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ABSTRACT

In response to the issues faced by conventional combine harvesters' threshing drums, such as the difficulty
in maintaining stable speed due to load fluctuations and torque disturbances, as well as the limited speed
adjustment range to adapt to changes in crop varieties and properties, this study proposes a novel dual
power source threshing drum (DPSTD). By incorporating a power coupling device and a motor into the
existing mechanical structure, the DPSTD utilizes the flexible speed and torque output capabilities of the
motor to achieve a wide speed adjustment range and enhance its resistance to interference. A robust model
predictive control strategy is designed based on finite time disturbance observer (FTDO) to compensate for
torque under load fluctuations. Simulation results demonstrate that the DPSTD can achieve rapid and
accurate speed regulation. Moreover, under torque disturbances and load mutations, the DPSTD with the
torque compensation control strategy, can reduce the speed error by 73.90%. This significantly improves the
speed tracking performance of the threshing drum, exhibiting good anti-interference capabilities. Finally, the
superiority of the DPSTD is validated through bench tests, confirming its effectiveness and feasibility and
providing new insights for control research on threshing drums.
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INTRODUCTION

The combine harvester is one of the widely used core agricultural machinery in agricultural production
(Sun et al., 2018). With the development of agricultural automation technology, there is an increasing
demand for automatic control of combine harvesters (Chen et al., 2017; Shojaei, 2021). The threshing drum
has always been considered a core component of the combine harvester and has been extensively studied
(Viadut et al., 2022; Zhang et al., 2024; Hou et al., 2023; Li et al., 2023).
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Resistance to interference and speed control are important research directions in the control of
threshing drums, and they are of significant importance for enhancing the overall functionality and
operational performance of the machine (Olaye et al., 2016; Sudajan et al., 2002; Alizadeh and
Khodabakhshipour 2010). Zhang et al (2011) designed a robust control method for the threshing drum speed
in a combine harvester, with the travel speed and feeding rate of the harvester as control variables and the
drum speed as the controlled variable. The effectiveness of this method was verified through simulations and
experiments. Qin et al (2009) proposed a mathematical model for the walking, harvesting, and threshing
system of a combine harvester, which can effectively simulate the actual working process of the harvester.
Zhang et al (2023) designed a control system based on active disturbance rejection and dynamic matrix
modeling. This approach achieved real-time control of the drum speed and compensation of the control delay.

However, due to the limitations of the mechanical structure in conventional combine harvesters, the
control of the threshing drum speed is typically achieved indirectly through the vehicle speed and feeding
rate. This approach suffers from drawbacks such as low speed control accuracy, time delays, reduced
operational efficiency, and the inability to adjust the speed according to changes in crop varieties and
properties. In recent years, the research and application of electrification technology in agricultural
machinery are becoming increasingly widespread (Khatawkar et al., 2019; Scolaro et al., 2021; Mocera, &
Soma, 2022; Zhu et al., 2023). Electric motors offer advantages such as fast response, high driving efficiency,
and a wide range of speed and torque outputs. These advantages can effectively enhance the flexibility and
efficiency of agricultural equipment. Yang et al (2022) conducted an electrification transformation of the
reaping and threshing components of a combine harvester and designed a control system for the motors.
Furthermore, they tested the system's speed tracking and anti-clogging functionalities in wheat harvesting
experiments, and the results indicated that the system exhibited favorable practicality. Sahoo & Raheman
(2020) developed a pure electric small rice harvester driven by two DC motors. Field test results showed that
the product has high operational efficiency and endurance, and can effectively reduce environmental
pollution and harvesting costs. Wang et al (2020) electrified the reaping part of a combine harvester,
conducted finite element simulation on its mechanical structure, and designed a control method for the motor.
Field test results showed that the modified harvester can automatically adjust its reaping speed according to
the travelling speed, thereby improving the operational performance.

The purpose of this article is to improve the anti-interference capability of the threshing drum and
broaden its speed range to adapt to the harvesting requirements of various crops using electric drive
technology. However, considering that the threshing drum is the most power-demanding component in a
combine harvester, relying solely on electric motor drive would require the installation of high-power motors
and a high-power supply system, resulting in higher costs. Therefore, this article retains the original
mechanical transmission components and proposes a novel dual power source threshing drum that
combines an electric motor with a power coupling device. The power coupling device diverts power from both
the motor and the engine, allowing the threshing drum to achieve a wide speed range. By incorporating an
additional smaller electric motor. Additionally, the torque compensation provided by the electric motor
enhances the threshing drum's anti-interference capability, enabling stable and high-quality operation.

In this study, a dual power source threshing drum (DPSTD) is proposed and an electric motor robust
model predictive control system based on disturbance observer is designed. Furthermore, the speed control
and torque compensation functions of the DPSTD are validated through simulation and bench test.

MATERIALS AND METHODS
Architecture of the DPSTD

The specific structure of the newly designed DPSTD for a combine harvester, as depicted in Fig.1,
incorporates a power coupling device with a planetary gear set to distribute the power from both the engine
and the motor. The power coupling device comprises a reducer, a sun gear, an outer planetary carrier, and
an inner planetary carrier. The central shaft of the primary gear of the reducer serves as Input 1 of the power
coupling device (connected to the motor), while the secondary gear of the reducer is coaxially integrated with
the sun gear. The inner planetary carrier has an outer gear ring and an inner gear ring, the outer gear ring
meshes with the outer planetary carrier, the inner gear ring meshes with the sun gear, the central axis is the
input 2 of the power coupling device (connected to the engine source power output shaft), and the central
axis of the outer planetary carrier is the output end of the power coupling device (connected to the threshing
drum). The motor power is transmitted through the reduction set, resulting in torque amplification, and then
delivered to the sun gear. Simultaneously, the engine power is transmitted to the inner planetary carrier.
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As the inner planetary carrier engages with both the sun gear and the outer planetary carrier, the
engine power and the motor power are combined and transmitted through the outer planetary carrier to drive
the threshing drum. The speed of the engine source power output shaft remains relatively stable during
operation. By adjusting the motor speed, the speed regulation function of the threshing drum is achieved to
adapt to different harvesting conditions.
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Fig. 1 - Structure of the DPSTD

The DPSTD has three power modes: hybrid mode, conventional mode, charging mode, and reversal
mode, as shown in Fig. 2. In the hybrid mode, the threshing drum is driven by the engine and the motor. This
mode is used when the engine's allocated power to the threshing drum during the harvesting process is
lower than the instantaneous power required for threshing or when the preset mechanical speed of the
threshing drum does not match the actual required speed. In the conventional mode, the threshing drum is
solely driven by the engine. This mode is used when the power provided by the engine to the threshing drum
meets the operational load requirements, and the preset speed of the threshing drum satisfies the harvesting
needs of the current crop. In reversal mode, the threshing drum is driven by the motor to rotate in the
opposite direction. This mode is used for special working conditions where the drum is overloaded and
causes blockage.
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Fig. 2 - Three power mode of the DPSTD

DPSTD model
Dynamic model of the threshing drum

The active torque required by the threshing drum mainly includes the torque required for the idling of
the drum itself, the torque to push the grain to overcome the resistance movement, the torque to overcome
the angular acceleration generated by the rotational inertia of the drum itself, and the torque to push the
grain to obtain acceleration. The total driving torque of threshing drum is
qRTD Wy, /1+A
20- 1) 1+A

q=pvH (1)

where wrp is the angular velocity of the drum, 4 is the torque to overcome mechanical friction, B is the air
friction coefficient, g is the harvest quantity, p is the crop density, v is the travelling speed of the harvester, H
is the cutting range, Rrp is the operating radius of threshing drum, A is the grass-grain ratio, f is the friction
coefficient, Jrp is the rotational inertia of the threshing drum.

I,=4+B wTD Prp
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Model of the power coupling device
According to Fig.1, the power coupling device in the DPSTD consists of a reducer and a single-row
planetary gear mechanism. The corresponding components are connected to the power output shaft of the
engine, the motor, and the threshing drum, respectively, which closely relate the system's power
transmission to the speed-torque characteristics of the power coupling device.
The output speed of the power coupling device can be expressed as:
_(+ho,-w, /i,

out k (2)
The output torque of the power coupling device can be expressed as:
T, =+ 1)
L1, (3)

where we and wn, are the speed of engine power output shaft and motor, 7. and T,, are the torque of engine

power output shaft and motor, i, is the gear ratio of the reducer, n; is the efficiency of the reducer, and £ is
the ratio of the number of teeth on the outer planetary gear to the number of teeth on the sun gear.

It can be seen that the speed and torque of the threshing drum can be adjusted by adjusting the
output speed and torque of the motor.

Torque coordination control of the DPSTD

As described previously regarding the DPSTD's three modes, its hybrid mode offers speed control and
stability—features not found in conventional threshing drums—effectively enhancing the combine harvester's
performance and versatility. Therefore, the torque coordination control of the DPSTD motor in hybrid mode is
a key issue addressed in this study. During the operation of the harvester, complex and varying terrains, as
well as uncertainties in crop attributes, will generate random and time-varying disturbances. These
disturbances are transmitted through the powertrain, resulting in torque impacts and interferences on the
threshing drum, which in turn affect the operational performance. Therefore, it is crucial to pay special
attention to disturbance estimation and compensation under such conditions during the operation of DPSTD.
Designing reliable control strategies is necessary to mitigate the performance fluctuations caused by torque
disturbances. The key issues of torque coordination control in DPSTD operation in hybrid mode can be
summarized in the following two aspects:

(1) A high-performance controller needs to be designed to accurately regulate the motor speed during
the drum speed adjustment process, ensuring that the threshing drum operates at the desired speed and
improving operational performance.

(2) To address unpredictable disturbances caused by varying terrains and crop attributes, it is
necessary to design corresponding disturbance observers to estimate the disturbances and uncertainties,
and then perform compensation control.

Based on the analysis of the hybrid mode of DPSTD mentioned above, a torque coordination control
strategy for dual power sources is proposed. The strategy structure is illustrated in Fig. 3.
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During the harvesting operation, the operator first sends instructions to the system according to the
operating conditions and crop properties to determine the working stage and expected rotation speed of the
threshing drum. The expected rotation speed of the threshing drum can be expressed as (Li et al., 2009):

60 2Rmax

m
1) =—23 =
e D1+ ¢)cos B )

where Rmax is the maximum work required to detach the grains from the spike, m is the mass of the grain, 8
is the angle between the axial direction of the grain and the direction of the axial movement of the threshing
teeth, ¢ is the restitution coefficient during the impact between the grain and the threshing teeth, and D is the
diameter of the threshing drum.

During harvesting operations, the engine power is generally kept relatively constant. Therefore, at the
desired speed of the threshing drum, the target output speed of the motor is:

a)milgl = ir [(1 + k)(l)c _ka)TDiexp] (5)
The preliminary target output torque of motor without considering disturbances is:
Tmilgt = _(T; + TTDicxp )irnr (6)

where T7p exp is the theoretical torque required by the threshing drum at the desired speed.

Based on this, in order to further achieve precise torque coordination control of the motor, a Robust
Model Predictive Control (RMPC) controller is designed to regulate the motor torque. Furthermore, a Finite-
Time Disturbance Observer (FTDO) is introduced to estimate the torque disturbances that exist during the
harvesting process.

Design of the RMPC controller
Defining the speed of threshing drum and the speed of engine power output shaft as the state
variables, motor output torque as the control variables, and the load fluctuation of threshing drum and the
resistance torque of engine source as the disturbance variables, the dynamics equation of the threshing
system can be written as the following state space equation:
{x=Ax+Bu+C+Fd
y=Dx @)
T

e

where the state variables x = [wm, ., 0 T , uis the control variables, the disturbance variables d =[d,, d, ]

aRy' 24D B |
20, (0-f)1+A , r — 0

! 1 T.,—A4 T J

A= 2 0 o0 |B= 00| ,c=|2=% 0=, r=|"™ | p=[100],
ol 1, I J, 1
c 0 —
0 (J— J
Je

c. is the damping of the engine power output shaft, J. is the rotational inertia of the engine power output shaft.

The forward Euler method is used to discretize the above state space equation, and the corresponding
discretization form can be expressed as:
x(k+1)=A x(k)+B u(k)*+C+I",d(k)
{ y(k+1) = Dx(k)

where A, (T)=I+TA, B(T.)=TB, I'(T)=TT .

(8)

A new model prediction equation is established according to the above formula, which is expressed as:
ER)y=[x(k), u(k-D]' ©)
Then the system state space equation in incremental form can be written as:
{f(k +1)= A,E(k)+ Bu(k)+ I d(k)+C
n(k) = DE(k) (10)

487



Vol. 76, No. 2 / 2025 INMATEH - Agricultural Engineering

-~ |4 B - | B - | T, . ) . .
where A, = 0 , B, = 7 , I = 7 , D:[D 0 0], n(k) is the output variable, m is the

dimension of the control variable, and n is the dimension of the state variable.

If the current time of the system is &, the prediction time domain is &,, and the control time domain is
N., and N, £ N,, then the system output vector at N,, step and the control increment vector at N. step can be
expressed as:

mxn mxn

Y (k) =[n(k+1[k),q(k+2|k),--,n(k+ N, [ k)]

Au(k) = [Au(k),Au(k+1),---,Au(k+NC)—I] (1)
The output of the system at step NV, can be calculated by the prediction equation in the following form:
Y(k)=S.5(k)+S,Au(k)+S,Ad(k) (12)
A SRS - C,.B 0 0 0 1
gdk ‘ildk ?dk dk ¢ Z dbf, C B 0 0
" A[ZM " F;\ dic*“dk= dk dk="dk
where S5 - C, A Sw =\ A N, | Su = ~dk;1de - ~dk édk ~¢X 72&1/( édkédk
dic* " dk Cdkrdk ~ IN. D ~ ZN.-1p ~ 4D
Cdk Adk B dk dk Adk dk Ca’k dk = dk
C, Ay C, I e
- - | Cax A&Zpilek Cu chlzpizBdk e Cy ACIJZFNL 7lek ]
According to the prediction equation, the reference vector of the system can be expressed as:
nref(k) = |:7]ref(k+1 | k)sﬂref(k-"-z | k)a ) "ﬂref(k-’-Np | k)] (1 3)

Therefore, the system objective function with quadratic form corresponding to the RMPC controller can
be expressed as:

T = Yl + )= e+ D, + 3 [Aut+ ), ”

where nrer is the reference vector of system, Q and R are the weight coefficient matrix of output and control

of system respectively.
The objective function reflects the tracking error and control quantity. It can be transformed into a

standard quadratic form, which is easy to solve, so as to minimize the tracking error and control increment.
According to the output of system, the reference vector of system can be written as:

ﬂref = [wTDiref:' (1 5)
The weight coefficient matrix of output and control quantity of system is:
{Q =diag([w,, 1)

R = diag([w; ]) (16)

The deviation within the prediction range is defined as:
E(k)=sgg(k)_ﬂref(k+1) (17)

The objective function of the system can be transformed into a standard quadratic form and expressed

as:
AU [AUk AU(k
J(AU(k)):{ ( )} H{ ( )}G{ ( )}
& & & (18)
T
where H = {S“QS" R 0}, G=[2EK)'Q’S, 0].
0 p
The constraints of system state, control quantity and output variable are respectively defined as:
AU, <AU<AU,

U, <AANU+U<U_,

Ymin_ggsgg(k)+sL¢AU(k)SY:nax+g (19)

where AU is the increment of control quantity.
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By solving the quadratic programming problem in each control domain, a series of increments of
control input in the control domain can be calculated:

* * * * * T
AU = A’ (k) Au” (k +1), Au” (k +2), -+, Au” (k + N, ~1) | (20)
Therefore, the control input of motor torque can be calculated by the following formula:

u(k)=u(k-1)+AU" 21)

Design of the FTDO

The FTDO is further introduced to estimate the disturbance variables. For the system with the form of
Eq. (7), the system disturbance satisfies the following conditions: the disturbance term d, is n-order
continuously differentiable (where n represents the system order), and its j~order derivative is bounded and
satisfies |d,.‘”|£L[, where L >0, i=1,--,n,and j=0,1,---,n.

The FTDO to be designed has the following standard forms:

Zo; =Vy; + f(x)
2 =Y
Znj =V
_ 1 (n+1) nl(n+1)
Vo; = —AL; Z0; X sgn(z,; —X;) = Po(zy; —X;) + 2,
_ V(n=i+1) (n—i)/(n—i+1)
vy = AL Zj = Vi) Sg(2; = Vi) = P25 =V )+ Z,
vy = AL sgn(z, = v, )= 2,2 = V)

(22)
where 4,,-:-,4, and p,,*-,p, are the pending coefficients of the FTDO respectively. z,; is the estimated
value of the state variable. z;,---,z, are the estimated values of the disturbance quantity djo),---,d;”‘l)

respectively. i=1,---,n-1, j=1,---,n,and f(x) corresponds to the equation of state shown in Eq. (7).

When j=1 and j=2 respectively, the torque disturbance can be estimated by the following FTDO
equation respectively:

Zoy =V TS (%) Zyy =V T f(x)

Z, =V, Z, =V,

Zy =Wy Zyy =Vy
1/3 2/3 1/3 2/3

Vor = _j’OLl |Z<n _x1| Sgn(zm _xl)_p() (201 _x1)+211 Voo = _loLz |Zoz _x2| sgn(202 _xz)_po (Zo2 _x2)+212
1/2 1/2 1/2 1/2

v, =-A4L |le _V01| sgn(z,, —vy) = pi(2, = Vo) + 2y |V, = —AL, |le _voz| sgn(z,, = V) = p(21, = V) + 25

vy, = =4 L sgn(z,, —v,) = py(2, —vy) vy ==L, sgn(zy —viy) — P, (25, —V),)

(23)
where: z,, and z,, are the estimated values of the state quantity «,, and o, respectively. z,, and z,

are the estimated values of disturbance <, and d, respectively. z,, and z,, are the estimated values of
d, and d, respectively.

To further analyze the stability and convergence of the proposed FTDO, the above estimation errors
are defined as:

Z,, — X, z,,—d, z —d"h
oy, = OJL j’olj: UL /’,.,’O-nj:%
j j j (24)
From Eq. (9), the differential form of Eq. (24) can be obtained as follows:
. n/(n+l)
Oy, =-4 ‘L/‘GO/' Sgn(o-o/')_poo-o/' +0y;
(25)
Similarly:
. 1 ot (n-1)/n
0y = L_(_ﬂqd/‘/( ! Z1; = Vo, sgn(zlj _vo;/)_pl (le _Voj')))"'o-z;
j (26)
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It can be seen that:

n/(n+1)
2 =Vo; = AL, |00;

sgn(o,; )+ p,(L;0y,)=L,(0,, —6,,)

(27)
Then, substituting Eq. (27) into Eq. (26) yields:
. . |=in . .
Gy, =4 |O-1/ Y, sgn(o,, —6,)— p,(0,, —6y,) +0,;
(28)
Similarly, for i = 2, ..., n-1, it follows that:
. . (n=i)/(n=i+1) . .
G, =4 |Gij - G(i—1>j| Sg0(0y; =G 1)) = Pi(0}; = Gii),) + O, (29)

. . . L,
G,y =4, 8800, =6, 1)) = p,(0,; =Gy, + I d;
/ (30)
Therefore, the estimation error of the FTDO can be expressed as follows:

|n/(n+l)

Gy, =~ |60j sgn(o,;) — py(0,;) + 0y,

|l/2

O—(n—l)/' = _/q’n—l G(n—])j - O—(n—Z)j Sgn(a(n—])j - O—(n—2)/‘ ) = P (U(n—])j - O-(n—2)j ) + an

. . . 1 n
O, = -4, Sgn(anj O (1)) )=p, (Unj O (1)) )+ L_dj
J

(31)

According to the relevant research conclusions (Nguyen et al, 2021), it can be seen that the system
(31) is stable in finite time, indicating that the estimation error of the FTDO can converge to zero in finite time.
Then the compensation torque of motor is:

u= Tmicom = _irnr (221 + 222)

(32)

RESULTS AND DISCUSSION
The previous section focused on the control methods of the designed DPSTD in hybrid mode,

specifically addressing the regulation of drum speed for combined harvester operation, as well as its
resistance to disturbance and overload. To explore the effectiveness of the DPSTD's structure and control
methods proposed in this paper, a simulation model of the DPSTD was further developed using the
MATLAB/Simulink platform. The simulation includes the performance evaluation of the designed FTDO,
speed control functions of the DPSTD, as well as a comparison of the proposed control method's
effectiveness in suppressing disturbances and load fluctuations with and without disturbance compensation.

Verification of the FTDO performance
Assuming that the combine harvester experiences a random disturbance torque from the engine

power source during the harvesting process, characterized by Gaussian white noise with a sampling time of
0.01, a variance of 30, and a mean of 0. This disturbance torque is applied to the actual output torque of the
DPSTD engine power input shaft. The results of the state estimation and the disturbance estimation of the
FTDO during the operation of the DPSTD are shown in Fig. 4.
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Fig. 4(a) and Fig. 4(b) show the variations of the two state variables of the speed of engine power
input shaft and threshing drum obtained by the FTDO during the estimation of random disturbance. The
engine startup process begins at approximately 2.0 s, while the speed adjustment process of the threshing
drum starts at 10.0 s. It can be observed that the FTDO accurately estimates the speed of engine power
input shaft and the threshing drum with small estimation errors and convergence stability within a finite time.
Fig. 4(c) represents the estimated disturbance torque obtained by the FTDO, which exhibits the same trend
with the actual values and demonstrates good estimation accuracy.

Simulation of torque dynamic compensation control of the DPSTD

A control simulation analysis of the DPSTD torque compensation control was performed to test its anti-
interference and overload resistance capabilities. Assume that the target speed of the DPSTD is from 660
rom to 770 rpm, and there is a random disturbance torque during the operation. Additionally, a step change
in load of 20 Nm occurs at the 8th second. Fig. 5 compares the effects of the DPSTD with torque
compensation control based on FTDO and without compensation control under the influence of torque
disturbances and load transients.
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Fig. 5 - Comparison of torque compensation control

From Fig. 5(a) and Fig. 5(b), it can be observed that when the DPSTD does not employ any
interference compensation control strategy, the torque disturbances significantly deteriorate the smoothness
of the threshing drum speed tracking. Additionally, these disturbances are not detected by the upper-level
controller, and the torque command to the motor continues to be issued by the basic torque controller.
However, when employing the FTDO interference compensation control strategy, the current disturbance
signal value can be estimated, and subsequently, the output torque of the motor is recalculated, which
greatly reduces the impact of the DPSTD, improves the stability of speed tracking, and enhances the quality
of mode switching.

Furthermore, according to the simulation results of load transients starting at the 8th seconds in Fig.
5(c), when there is no torque compensation control, the output load transients greatly deteriorate the
operation quality of the DPSTD, causing an impact with an amplitude of 1.64<104 m/s®, and the speed
tracking shows obvious oscillation. However, the torque compensation control based on FTDO accurately
estimates the load changes and coordinates the output torque of the motor, effectively limiting the impact
within the range of [-0.45:10* m/s3, 0.45+10% m/s?]. It also reduces the speed oscillations, achieving a
smoother speed tracking. Table 1 presents a comparison of the effects with and without torque compensation
control. It can be observed that the control strategy with compensation significantly reduces the impact and
speed errors of DPSTD. The root mean square (RMS) value of speed errors is decreased by 73.90%, the
maximum speed error id decreased by 76.18%, the RMS value of impact is decreased by 33.51%, and the
maximum impact is reduced by 73.18%. In conclusion, the designed torque compensation control strategy
based on FTDO can significantly improve the smoothness of mode switching and the speed tracking of the
threshing drum, making the DPSTD has a strong anti-interference capability.

Table 1
Comparison of control effects based on two strategies
Control strategy RMS of speed Maximum speed RMS Qf impact Maximgm impact
error (rpm) error (rpm) intensity (m/s®) intensity (m/s3)
Without compensation 32.64 31.32 1.94x103 1.64x10*
With compensation 8.52 7.46 1.29x103 0.43x10*
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Bench test

In order to verify the feasibility of the structure and control strategy of the DPSTD, a bench test is
carried out based on a testing platform. It should be noted that due to the limitations of the experimental
equipment, the engine test cannot be realized but considering that the purpose of the test is to verify the
effectiveness of the control strategy in the presence of torque disturbances from the engine source, the
motor can be used to simulate this part of the torque disturbance. Fig. 6 is the schematic diagram of testing
platform for the DPSTD, which is mainly composed of a multi-functional power coupling device (with two
built-in motors), two electric dynamometers (corresponding to the left and right driving semi-axis respectively),
a testing platform controller and related auxiliary equipment. The functionality of reading the status
parameters of the power coupling device, load simulation of the electric dynamometers, and parameter
settings and status monitoring of the upper computer can be achieved through CAN bus communication. The
multi-functional power coupling device can be used to simulate the power coupling device in the DPSTD,
while one of its built-in motors emulating the engine source power, while the other one acts as the driving
motor in the DPSTD. Additionally, the electric dynamometers are used to simulate the load input.

e g -
ctric dynamometer A ie . Electric dynamometer B

T

Fig. 6 - The testing platform

The designed observer and controller are integrated into the motor controller application layer of the
testing platform, enabling the application of the designed control strategy. Fig.7 presents the bench test
results of the DPSTD applying the torque compensation control strategy during mode switching, speed
regulation, and when subjected to load transients.
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It can be observed from Fig. 7(a) that in the bench test, the actual speed of the threshing drum is
closely aligned with the target speed, with only significant errors occurring during demand speed transients.
This is attributed to the controller response and communication delays in the experiment. However, the error
duration is short and will not significantly affect the performance. Hence, the errors generated in this case
can be disregarded. Additionally, in the conventional mode where the motor is not engaged, the speed error
is noticeably higher compared to the hybrid mode. This observation demonstrates that the DPSTD employing
motor disturbance compensation control can effectively improve speed tracking accuracy. Fig. 7(b) shows
that compared to the simulation results with compensation control, the bench test exhibits higher impact
intensity but remains within 1.1x10% m/s3. During load transients, the impact intensity is slightly higher than
the simulation results, but the overall effect is still satisfactory.
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It can be seen from Fig. 7(c) that the driving motor can promptly start and engage during mode
switching, accomplishing the speed regulation function of the DPSTD. Simultaneously, effective torque
compensation can be achieved to mitigate disturbances and load transients, reducing speed oscillations and
minimizing torque shocks in the transmission system.

To sum up, compared with the closed simulation environment, the bench test results are different from
the simulation results due to the differences in equipment parameters, motor performance, communication
and control time delay and other factors, but still achieved satisfactory outcomes. The test verifies that the
designed DPSTD possesses sensitive and versatile speed regulation capabilities, enhancing the versatility of
the combine harvester. Additionally, the proposed motor control method realizes disturbance identification
and compensation control, improving the DPSTD's anti-interference ability during operation, thereby
ensuring stable operational performance. Consequently, the superiority of the DPSTD's threshing system
over that of conventional combine harvesters is demonstrated.

CONCLUSIONS

Based on a parallel hybrid system, this study proposes a dual power source threshing drum that can
be driven by both an engine and an electric motor. A RMPC controller is designed for the motor control, and
FTDO are incorporated to enhance the control performance. The study further explores the performance of
the DPSTD, including its speed regulation capability and disturbance rejection ability. Finally, a bench test is
conducted to validate the effectiveness and superiority of the DPSTD. According to the findings above, the
following conclusions were reached:

(1) Compared to conventional threshing drums, the DPSTD driven by engine and motor can use the
large-scale speed regulation function of motor to realize the adjustable speed of threshing drum in hybrid
mode, and has fast dynamic response, allowing for quick parameter adjustments according to the harvesting
requirements of different crops, enabling versatile applications.

(2) The RMPC controller for motor based on the FTDO can accurately estimate the disturbance torque
and operating load during operation, enabling fast and precise torque compensation. Simulation results show
that, in the presence of torque disturbances and load transients, the control strategy with torque
compensation reduces the RMPC value of speed error by 73.90%, the maximum speed error by 76.18%, the
RMPC value of impact intensity by 33.51%, and the maximum impact intensity by 73.18% compared to the
control strategy without compensation. This approach significantly improves smoothness of mode switching
and speed tracking performance of the threshing drum, demonstrating excellent anti-interference ability.

(3) The bench test demonstrates that the designed DPSTD with torque compensation can effectively
perform speed adjustment and exhibits anti-interference ability. The test results are similar to the simulation
results, which proves the rationality and effectiveness of the designed DPSTD in terms of its structure and
control strategy, and provides a novel and valuable reference for the research on the speed control of
threshing drum of combine harvester.
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