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Abstract: Energy management strategies are crucial for improving fuel economy and reducing the
exhaust emissions of hybrid tractors. The authors study a series diesel-electric hybrid tractor (SDEHT)
and propose a multi-operating point Fuzzy PID control strategy (MOPFPCS) aimed to achieve better
fuel economy and improved control. To further improve the vehicle economy, the adaptive particle
swarm optimization method is used to optimize the key parameters of the Fuzzy PID controller. A
co-simulation model in AVL-Cruise and Matlab/Simulink environment is developed for plowing
mode and transportation mode. The simulation results show that under the two operation modes,
the equivalent fuel consumption of the adaptive particle swarm optimization multi-operating points
Fuzzy PID control strategy (APSO-MOPFPCS) is reduced by 18.3% and 15.0%, respectively, compared
to the engine single-operating point control strategy (ESOPCS). Also, it was found to be reduced by
9.5% and 4.6%, respectively, compared to the MOPFPCS.

Keywords: hybrid tractor; series hybrid; Fuzzy PID control; APSO; control strategy

1. Introduction

The development of modern agriculture increased demands for production efficiency
and sustainability [1]. With the advancement of electrification and intelligence in the field of
agricultural machinery, traditional fuel-powered tractors are evidently unable to meet the
requirements of agricultural development [2,3]. Considering the requirements of vehicle
performance and operating range in tractors, in recent years, diesel-electric hybrid tractors
have emerged as a new hot topic in the agricultural machinery industry [4].

Energy management strategy (EMS) is a core aspect of studying hybrid tractor sys-
tems and is crucial for achieving efficient energy utilization and power optimization [5,6].
Currently, there are two main types of energy management strategies proposed for hybrid
tractors: rule-based and optimization-based methods [7-9]. Of these, rule-based methods
are extensively employed in hybrid vehicles due to the advantages of simplicity and relia-
bility [10,11]. With the goal of extending the battery life of hybrid tractors, Wang et al. [12]
proposed an optimized power-following control strategy. The results indicate that the
improved control strategy, in comparison to the conventional power-following strategy,
not only meets the power performance requirements of the tractor but also significantly
reduces fuel consumption, while effectively enhancing battery life. Xu et al. [13] proposed
a predefined control strategy to effectively reduce vehicle fuel consumption by controlling
and adjusting parameters, aiming at addressing the issue of the suboptimal utilization of
electric energy of the power battery in range-extended electric tractors. Luo [14] focused on
hybrid tractors and proposed a fuzzy inference control strategy. This strategy utilizes self-
defined fuzzy control rules to determine the engine’s power demand, effectively improving
the vehicle’s fuel economy. However, these methods typically rely on expert knowledge
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and experience to develop decision rules. As new energy agricultural machinery in China
is still in the experimental phase, with limited commercial production, the applicability of
experience-based control strategies becomes challenging.

Optimization-based methods offer strong control precision, high stability, and a wide
range of applicability. Zhang et al. [15] proposed a globally optimized energy-saving
control strategy based on the PMP (Pontryagin’s minimum principle). The results demon-
strate that this control strategy can effectively regulate the operational states of the engine
and motor, thereby significantly reducing the equivalent fuel consumption of the tractor.
Dou et al. [16] proposed an energy optimization strategy for hybrid tractors based on MDP
(Markov’s decision process) with the objective of achieving high energy efficiency. The
strategy considers the whole-vehicle energy consumption as the cost function for optimal
control and utilizes iterative function approximation to find the optimal values. The re-
sults indicate that this optimization strategy can reduce the vehicle’s fuel consumption.
Du et al. [17] proposed an ECMS (equivalent consumption minimization strategy) method
for the real-time control of vehicle models and used the PSO (particle swarm optimization)
algorithm to optimize the critical parameters of ECMS. The results showed a significant
reduction in fuel consumption compared with that before optimization. However, the
above algorithm still has shortcomings in practical application: the control strategy based
on PMP has high requirements for parameter settings, as the rationality of these parameters
directly impacts the algorithm’s performance. Additionally, it is prone to becoming stuck in
local optima, and the computational cost is high. The MDP control strategy is only suitable
for models with small state variables and requires a significant amount of training data,
resulting in long computation times. Furthermore, traditional PSO algorithm parameter
settings require extensive experimentation and empirical validation, as the rationality of
parameter settings directly affects the optimization results. The APSO algorithm intro-
duces an adaptive mechanism based on the traditional PSO algorithm, which dynamically
updates parameter values to better adapt to changes in the problem. This algorithm not
only enhances robustness and adaptability but also improves convergence speed and
global search capabilities. As an efficient intelligent optimization algorithm, APSO has
been extensively studied and applied in various domains such as optimization problems,
machine learning, data mining, path planning, and power systems. Nonetheless, its usage
in research on control strategies for series diesel—electric hybrid tractors is currently limited.

By analyzing the deficiencies of existing control strategies for hybrid tractors, this
study proposes a control strategy for hybrid tractor to improve the energy utilization
efficiency and environmental friendliness, which based on an intelligent algorithm APSO to
optimize multi-operating points Fuzzy PID. This strategy is compared with the traditional
engine single-operating point control strategy and the engine multi-operating point control
strategy under the modes of plowing and transportation. This study has made significant
progress in promoting the technological innovation of agricultural machinery and facilitat-
ing sustainable agricultural development, providing valuable insights for further research
and the application of the APSO intelligent algorithm in hybrid tractors.

2. Power System Structure Design and Parameter Selection

The power system structure of the studied series diesel—electric hybrid tractor is
illustrated in Figure 1. The vehicle’s power system primarily comprises an engine, a
generator, a motor, and a storage battery. The engine is mechanically connected to the
generator, providing a unidirectional power source. The storage battery is electrically
connected to the motor via an electric coupler, enabling a bidirectional power source. The
vehicle is capable of operating in four distinct modes, each with its own energy flow paths,
which are as follows:

1.  Pure electric driving mode: Storage Battery — Electric Coupler — Motor — Trans-
mission Device — Driving Wheel.

2. Pure engine driving mode: Engine — Generator — Electric Coupler — Motor —
Transmission Device — Driving Wheel.
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Hybrid driving mode: Engine — Generator — Storage Battery — Electric Coupler —
Motor — Transmission Device — Driving Wheel.

Driving with charging mode: The energy flows in two ways. Driving mode: Engine —
Generator — Electric Coupler — Motor — Transmission Device — Driving Wheel;
Charging mode: Engine — Generator — Electric Coupler — Storage Battery.

Driving wheel

Engine H Generator '
Cl\l

Electric Trans-

I_CE_I Coupler —| Motor mission

..... N Storage I—_|
ECU " Battery Cr

Differential

Main reducer

Driving wheel

Cg:  engine control unit;  Cy;:  motor control unit; Cp:  storage battery control unit:
Cy:  transmission control unit

I 1 cchanical connection electrical connection __777TTTT™ CNA

Figure 1. Diagram of the series hybrid tractor power system structure.

In agricultural production, plowing is considered the most fundamental and demand-
ing working mode [18]. Therefore, the power requirements for plowing operations serve
as the benchmark. In accordance with the drive system design method outlined in refer-
ences [19,20], a 45-horsepower tractor was taken as the reference object, and the parameters
of the main vehicle components were determined, as presented in Table 1. The universal
characteristic curve of the engine is shown in Figure 2, and the efficiency map of the motor

is shown in Figure 3.

Table 1. Main parameters of the series hybrid tractor.

Project Parameter Value
Maximum power/kW 60

Engine Rated speed/(r/min) 2400
Maximum torque/(N-m) 120
G " Rated power/kW 30

enerator Rated speed/(r/min) 1500
Rated power/kW 25

Motor Rated speed/(r/min) 2000
Rated frequency/Hz 50

Rated voltage/V 100

Storage battery Rated capacity/Ah 100
One-speed transmission ratio 12

T .. Two-speed transmission ratio 8.45

ransmission Three-speed transmission ratio 5.65
Four-speed transmission ratio 3.2

Main speed reducer Transmission ratio 3.5
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Figure 2. Diagram of the engine’s universal characteristics.
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Figure 3. Diagram of motor efficiency.

3. Control Strategy

The rule-based ESOPCS offers the advantages of simplicity and straightforward im-
plementation. To meet the actual working requirements of the tractor, Fuzzy PID control
is used to achieve engine switching between multiple speed operating points. To further
enhance the control effectiveness and fuel economy of the tractor, this paper proposes
using the APSO algorithm to optimize the key parameters of multi-operating point Fuzzy
PID controller.

3.1. The Rule-Based Control Strategy

Referring to the engine’s universal characteristic diagram, the speed point on the
optimal fuel economy curve is selected as the fixed-operating point for engine control. In
the ESOPCS, by controlling the engine’s operating speed or output power, it can function in
the high-efficiency region, thereby effectively improving the whole vehicle’s fuel economy.
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According to the diagram of engine universal characteristic, the rated speed of 2400 r/min
is selected as the fixed operating point, where the engine output power is 25 kW, and the
vehicle state control is shown in Figure 4.

Pure electric

driving mode Tractor stop

State
maintenance

Mechanical
braking

Engine Braking energy
Start recovery

Figure 4. Diagram of vehicle state control.

As shown in Figure 4, when the vehicle’s required power Py, > 0 and the storage
battery SOC (state of charge) > 70%, the engine is in the OFF stage. During this phase, the
tractor is in pure electric driving mode, with the motor providing the power required for
vehicle driving and operation. When the storage battery SOC < 50%, the engine enters
the START stage and outputs constant power to meet the power needs of the vehicle. If
the storage battery 50% < SOC < 70%, the engine remains in the state maintenance stage,
meaning that it will maintain the state of the previous moment. When the vehicle’s required
power Py =0, the vehicle is in a stopped state, and the engine stops working. When the
vehicle’s required power Pr; < 0 and the storage battery SOC > 95%, in order to avoid
overcharging the battery, the vehicle enters in the mechanical braking state. Otherwise, the
vehicle enters the regenerative braking state to recover braking energy.

3.2. MOPFPCS
3.2.1. Determination of Multi-Operating Point

The ESOPCS limits the engine’s output power, making it difficult to meet the vehicle’s
power demands under complex operating conditions. The MOPFPCS can select different
engine speeds according to the power needs of the vehicle at different times, leading to the
output of corresponding stable power and reducing unnecessary power output. However,
too many operating points will lead to frequent engine speed switching, reducing fuel
efficiency and increasing control complexity. Taking all these factors into consideration, this
study identifies three high-efficiency operating points for the engine, namely 2400 r/min,
3000 r/min and 3600 r/min. The corresponding engine output power levels are 25 kW,
33 kW and 42 kW, respectively, as shown in Figure 2. Additionally, the Fuzzy PID controller
is used to control the selected operating points. This strategy strikes a balance between
improving fuel economy and reducing control complexity, effectively meeting the per-
formance requirements of the vehicle under different power demands. The control logic
diagram is shown in Figure 5.

As shown in Figure 5, when the motor power demand Py; < 25 kW, the engine
maintains constant speed of 2400 r/min. When the motor power demand is
25 kW < Py < 33 kW, the engine maintains constant speed of 3000 r/min. And when the
motor power demand is Pr; > 33 kW, the engine maintains constant speed of 3600 r/min.
This control strategy adjusts the engine’s operating point to meet different power require-
ments, ensuring that the engine can provide the required power output at a stable speed.
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Engine output 2400r/min

Engine output 3000r/min

Engine output 3600r/min

Figure 5. Diagram of multi- operating point control logic block.

3.2.2. Fuzzy PID Control

Fuzzy PID control quantifies the system’s deviation e and deviation rate e; as input
variables to the controller, uses fuzzy rules to modify PID parameters, and finally obtains
output variables AK, AK; and AK; through defuzzification using a proportional factor.
The control deviation e(t) consists of the expected value and the actual feedback value,
which is expressed as follows:

e(t) = Xtar (t) — Xact () 1)

where x4, (t) is the given target speed of the engine and x4 (t) is the actual speed of
the engine.

In this paper, the PID controller adopts the incremental PID control algorithm [21],
which is expressed as follows:

Ky = Kyo + AKy (a0 = p,i,d) ()
Ayr = Kp(e(t) —e(t —1)) + Ke(t) + Ky(e(t) —2e(t — 1) +e(t —2)) 3)
y(t) =y(t—1) + Ayi(t) @)

where K, is the basic parameters of the conventional PID model.

Considering the actual operating conditions of the engine, this study adopts a dual-
input, three-output fuzzy controller. The input variables are engine speed deviation e and
deviation rate e., while the output variables are the parameter deviations of the PID control
AK,, AK; and AK,. The triangular membership function [22] is used for both input and
output. Seven fuzzy language variables are defined as {NB, NM, NS, ZO, PS, PM, PB}.
Taking the input variable e as an example, the affiliation function is shown in Figure 6.

I I I ] I
NB NM NS 70 PS PM PB

Degree of membership
o
i

(=]

&
L
NN
(=)
(3]
=~
[®)}

Figure 6. Affiliation function of deviation e.
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Fuzzy control rules can realize the adaptive adjustment of PID. In this paper, according
to the reference adjusting parameters principle [23], the fuzzy control rules library is shown
in Table 2, and the fuzzy rule output surface is shown in Figure 7.

Table 2. Fuzzy control rules library.

E
AKIAKiIAKy NB NM NS ZO PS PM PB

NB PB/NB/PS  PB/NB/PS  PM/NB/ZO PM/NM/ZO PS/NM/ZO  PS/ZO/PB  ZO/ZO/ZO
NM PB/NB/NS  PB/NB/NS PM/NM/NS PM/NM/NS PS/NS/ZO  ZO/ZO/PS  ZO/ZO/PM
NS PM/NM/NB PM/NM/NB PM/NS/NM  PS/NS/NS  ZO/ZO/ZO  NS/PS/PS  NM/PS/PM

E. Z0 PM/NM/NB  PS/NS/NM  PS/NS/NM  ZO/ZO/NS  NS/PS/ZO  NM/PS/PS  NM/PM/PM
PS PS/NS/NB  PS/NS/NM  ZOJ/ZO/NS  NS/PS/NS  NS/PS/ZO  NM/PM/PS  NM/PM/PS
PM ZO/ZO/NM  ZO/ZO/NS  NS/PS/NS NM/PM/NS NM/PM/ZO NM/PB/PS  NB/PB/PS
PB 70/ZO/PS  NS/ZO/ZO  NS/PS/ZO  NM/PM/ZO NM/PB/ZO  NB/PB/PB  NB/PB/PB

(b) (©)

Figure 7. (a) The fuzzy rule output surface of AK;; (b) the fuzzy rule output surface of AK;; (c) the

fuzzy rule output surface of AKj.

1. When lel is large, to improve the system response speed, K, should be increased.
Simultaneously, to avoid excessive integral saturation, K; should be decreased, and K;
is often set to 0.

2. When lel is moderate, to reduce the system overshoot, it is common to decrease Kj,.
and K; can be appropriately increased to enhance the system’s regulation accuracy.

3. When lel is small, to improve system stability, K, and K; should be increased. Simul-
taneously, K; should select a moderate value to prevent system oscillations near the
equilibrium point.

3.3. APSO-Optimized Fuzzy PID Controller
3.3.1. APSO Algorithm Principle

The standard PSO algorithm suffers from two major issues: convergence speed and
local minimum. In contrast, the adaption particle swarm optimization (APSO) algorithm
searches with the average velocity of particles following a cosine function pattern [24]. This
ensures that in the initial search, the particle maintains a large value for an extended period,
which is conducive to improving the efficiency, while in the later stage of searching, the
particle maintains a small value for an extended period, which is conducive to improving
the accuracy and effectiveness. This effectively solves the limitations of the standard PSO
algorithm. The expression of the ideal particle velocities are as follows:

1+ cos(——)

Ten
— Ustart% ®)

ideal

Ustart = Xmax — Xmin (6)
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Tond = 0.9Tmax )

where vf et 18 the ideal velocity of the particle at iteration t times; vs, is the initial velocity
of the particle’s ideal velocity; and xyin and xmax are the upper and lower limits of the
decision variable, respectively. T,,; is the number of iterations in the cosine-varying stage
of the ideal velocity, and Tnax is the maximum number of iterations.

The average absolute value of PSO velocity can be expressed as:

{ (EESR A
Vape = ﬁz; ]; Uij’ ®)

where 0!, is the average absolute velocity of particle swarm iteration f times.

Inertia weight w has the ability to balance global and local search, and its value has an
important effect on the current flight speed of particles. In this paper, the inertia weight
w is dynamically adjusted according to the number of iterations k, which is expressed

as follows:
Wmax — Wmi
wk = Wmax — ( max K mm) X k (9)
where K is the maximum number of iterations; wmax is the upper limit of inertia weight;
and wWnin is the lower limit of inertia weight.

3.3.2. APSO-Optimized Fuzzy PID

In this paper, the APSO algorithm is used to optimize three parameters of Fuzzy PID,
namely the input variable quantization factor K,, K., and the output variable scale factor,
K. The control principle is shown in Figure 8.

APSO Algorithm
¢ AK,
K, R Fuzzy AK, : K
Controller AK, u
e 1] R
du/dt » K
ec [
PID Controller —>| Contfolled LU»
Object

Figure 8. Schematic diagram of APSO-optimized Fuzzy PID controller.

In the APSO algorithm, the dimension D = 3 and the optimized parameter is
¥ = [Ke, Kee, Ky]. Set the particle swarm size to 30, the maximum number of iteration
to 200, the learning factor to c; = ¢ = 2, and the inertia weight to Formula (9), where
Wmax = 0.9 and win = 0.4. The product of the absolute value of time and error is selected
as the fitness function, which is expressed as follows:

J= [ te®)dt (10)
0
where e(t) is the control deviation and | is the current fitness of the particle. For J, the

smaller the fitness, the higher the optimization effect, which is better. The algorithm flow is
shown in Figure 9.
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\ 4

Initialize the particle
population and parameters

Update individual and
group optimizations

v

Iterations
k=0?

initial value of

k
w

Update particle position
and velocity

Update o* based on the
relative progress

v

Calculate the fitness value
of each particle

k=k+1

atisfy Iteration
condition

End: get the best
solution

Figure 9. Flow chart of APSO algorithm.

The APSO iteration curve is shown in Figure 10, and the parameter optimization

results are shown in Table 3.

30

Fitness
[39)
w
T

20

5 . . . .
0 20 40 60 80

100 120 140 160 180 200
Number of iterations/times

Figure 10. Curve of APSO iteration.

Table 3. Data of parameter optimization.

Optimization Object K, K, K,
Parameters before optimization 0.671 0.124 0.426
Parameters after optimization 0.832 0.085 0.691

4. Modeling and Simulation
4.1. Simulation Model

Reasonable and effective vehicle modeling is a prerequisite for studying control strat-
egy [25-27]. In this study, based on the vehicle structure and corresponding parameter
selection shown in Figure 1, importing engine and motor data into AVL-Cruise simulation
software and completing bus connection, the whole vehicle simulation model of serial

diesel-electric hybrid tractor is established, as shown in Figure 11.
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Generator = ' o

Figure 11. Model of the complete vehicle.

The control strategies of ESOPCS and MOPFPCS are constructed in the Matlab /Simulink
environment, as depicted in Figures 12 and 13. Then, the newly optimized parameters
obtained from the APSO algorithm are input into the MOPFPCS to generate the APSO-
MOPFPCS. These are compiled into DLL files, respectively, and imported into AVL-Cruise
software to complete the bus connection, thus realizing the joint simulation between Mat-
lab/Simulink and AVL-Cruise software, as shown in Figure 14.

Vehicle state
judgment

State flow < If engine
| Start
=) o

Figure 12. Model of ESOPCS.

The vehicle Fuzzy PID
require ¥ ntrol

Torque calculation ™’
module

Multi-operating point
control strate;

Figure 13. Model of MOPFPCS.
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Control strategy
simulink model

= = Je— D slprj
@ A
..... -4
- N whole_model_avl_rtw
3 il ! C[l;"ljlljl:fl £0 [ cruise_ Matiab DL dbf
ile

@ e s
s @ — | [Shoemoanan
L ] =
[ S - +—@ ) whole_model.exp
oo .
4 s ) whole_modelib
@ o oass| '(:D
@ .. * whole_model
@ oo e
moC "

Import AVL-CRUISE software v

and complete bus connection

(& [ = Mattab DL A e

nfo

Motk 2

Notce 3

@ |Descptonoftatas

Ot settogs

Operating
condition

)

transportation condition

$Im port

Complete vehicle
model

plowing condition

Figure 14. Diagram of co-simulation.

To verify the feasibility and effectiveness of the control strategy, this study conducts
simulations for two working modes of the tractor, as shown in Figure 15. Under the
plowing mode, the initial battery SOC is set to 57%, the maximum vehicle speed is 8 km/h,
and the simulation time is 360 s. The transport working mode is set in the full load
state of the tractor, in accordance with the EUDC_Man standard working conditions, and
considering actual tractor operation, the speed is set to 0.25 times the original condition,
the initial battery SOC is set to 48%, the maximum transportation speed is 30 km/h, and

the simulation time is 360 s.

35 2.0
10 24
Veloci , T Velocity
- elocity s : L X -
= ; s £ _\é 30 —-—- Distance -
g —-—- Distance , 20% > ;7 116
< 8 7 2 'S -
2 P s o 25 K4
& . Z 5251
2 ke a > R
2 / 116 ,
of ot . % {12
e [ 4
4 4
, 112 4
a s
. 15k :
4r s -~ {08
./ /.
‘,.’ 108 /./'
- 10F -
R4 R
- -
2 . .
L Loa e 04
-
e Sr R
Rd 7
R ,.
- .
0 - 1 1 1 1 1 1 1 1 00 .’A/ ) ) ) ) ) . ) )
0 4 80 120160200240 280 320 360 00 40 80 120 160 200 240 280 320 36(())-0
Time/s Time/
ime/s
(a) (b)

Figure 15. (a) Diagram of plowing condition; (b) diagram of the transportation condition.

4.2. Simulation Result Analysis
4.2.1. The Plowing Condition

Distance/km

Under the plowing condition, the tractor is set to maintain a constant speed, while
the plowing resistance conditions varied, as outlined in Table 4, with depths of 12 cm and
20 cm, respectively. The plowing resistance is shown in Figure 16.

Table 4. Plowing resistance conditions.

Time/s Plowing Velocity/(km/h) Plowing Depth/cm
8~157 5 12
162~360 8 20
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5000
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g
en
.8
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& 3000
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Time/s
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Time/s

Figure 16. Plowing resistance.

When the tractor is plowing, under the three control strategies, the following velocity
is shown in Figure 17, the variation of engine speed is shown in Figure 18, the variation
of battery SOC is shown in Figure 19, and the equivalent fuel consumption is shown in

Table 5.
10
- Desired velocity
2 —— ESOPCS
| — MOPFPCS "
S APSO-MOPFPCS
2
6 -
—— Desired velocity
| —xsopcs
4l 252] — Moprpcs
APSO-MOPFPCS
partial magnification
A A A
5.0y :
VWY V’“ '
2 49 VV V \[
4.8
80 85 90 95 100 105 110 115 120
imes
0 L L

0 40 80 120 160 200 240 280

Figure 17. Diagram of following velocity under the plowing condition.

320
Time/s

360

4200
T ——ESOPCS
E 3600 ——MOPFPCS
3 —-= APSO-MOPFPCS
s
#3000 |-
£
%0 partial magnification
2400 |
75 3200
l
& | ——MOPFPCS
1800 F 33150 —. —Apso-moPEPCS
23100
1200 | Haoso
3000
2950
600
2990°280 282 284 286 288 290 292 294 296 298
Time/s
0 L L L

0 40 80 120 160 200 240

Figure 18. Diagram of engine speed variation under the plowing condition.
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320
Time/s

360
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58

——ESOPCS
—— MOPFPCS
56 —— APSO-MOPFPCS

SOC/%

54l

521

50

48 L L . L L L L L
0 40 80 120 160 200 240 280 320 360
Time/s

Figure 19. Diagram of battery SOC variation under the plowing condition.

Table 5. Equivalent fuel consumption under the plowing condition.

Control Strate Fuel Battery Initial ~ Battery Termination Equivalent Fuel
8y Consumption/L SOC/% SOC/% Consumption/L
ESOPCS 0.264 57 522 0.361
MOPFPCS 0.237 57 52.6 0.326
APSO-MOPFPCS 0.211 57 52.8 0.295

As shown in Figure 17, during plowing operations, the tractor is able to maintain the
target velocity stably under the three control strategies. However, due to the influence of
Gaussian distributed random loads on the vehicle during plowing, the actual speed fluctuates
within a small range, and the difference in fluctuation lies between [—0.3127, 0.3328].

As shown in Figure 18, after 268 s, the engine starts working. Under the ESOPCS, the
engine speed remains at 2400 r/min, enabling a stable power output of 25 kW. Under the
MOPFPCS, due to the fluctuation of the plowing load, the instantaneous power demand
of the vehicle exceeds 33 kW at certain points. As a result, the engine speed switches
between 3000 r/min and 3600 r/min. Compared with MOPFPCS, the APSO-MOPFPCS is
more precise, ensuring a smooth transition of the engine speed between 3000 r/min and
3600 r/min.

As shown in Figure 19, the initial SOC of the battery is 57%. The initial SOC of the
battery is 57%. During vehicle operation, the engine remains previously closed, the vehicle
enters pure electric driving mode, and the battery SOC decreases steadily. After 268s, the
battery SOC reaches the lower limit and the engine starts to recharge the battery while
meeting the vehicle demand. At the end of the operation, the remaining battery SOCs
under the three control strategies are 52.2%, 52.6%, and 52.8%, respectively.

As shown in Table 5, of the three control strategies, the APSO-MOPFPCS has the
best performance in equivalent fuel consumption, saving 18.3% of fuel compared with the
ESOPCS and 9.5% compared with the MOPFPCS.

4.2.2. The Transportation Condition

When the tractor is transporting, under the three control strategies, the following
velocity is shown in Figure 20, the variation of engine speed is shown in Figure 21, the
variation of the battery SOC is shown in Figure 22, and the equivalent fuel consumption is
shown in Table 6.
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Table 6. Equivalent fuel consumption under the transportation condition.
Fuel Battery Initial ~ Battery Termination Equivalent Fuel
Control Strategy - cumption/L SOC/% SOC/% Consumption/L
ESOPCS 0.942 48 52.2 0.858
MOPFPCS 0.898 48 54.8 0.764
APSO-MOPFPCS 0.873 48 55.2 0.729

As shown in Figure 20, during transportation operation, the velocity of the tractor is
followed well under the three control strategies, which verifies the rationality of the vehicle
modeling and operating conditions setting.

As shown in Figure 21, under the ESOPCS, the engine speed is continuously main-
tained at 2400 r/min, providing a stable power output of 25 kW to propel the vehicle. Under
the MOPFPCS, due to the specific transportation conditions, the engine speed undergoes
three stages: 2400 r/min, 3000 r/min, and 3600 r/min before 345 s. After 345 s, the vehicle
velocity gradually decreases to zero, causing the engine speed to drop back to 2400 r/min,
consistent with the ESOPCS. The APSO-MOPFPCS has a better effect. Compared with the
former, the engine speed can be smoothly switched between 2400 r/min, 3000 r/min, and
3600 r/min, while maintaining minimal control deviation.

As shown in Figure 22, the initial SOC of the battery is 48%, indicating a low battery
level. Before 232 s, the engine charges the battery while meeting the operation requirements
of the vehicle. After 232 s, due to the continuous increase in the vehicle demand power,
the engine output power under the ESOPCS cannot meet the transportation requirements.
As a result, the vehicle switches to hybrid driving mode and the battery discharges. After
345 s, the vehicle decelerates and the excess energy is supplied to the battery. In contrast,
under the MOPFPCS, since the engine speed can output different power levels based on the
actual operational demands, the battery continues to charge. Under the APSO-MOPFPCS,
the engine’s smooth output across different speed ranges and smooth transition between
adjacent speed ranges lead to improved engine energy utilization, resulting in a stable
charging efficiency for the battery. At the end of the operation, the remaining battery SOC
under the three control strategies are 52.2%, 54.8%, and 55.2%, respectively.

As shown in Table 6, the APSO-optimized multi-operating point Fuzzy PID control
strategy has the best performance in equivalent fuel consumption, saving 15.0% of fuel
compared with the ESOPCS and 4.6% compared with the MOPFPCS.

5. Conclusions

(1) This study focuses on the SDEHT as the research object. A vehicle simulation model
is developed, and a method based on APSO-MOPFPCS is proposed. Additionally,
this research designs ESOPCS and MOPFPCS for comparative analysis.

(2) The results indicate that in the plowing mode, APSO-MOPFPCS achieves a reduc-
tion of 18.3% and 9.5% in equivalent fuel consumption compared to ESOPCS and
MOPEFPCS, respectively. Similarly, in the transportation mode, APSO-MOPFPCS
demonstrates a reduction of approximately 15.0% and 4.6% in equivalent fuel con-
sumption compared to the ESOPCS and MOPFPCS, respectively. These findings
highlight the effectiveness of the proposed APSO-MOPFPCS.

(3) The control strategy based on APSO-MOPFPCS can adjust the engine speed according
to the actual power demand of the entire vehicle so that the engine can work in the
high-efficiency zone, maintain power, and improve fuel economy at the same time.

This research can provide a reference for the further optimization of the control strategy
for SDEHT.
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