thax2 (wmz(t) )
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Since the design space contained many local optimal points, it was difficult to find the global
optimal point using traditional optimization algorithms. Here, we used the quadratic programming
algorithm to find the approximate optimal solution and calculate the instantaneous overall efficiency.
The flow chart of power distribution is shown in Figure 4.

Calculating the
demand torque of
EM S and EM R

@ .

The Speed
Range of EM_S

Ormaxi
Omax2

1
|

The mmal speed The Maximum Update the initial
of EM_S Speed of EM_R speed of EM_S
-, Workm g points
(’dlz‘#idct;)cmem of EM_S and
Y EM R
Whether the YES Update the
overall efficiency Optimal
is optimal Efficiency
Whether the NO

traversal of @y, is
completed

Figure 4. The flow chart of power distribution.

Figure 5 shows the curve of the objective function in the feasible area under the case that PDR = 0.65,
k =2.6,50C = 60, and the shape of the objective function changes according to the driving conditions.
According to a given speed and acceleration, the best working mode and the working points of
two motors are determined by EMS. The selected working point represents the minimum power
consumption. In Figure 5a, the feasible speed range of EM_S is 0-5240 rpm, and the optimal working
point appears at nm1 = 0. When the acceleration is increased to 2 m/s?, it can be seen from Figure 5b
that the feasible working range of EM_S is reduced to 281 rpm to 2500 rpm. It can also be seen from
the curve that Pele is significantly increased after the inflection point, for the reason that when EM_S
exceeds the speed at the inflection point, EM_R will reverse to generate negative speed, and the driving
system will generate cycle power, resulting in a large amount of energy waste [24,25]. When the speed
is 10 km/h, the curve shows the same trend as the speed of 5 km/h as shown in Figure 5c. The optimal
working point appears at nm1 = 3280 rpm; EM_S is the main power source at this point. When the
acceleration increases to 2 m/s?, the optimal working point is nm1 = 2520 rpm, and nm?2 increases to
1428 rpm in the meantime.
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2.4.2. Mode Stability Control

The proposed real-time EMS aimed to minimize energy loss. By calculating the instantaneous
power consumption of the battery in each working mode, the mode with the lowest energy consumption
is selected as the current working mode. However, working conditions in the field are complex and
changeable, which will cause the working mode to change frequently with the driving conditions.
Excessive mode switching will cause the motor speed tooscillate greatly in a short period of time,
which will affect the ride comfort of the tractor. At the same time, the operation of the electromagnetic
brake will increase energy consumption, so excessive mode switching should be avoided.

The energy consumption between the current mode and the next mode is sometimes very close,
and the EMS still chooses the working mode with less power consumption according to the minimum
energy consumption principle, which means that the energy saved by mode switching is negligible.
To solve this problem, a penalty factor was introduced into the optimization objective function to
reduce unnecessary mode switching, which was only allowed in the case of obvious energy saving.
To increase the mode switching threshold, the penalty factor was only applied to the non-working
mode, which means that the power of the current working mode was used as the benchmark without
any penalty. At the same time, the power of other modes will add extra costs, so the system may keep
the current mode working when comparing the energy consumption of all the modes.

The penalty factor was defined as a step function of the power consumption variation between
different operating modes, expressed as follows.

0.8, AP <50
A= { AP = |P, e_current — p e_other (25)

1, AP>50"’

where A is the penalty factor; P,_current and P, o0, denote the instantaneous energy consumption of

the battery in the current working mode and non-working modes, respectively; and AP is the power

consumption difference between the current working mode and the other two non-working modes.
The new objective function after introducing the penalty factor can be expressed as

Pefother = /\_Sign(PE)Pe (26)

The simulation model for the DMET equipped with a DMCPS was implemented in
MATLAB/Simulink (R2018a), as shown in Figure 6. This simulation model was mainly composed
of the working cycle model, driver model, EMS model, battery model, transmission model, and the
tractor dynamic model.

Battery Model rad/s
ith rad/s 4
nc_radps | X

Tmi_a
Tm2_a

e

Gear radio

soc Gear Radio

Monitor Tm1 Tmi_r
soc -

o . Tmi_a

Vdesired — Vd AccelCmd f——pacc
m2 Tm2_r

Ttrans_out Veh_nm_in vd
Working Cycle EMS Model

Transmission Model Vactual_kmph >

Va DecelCmd Brak_nm_in
Tractor longitudinal dynamic Model
Driver Model

Figure 6. Simulation model for a DMET equipped with the DMCPS.
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3. Results and Discussion

This section compares the economic efficiency of the DICPS under different design parameters (k,
PDR) by using two typical working conditions for tractors, plowing and rotary tillage. The overall
system efficiency was used as an economic evaluation indicator for the DICPS, defined as the ratio
between the energy required by the DMET and the energy consumed by the motors.

t
_ fo Fiotarvady
- t

Jy Peds

where 1), is the overall efficiency of the driving system.

Mo (t) (27)

3.1. Plowing Cycle

Plowing is the most common and heavy-duty tractor operation. The traction resistance and tractor
speed were measured in the previous field plowing to accurately simulate actual working conditions.
The plowing cycle is shown in Figure 7, where the tractor operates at an average speed of 7.76 km/h
under an average draft force of 2963 N. This section mainly studied the effect of different k and PDR
values on the efficiency performance of DICPS in a plowing cycle.

Tractor Speed

. . -7
Traction Resistance
8
=6
7 ~
= ds5 Z
£ 6 <
= o
N~ Q
B 5 14 §
3 -z
n 5]
*5 4 43 =2
= =
] .2
&3 5
2k
41
1F
0 1 1 1 1 0
0 100 200 300 400

Time (s)
Figure 7. Plowing cycle for an agricultural tractor.

The variation in the overall efficiency with changes in k and PDR is shown in Table 4. With
increasing k, the overall efficiency showed a decreasing trend. A high k further increased the output
torque of EM_S and decreased the enlarging function of EM_R. This made EM_S work in high-speed
and low-torque regions or make EM_R work at high-torque and low-speed regions (where the motor’s
efficiency is low). As a result, these high k values reduced the overall efficiency. Therefore, only the
case of k = 1.6 was subsequently analyzed.

Table 4. Overview of parameter designs and their efficiency.

PDR =0.2 PDR = 0.35 PDR = 0.5 PDR = 0.65 PDR = 0.8

k=16 85.2 87.2 87.7 87.3 85.2
k=36 84.3 86 86.8 86.2 84.1
k=56 83.8 85.3 86.3 85.8 83.8

k=76 83.5 85 86.1 85.6 83.6
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As shown in Table 4, the overall efficiency tended to increase and then decrease with increasing
PDR, and the maximum value appeared at PDR = 0.5. It can be seen that the connection position of the
two motors had little influence on overall efficiency; the efficiencies of PDR = 0.2 and PDR = 0.8 were
almost the same. Therefore, only the simulation results with a PDR of 0.5-0.8 were analyzed in the
present paper.

Different PDR values were closely related to the working mode and the size of gear ratio i; and
ir of the DICPS. A high PDR allowed a decrease in the sun gear ratio i; and an increase in the ring
gear ratio ir, resulting in an increase in the EM_S demand torque and a decrease in the EM_R demand
torque, and changing the working mode of the DICPS. Figure 6 shows the working mode curves under
different PDRs. The DICPS worked entirely in mode M2S when PDR was 0.5. When PDR = 0.65,
the maximum torque of EM_S could not drive the DMET independently; the DICPS mainly worked
in modes DMC and M1S. When PDR = 0.8, the DICPS worked entirely in mode DMC. It should be
noted that for mode DMC, both motors were active at the same time, which means that both motors
had power losses. Therefore, the longer the tractor was in mode DMC, the greater the power loss
generated, and the lower the overall efficiency.

As can be seen from Figure 8, when PDR was 0.8, the DICPS worked in mode DMC for the longest
time, followed by PDR = 0.65. When PDR was equal to 0.5, it worked in mode DMC for the shortest
time and had the highest efficiency, so overall efficiency first increased, and then decreased. However,
the overall efficiency of SMPS under the plowing cycle was 77.9%. Even in the worst-case DICPS
scenario (PDR = 0.8, k = 7.6), its efficiency was still higher than the SMPS.

DMC f——p———

M2S |

Working Mode

MI1S |

| 1 | 1 1 1
0 50 100 150 200 250 300 350 400
Time (s)

Figure 8. Working mode of the DICPS.

The motor speeds during the plowing cycle are shown in Figure 9. From the figure, it can be
seen that the DICPS worked in the M25 mode at PDR = 0.5, which meant that the power demand
of DMET could be met with the independent drive of EM_R while maintaining the highest overall
efficiency. The DICPS worked in the DMC mode when PDR was 0.65 and 0.8, and, since the increase in
PDR causes i, to increase and is to decrease, the speeds of the two motors at PDR = 0.8 were greater
than those at PDR = 0.65. The speed of the EM_T in the SMPS was lower than the EM_R in DICPS,
because the total gear ratio of the SMPS was lower than that of the ring branch in the DICPS.

Figures 10-12 provide the operating points of the motors under the plowing cycle with different
PDR values. To compare the influence of the same motor at different locations (sun gear or ring gear)
on the economic performance of DICPS, the motors working points are put in the same figure, such as
EM_S at PDR = 0.65 and EM_R at PDR = 0.35.



Appl. Sci. 2020, 10, 1608

8000 -

6000 —

4000

Motor Speed (rpm)

2000

T T T
—PDR=0.5 (EM_R)
——PDR=0.65 (EM_S)|-|
——PDR=0.65 (EM_R)
——PDR=0.8 (EM_S)
——PDR=0.8 (EM_R)
---- SMDS (EM_T)

100 150 200 250 300 350 400
Time (s)

Figure 9. Speed of motors during the plowing cycle.
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Figure 10. (a) Working points of EM_S at PDR = 0.8 and EM_R at PDR = 0.2; (b) working points of
EM_S at PDR = 0.2 and EM_R at PDR = 0.8.
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Figure 11. (a) Working points of EM_S at PDR = 0.65 and EM_R at PDR = 0.35; (b) working points of
EM_S at PDR = 0.35 and EM_R at PDR = 0.65.
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When the PDR was 0.8 or 0.2, the rated power of the motors in the DICPS was 24 kW and 6 kW,
respectively. Figure 10a shows the working points of EM_S at PDR = 0.8 and EM_R at PDR = 0.2.
The figure shows that the working points of EM_S and EM_R were distributed in a similar efficiency
region, which means that they may have very close overall efficiencies. As can be seen from Figure 10b,
EM_R at PDR = 0.8 had more working points distributed in the low-efficiency region than EM_S at
PDR = 0.2. Therefore, PDR0.2 had a better economic performance than PDRO0.8.

When PDR was equal to 0.65 or 0.35, the rated power of the motors in the DICPS was 19.5 kW and
10.5 kW, respectively. Figure 11a shows the working point distribution of EM_S at PDR = 0.65 and
EM_R at PDR = 0.35. It can be seen that the change in the motor connection position resulted in a
great change in the working points’ distribution. When the motor was connected to the sun gear (i.e.,
EM_S at PDR = 0.65), the working points were located in the more efficient region, but the number of
working points was much lower than that of EM_R. As seen in Figure 11b, many of the working points
of EM_S and EM_R were distributed in a similar area, but the remaining working points of EM_R
were mostly located in the low-efficiency region. Comparing Figures 10 and 11, it can be seen that
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the working points in Figure 11, located in the high-efficiency region, were obviously greater than the
motors in Figure 10. Therefore, when the PDR was equal to 0.35 or 0.65, the overall efficiency of the
DICPS was higher than when the PDR was 0.2 or 0.8.
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Figure 12. Working points of the motors at PDR = 0.5.

Figure 12 shows the working points of EM_S and EM_R at PDR = 0.5, and in this case the two
motors were identical. There were few working points of EM_S, which indicates that the DICPS
worked in mode M2S for most of the time. Most of the working points of EM_R were located in the
high-efficiency region, which means that the DICPS had the highest efficiency at PDR = 0.5. In the case
of PDR = 0.5, the parameter configuration with the highest overall efficiency was obtained through the
calculation of EMS.

Figure 13 shows the working points of EM_T in the SMPS, and that the operating points were
located in the low-speed region, which lowered the efficiency of the motor and thus reduced the
overall efficiency. It can be seen that there were more working points for EM_S and EM_R in DICPS,
with different PDRs located in the high-efficiency region compared to EM_T in the SMPS. Therefore,
in the worst case, the overall efficiency of the SMPS was lower than that of the DICPS. The main
reasons for the inefficiency of the SMPS are that when the tractor is plowing, the speed is basically
constant and the gear position is almost unchanged, which means that the working points of EM_T are
completely determined by the tractor load and cannot be adjusted. In addition, the use of mechanical
gearboxes can also cause a lot of energy loss.
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Figure 13. Working points of EM_T in SMPS.

The overall efficiency comparison under the plowing cycle is shown in Figure 14. It was noticeable
that the overall efficiency values of the DICPS under three configurations are almost all greater than
85%. The overall efficiency was highest at PDR = 0.5, followed by 0.65, and PDR = 0.8 had the lowest
efficiency. The SMPS had the lowest efficiency during the whole driving cycle, and the DICPS had
about a 9.8% efficiency improvement compared to the SMPS.
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Figure 14. Overall efficiency comparison under plowing cycle.
3.2. Rotary Tillage Cycle

Rotary tillage is another common working condition of tractors with medium tractive work and
heavy power demand. The traction resistance, tractor speed, and PTO power were measured in the
previous field rotary tillage, as shown in Figure 15.

In rotary tillage operation, tractors overcome traction resistance to maintain their forward speed
while providing stable output power for the power take-off (PTO), thus maintaining an approximately
constant speed which requires two motors in a DICPS to drive independently, one of which provides the
power required for DMET driving, and the other providing the power demand of the PTO. When rotary
tillage is carried out, the PTO needs more power, so the PTO should be connected to the high-power
motor. When PDR = 0.2-0.5, PTO is connected to EM_R, and when PDR = 0.5-0.8, PTO is connected
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to EM_S. This section mainly studied the effects of different PDR and k values and PTO connection
locations (connected to EM_S or EM_R) on the efficiency performance of the DICPS under a rotary
tillage cycle.

Tractor Speed

20 -

Tractor Speed (km/h)
Ny
Traction Resistance (kN)
PTO Power (kW)
>

L L L L L L L 0 0 L L L L L L L )
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Time (s) Time (s)

(a)Tractor speed and traction resistance (b) Demand power of PTO

Figure 15. Rotary tillage cycle for an agricultural tractor.

The overall efficiency at the end of the rotary tillage cycle for different PDR and k values is shown
in Table 5. With the increase in k, the overall efficiency showed a decreasing trend, as it did under
the ploughing cycle. As can be seen from Table 5, when the PTO was connected to EM_R, the overall
efficiency decreased with the increase in PDR, and the overall efficiency had the same trend as PTO,
connecting to EM_S. The maximum efficiency of the system occurred at PDR = 0.2.

Table 5. The overall efficiency of rotary tillage cycle.

PDR =0.2 PDR =0.35 PDR = 0.5 PDR = 0.5 PDR = 0.65 PDR = 0.8

k=1.6 86.1 84.2 82.8 85.8 85.2 84.3
k=3.6 82.7 82 X 80.8 79.9 79.2
k=5.6 81.8 80.9 X X X X
k=76 81.4 80.2 X X X X

X indicates that the motors cannot meet the power demand.

The reason for this trend is that with the increase of PDR, i; decreased and i, increased (as
shown in Table 3). A smaller i; makes EM_S work in the low-speed and high-torque region, and a
larger i makes EM_R work in the high-speed and low-torque region. Both motors deviate from the
high-efficiency region. However, even for the worst-case (PDR = 0.8, k = 3.6) of the DICPS, the efficiency
was still much higher than the best case of the SMPS.

When a tractor is working in rotary tillage, the power demand of the driving wheels is small
and stable and the overall efficiency is mainly affected by the motor connected to the PTO. Therefore,
this section mainly comprised a comparative study of the working points of the PTO motor with
different PDR values. Figure 16a—c shows the working points of EM_S and EM_R with different PDR
values under a rotary tillage cycle. Figure 16a shows the working point distribution of the motors
when PDR was 0.8 or 0.2, and it can be seen that when PTO was connected to EM_R (PDR = 0.2),
more working points were located in a higher efficiency region. When PTO was connected to EM_S,
with the decrease in PDR, the working points of the motor shifted to the high-speed and low-torque
area and gradually to the high-efficiency region; when PTO was connected to EM_R, with the increase
in PDR, the working points of the motor were further away from the high-efficiency region, as shown
in Figure 16b,c.
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Figure 16. Working points of power take-off (PTO) motor with different PDR. (a) PDR = 0.8 or 0.2; (b)
PDR = 0.65 or 0.35; (c) PDR = 0. 5.

The working point distribution of EM_T in the SMPS under the rotary tillage cycle is shown in
Figure 17. It can be seen that more working points of EM_T were located in the low-efficiency region
than in the motors in the DICPS, which resulted in the overall efficiency of the SMPS being lower than
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that of the DICPS. The overall efficiency of SMPS under the whole cycle was 76.3%, which was 2.9%
lower than the worst configuration of the DICPS.

200

160 [~

E
£
2 120
g
(=]
=
5 o
£ 80* 0.87 . /,g.‘
= &
&
\ F \
40 | 0.87 y o
2, L
085 2 &
j 0'830}“ 0.83
0 —
0 1000 2000 3000 4000 5000 6000 7000

Motor Speed (rpm)

Figure 17. Working points of EM_T in the SMPS under rotary tillage cycle.

From the simulation of two typical working conditions, we found that different parameter
configurations of DICPS led to changes in overall efficiency and the maximum difference in the overall
efficiency was 6.6% (under rotary tillage cycle), which illustrated that the design and optimization of
the powertrain parameters had a great impact on the economic performance of the DMET. According
to the simulation results, the optimal parameters of DICPS were PDR = 0.5, k = 1.6, with the PTO shaft
connected to the EM_S through the reduction gear. The DICPS had a much higher overall efficiency
than the SMPS, demonstrating that dual-input coupling powertrains can effectively improve the energy
efficiency of electric tractors.

4. Conclusions

In this study, a dual-input coupling powertrain system for PET was proposed to enhance economic
performance. System models were constructed, including dynamic models and efficiency models.
A matching design method was proposed to determine the feasible range of the structural parameters
of the DICPS. To realize the efficient operation of the DICPS, an energy management strategy based on
instantaneous efficiency optimization was formulated, including a power split strategy and a mode
stability strategy. The simulation results showed that a high value of k will increase energy loss and
decrease the overall efficiency under a plowing cycle and, with the increase in PDR, the energy loss will
first decrease and then increase. When PTO is connected to EM_R or EM_S under a rotary tillage cycle,
a high PDR can increase energy loss and decrease the overall efficiency. The trend of overall efficiency
with parameter k was the same as the plowing cycle. It was also seen that the maximum difference of
the overall efficiency under different parameter configurations was 6.6%, and the optimal parameters
for the DICPS were configured as PDR = 0.5 and k = 1.6. Compared with the SMPS, the DICPS, with an
optimal parameter configuration, improved overall efficiency by about 9.8%. In summary, this study
can be used as a design reference theory for the powertrain system of DMET. Verification through
practical experiments is part of our ongoing work.
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Nomenclature

Parameter Explanation Parameter Explanation

m tractor mass Is equivalent inertia of the sun gear

g gravity acceleration Ic equivalent inertia of the carrier

f rolling friction coefficient I equivalent inertia of pinion relative to
the center of mass

B the angle between traction resistance Is equivalent inertia relative to the

and the horizontal direction center of sun gear

rq road wheel radius L equivalent inertia of EM_S

Ul transmission efficiency Iz equivalent inertia of EM_R

C) incline angle of the road T output torque of EM_S

Fr traction resistance Timo output torque of EM_R

Fiotal total resistance on the tractor T max1 maximum output torque of EM_S

A penalty factor T max2 maximum output torque of EM_R

Vg actual velocity T, driving resistance torque

s reduction gear of sun gear motor T. output torque of the carrier

iy reduction gear of ring gear motor T, output torque of the ring gear

im main reduction gear Ts output torque of the sun gear

if final reduction gear Wm1 rotational speed of EM_S

k characteristic parameter of planetary w» rotational speed of EM_R

gear set

Z number of plowshares Wmaxl maximum rotational speed of EM_S

b width of ploughshare Wmax? maximum rotational speed of EM_S

hs tillage depth We rotational speed of carrier

Sy soil-specific resistance P, instantaneous energy consumption
of battery

I equivalent inertia of the ring gear P maximum output power of EM_S

Uy battery open circuit voltage Prax2 maximum output power of EM_R

Rpat internal resistance Pe current instantaneous energy consumption of
battery in the current working mode

Qpat capacity of battery Py other instantaneous energy consumption of
battery in the non-working modes

Prat output power of the battery 1o overall efficiency

Abbreviations

DICPS Dual-input coupling powertrain system

PET Pure electric tractors

EMS Energy management strategy

DMET Dual-motor driven electric tractor

SMPS Single-motor powertrain system

PMP Pontryagin’s minimum principle

DP Dynamic programming

PTO Power take-off

M1S EM_S independent drive

M2S EM_R independent drive

DMC Dual-motor coupling drive
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