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Abstract: In addressing the control of asynchronous motors in the remote conductivity of fertigation
machines, this study proposes a joint control strategy based on the Fast Terminal Sliding Mode
Control-Disturbance Observer (FTSMC-DO) system for asynchronous motors. The goal is to enhance
the dynamic performance and disturbance resistance of asynchronous motors, particularly under
low-speed operating conditions. The approach involves refining the two-degree-of-freedom internal
model controller using fractional-order functions to explicitly separate the controller’s robustness
and tracking capabilities. To mitigate the motor’s sensitivity to external disturbances during variable
speed operations, a load disturbance observer is introduced, employing hyperbolic tangent and
Fal functions for real-time monitoring and compensation, seamlessly integrated into the sliding
mode controller. To address issues related to low-speed chattering typically associated with sliding
mode controllers, this study introduces a revised non-singular fast terminal sliding mode surface.
Additionally, guided by fuzzy control principles, the study enables real-time selection of sliding
mode approaching law parameters. Experimental results from the asynchronous motor control
platform demonstrate that FTSMC-DO control significantly reduces adjustment time and speed
fluctuations during operation, minimizing the impact of load disturbances on the system. The
system exhibits robust disturbance rejection, improved robustness, and enhanced control capability.
Furthermore, field tests validate the effectiveness of the FTSMC-DO system in regulating remote
electrical conductivity (EC) levels. The control time is observed to be less than 120 s, overshoot less
than 16.1%, and EC regulation within 0.2 mS·cm−1 over a pipeline distance of 120 m. The FTSMC-
DO control consistently achieves the desired EC levels with minimal fluctuation and overshoot,
outperforming traditional PID and SMC methods. This high level of precision is crucial for ensuring
optimal nutrient delivery and efficient water usage in agricultural irrigation systems, highlighting
the system’s potential as a valuable tool in modern, sustainable farming practices.

Keywords: fertigation machine; asynchronous motor; fast terminal sliding mode control; disturbance
observer; remote conductivity monitoring

1. Introduction

The integration of advanced control systems into agricultural machinery, especially in
fertigation equipment, has become imperative to address the increasing complexities asso-
ciated with managing water and nutrient supplies in modern agriculture [1,2]. A critical
focus in this domain is the optimization of asynchronous motors, pivotal components in fer-
tigation machines, to enhance their dynamic performance and disturbance resistance [3,4].
These machines play a vital role in delivering precise quantities of water and nutrients,
crucial for sustainable agricultural practices [5,6]. However, the operation of these machines
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is often complicated by remote nonlinear and irregular electrical conductivity (EC) distur-
bances, leading to inefficiencies and inconsistencies in resource distribution [7]. This not
only impacts crop yield and quality but also raises concerns about resource conservation
and environmental sustainability [8].

In the context of agricultural machinery, particularly in fertigation equipment, address-
ing challenges associated with asynchronous motors is paramount due to their central role
in the precise delivery of water and nutrients [9]. While research in fertigation control has
made significant strides in understanding parameters such as pH and EC [10], a notable
gap persists in existing control methods, such as PID and SMC, in effectively managing
the specific challenges posed by the non-linear and dynamic nature of remote electrical
conductivity control [11].

The pH value of the soil and water solution is vital for agriculture, influencing nu-
trient availability and plant uptake [12,13]. Optimal pH ensures nutrient solubility and
accessibility, directly impacting crop health and productivity [14]. Similarly, EC is a crit-
ical parameter in fertigation, indicating the concentration of soluble salts (nutrients) in
irrigation water [15]. Precise control of EC is essential for maintaining the correct nutrient
balance [16]. Over or under-concentration can lead to nutrient-related issues, adversely
affecting crop health and yield [12]. Accurate control and adjustment of EC are key factors
in precision agriculture [17,18].

Existing research has predominantly focused on developing control methods like PID
and SMC to enhance system performances [19,20]. However, these traditional approaches
fall short in addressing the challenges of remote electrical conductivity control’s non-
linear and dynamic nature, especially in dealing with irregular fluctuations [21]. The
complexity arises from continuous variations in moisture levels, soil characteristics, and
environmental factors [22]. Consequently, there remains a gap in developing a control
system that effectively integrates robustness, precision, and adaptability, particularly under
variable and unpredictable agricultural conditions [23]. Fuzzy PID algorithms were used
to detect concentrations and compare them with set concentrations, and the effects of
fertilizer flow rate and water flow rate on fertilizer concentration were determined using
the control variable experimental method [24]. Based on single-chip microcomputers
and fuzzy control, a water and fertilizer control system was designed and introduced
into the fertigation device. The control system calculates and adjusts the fertilizer flow
rate based on input and feedback information, enabling the automatic operation of the
fertigation device [25]. NB-IoT technology was employed for remote control of fertigation
machines [26].

This study bridges the identified gap by proposing a novel joint control strategy,
integrating an improved internal model control with Fast Terminal Sliding Mode Control-
Disturbance Observer (FTSMC-DO). The research aims to enhance the dynamic perfor-
mance and disturbance resistance of asynchronous motors in fertigation machines, con-
tributing to the advancement of precision agriculture practices. This strategy is expected to
broaden the capabilities of existing control systems by improving the dynamic performance
and disturbance resistance of asynchronous motors in fertigation machines. The objec-
tives include developing and experimentally validating the FTSMC-DO control system
to achieve enhanced speed and torque control for asynchronous motors. Additionally,
the research aims to demonstrate the effectiveness of the FTSMC-DO system in managing
electrical conductivity (EC) levels in fertigation scenarios, especially under conditions
of remote, nonlinear, and irregular conductivity fluctuations. This involves minimizing
fluctuations and overshoot in EC levels to ensure precise nutrient delivery and efficient
water usage in agricultural irrigation systems.

The structure of the paper includes a detailed discussion of materials and methods in
Section 2, presenting the technical framework and setup of the proposed control system.
Section 3 provides results from experimental evaluations and field tests, comparing the
FTSMC-DO system with traditional control methods. Finally, Section 4 concludes with
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a discussion on the implications of the findings and their potential impact on advancing
fertigation technologies in sustainable agriculture.

2. Materials and Methods
2.1. Description of the Remote Conductivity Control System for the Fertigation Machine

As shown in Figure 1, the remote conductivity control system of the fertigation ma-
chine comprises four main components: the water supply component, the fertilization
component, the drip irrigation component, and the monitoring component. The water
supply component comprises primarily a storage tank and a water pump. The fertilization
component includes elements such as a fertilizer storage tank and a fertilizer pump. The
drip irrigation component is made up of a filter, drip irrigation tapes, and wireless elec-
tronic control valves, while the monitoring component consists of a remote monitoring
system and remote conductivity sensors.
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This study primarily concentrates on the asynchronous motor control system in ferti-
gation machines, introducing an enhanced control strategy that integrates internal model
control with FTSMC-DO. This approach aims to enhance the dynamic performance and
disturbance resistance of asynchronous motors under remote, nonlinear, and irregular
conductivity disturbances.

The fertilization liquid mixing model employs a typical first-order lag model. The
approximate transfer function of the remote conductivity (EC) after Laplace transformation is:

H(s) =
E1qw + E0qm

VTs + q2
(1)

In this equation, VT represents the volume of fertilizer liquid stored in the pipeline, in
liters (L). The flow rate in the main drip irrigation pipe, qm, and the maximum fertilizer
absorption rate of the fertigation machine, qw, are measured in liters per hour (L/h). The
flow rate at the end of the drip irrigation tape, q2, is also in L/h. E1 denotes the EC of the
fertilizer solution in the tank, while E0 represents the EC of the clean water in the inlet pipe.
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2.2. Asynchronous Motor Mathematical Model

The actuating component of the fertigation machine is an asynchronous motor. The
asynchronous motor used in this study has a rated power of 3 kW, a rated speed of
1400 r/min, a rated current of 6.7 A, a rated torque of 20.3 N/m, and a pole pair number
of 2. The pump used is a peristaltic pump, with a starting torque of 230 N/m, a maximum
flow rate of 5310 L/h, and a maximum operating pressure of 8 Pa. It is known that the
mathematical model of an asynchronous motor is multivariable and nonlinear [27,28]. By
performing a coordinate transformation, the three-phase stationary coordinate system
is equivalently converted into a two-phase rotating coordinate system. This enables the
decoupling and order reduction of the asynchronous motor, allowing the control strategies
of DC motors to be applied to asynchronous motor control, making the control both simple
and efficient. The equations of the asynchronous motor in the two-phase rotating dq
coordinate system are as follows:

Current equation:
disd
dt = Lm

σLs LrTr
ψrd +

Lm
σLs Lr

ωψrq − Rs L2
r+Rr L2

m
σLs L2

r
isd + ωl isq +

usd
σLs

disq
dt = Lm

σLs LrTr
ψrq − Lm

σLs Lr
ωψrd −

Rs L2
r+Rr L2

m
σLs L2

r
isq −ωl isd +

usq
σLs

(2)

Flux linkage equation:{ dψrd
dt = − 1

Tr
ψrd + (ωl −ω)ψrq +

Lm
Tr

isd
dψrq

dt = − 1
Tr

ψrq − (ωl −ω)ψrd +
Lm
Tr

isq
(3)

Speed equation: 
dω
dt =

n2
p Lm
JLr

(
isqψrd − isdψrq

)
− np

J TL

Tc =
np Lm

Lr

(
isqψrd − isdψrq

) (4)

Motion equation:

Te = TL +
J

np

dωm

dt
(5)

In the above equations, isd, isq, usd, and usq represent the current and voltage in the
dq axis, respectively; Lm is the mutual inductance between the stator and rotor windings
in the dq axis; Ls, Lr, are the self-inductances of the stator and rotor windings in the dq
axis, respectively; Rs, Rr are the resistances of the stator and rotor, respectively; σ is the
motor’s leakage magnetic coefficient, and σ = (Lm

2/LsLr); Tr is the rotor electromagnetic
time constant, Tr = (Lr/R); ω1, ω are the stator frequency synchronous speed and the rotor
speed, respectively; and ωm is the mechanical speed.

2.3. Internal Model Controller Design

The two-degree-of-freedom internal model control and the equivalent internal model
control are illustrated in Figures 2 and 3.

Agriculture 2024, 14, x FOR PEER REVIEW  5  of  18 
 

 

 

Figure 2. The two-degree-of-freedom internal model control. 

 

Figure 3. The equivalent internal model control. 

In the figures, Q1(s) and Q2(s) represent the two-degree-of-freedom  internal model 

controllers, while G(s) and Gn(s) are the controlled object and the reference model of the 

controlled object, respectively. A comparison between Figures 2 and 3 yields: 

⎩
⎪
⎨

⎪
⎧𝐶ଵሺ𝑠ሻ ൌ

𝑄ଵሺ𝑠ሻ

𝑄ଶሺ𝑠ሻ

𝐶ଶሺ𝑠ሻ ൌ
𝑄ଶሺ𝑠ሻ

1 െ 𝑄ଶሺ𝑠ሻ𝐺ሺ𝑠ሻ

  (6)

When designing  the  internal model controller, a  low-pass filter  is generally  intro-

duced, which can be represented as: 

൜
𝑄ଵሺ𝑠ሻ ൌ 𝐺ିଵሺ𝑠ሻ𝑓ଵሺ𝑠ሻ
𝑄ଶሺ𝑠ሻ ൌ 𝐺ିଵሺ𝑠ሻ𝑓ଶሺ𝑠ሻ

  (7)

where f1(s) and f2(s) are the introduced low-pass filters. 

Fractional-order controllers are used  for  their flexibility and precise control of  the 

model, with the transfer function of the fractional-order controller being: 

𝐶ሺ𝑠ሻ ൌ ൬𝑘୮ 
𝑘୧
𝑠
 𝑘ୢ𝑠൰

1
𝑠ఊ
  (8)

Following the principles of fractional-order controllers, the designed low-pass filters 

in this study are: 

⎩
⎨

⎧𝑓ଵሺ𝑠ሻ ൌ
1

1  𝜆ଵ𝑠ఊ

𝑓ଶሺ𝑠ሻ ൌ
1

1  𝜆ଶ𝑠ఊ

  (9)

where γ is the fractional order of integration, 1 < γ < 2, and λ1 and λ2 are the adjustable 

time constants of the filter. 

   

Figure 2. The two-degree-of-freedom internal model control.



Agriculture 2024, 14, 168 5 of 17

Agriculture 2024, 14, x FOR PEER REVIEW  5  of  18 
 

 

 

Figure 2. The two-degree-of-freedom internal model control. 

 

Figure 3. The equivalent internal model control. 

In the figures, Q1(s) and Q2(s) represent the two-degree-of-freedom  internal model 

controllers, while G(s) and Gn(s) are the controlled object and the reference model of the 

controlled object, respectively. A comparison between Figures 2 and 3 yields: 

⎩
⎪
⎨

⎪
⎧𝐶ଵሺ𝑠ሻ ൌ

𝑄ଵሺ𝑠ሻ

𝑄ଶሺ𝑠ሻ

𝐶ଶሺ𝑠ሻ ൌ
𝑄ଶሺ𝑠ሻ

1 െ 𝑄ଶሺ𝑠ሻ𝐺ሺ𝑠ሻ

  (6)

When designing  the  internal model controller, a  low-pass filter  is generally  intro-

duced, which can be represented as: 

൜
𝑄ଵሺ𝑠ሻ ൌ 𝐺ିଵሺ𝑠ሻ𝑓ଵሺ𝑠ሻ
𝑄ଶሺ𝑠ሻ ൌ 𝐺ିଵሺ𝑠ሻ𝑓ଶሺ𝑠ሻ

  (7)

where f1(s) and f2(s) are the introduced low-pass filters. 

Fractional-order controllers are used  for  their flexibility and precise control of  the 

model, with the transfer function of the fractional-order controller being: 

𝐶ሺ𝑠ሻ ൌ ൬𝑘୮ 
𝑘୧
𝑠
 𝑘ୢ𝑠൰

1
𝑠ఊ
  (8)

Following the principles of fractional-order controllers, the designed low-pass filters 

in this study are: 

⎩
⎨

⎧𝑓ଵሺ𝑠ሻ ൌ
1

1  𝜆ଵ𝑠ఊ

𝑓ଶሺ𝑠ሻ ൌ
1

1  𝜆ଶ𝑠ఊ

  (9)

where γ is the fractional order of integration, 1 < γ < 2, and λ1 and λ2 are the adjustable 

time constants of the filter. 

   

Figure 3. The equivalent internal model control.

In the figures, Q1(s) and Q2(s) represent the two-degree-of-freedom internal model
controllers, while G(s) and Gn(s) are the controlled object and the reference model of the
controlled object, respectively. A comparison between Figures 2 and 3 yields: C1(s) =

Q1(s)
Q2(s)

C2(s) =
Q2(s)

1−Q2(s)G(s)

(6)

When designing the internal model controller, a low-pass filter is generally introduced,
which can be represented as: {

Q1(s) = G−1(s) f1(s)
Q2(s) = G−1(s) f2(s)

(7)

where f 1(s) and f 2(s) are the introduced low-pass filters.
Fractional-order controllers are used for their flexibility and precise control of the

model, with the transfer function of the fractional-order controller being:

C(s) =
(

kp +
ki

s
+ kds

)
1
sγ

(8)

Following the principles of fractional-order controllers, the designed low-pass filters
in this study are: {

f1(s) = 1
1+λ1sγ

f2(s) = 1
1+λ2sγ

(9)

where γ is the fractional order of integration, 1 < γ < 2, and λ1 and λ2 are the adjustable
time constants of the filter.

2.4. Fuzzy Sliding Mode Speed Regulator Design

Due to the rotor short circuit in the asynchronous motor [29], the rotor dq axis voltage
equals zero, and the rotor magnetic chain orientation Ψrq = 0. By combining the voltage
equation and magnetic chain equation in the dq coordinate system, we get:

[
usd
usq

]
=

[
Rs + Ls pσ −ωlLsσ (Lm/Lr)p

olLsσ Rs + Ls pσ (Lm/Lr)ωl

] isd
isq
ψrd

 (10)
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From Equation (10), it is evident that coupling issues still exist in the dq axis. Therefore,
to decouple the rotor magnetic chain and after applying the Laplace transform, we obtain:

Y(s) = U(s)G(s)
Y(s) =

[
isd isq

]T

U(s) =
[
usd usq’

]
G(s) =

[
Rs + sLss −ωlLss

ωlLss Rs + sLss

]−1
(11)

Consequently, the internal model controller is derived as:
C1(s) =

1+λ2sγ

1+λ1sγ

C2(s) = 1
λ2sγ

[
Rs + sLsσ −ωlLsσ
ωlLsσ Rs + sLsσ

]
(12)

This study improves the disturbance rejection capability of the controller by adopting
a two-degree-of-freedom fractional-order internal model control, effectively separating
disturbance rejection and tracking. Its structure is shown in Figure 4.
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2.5. Fast Terminal Sliding Mode Control Method Based on Asynchronous Motor Disturbance Observer
2.5.1. Load Disturbance Observer Design

In order to enhance the disturbance rejection capability of the speed controller, a load
disturbance observer based on the hyperbolic tangent function (tanh) and the Fal function
is designed in this paper. It identifies and compensates in real time for load disturbances in
the speed controller. The rotor mechanical angular velocity ωm and load disturbance d(t)
are chosen as the state variables for the load disturbance observer, where d(t) = (np/J)TL.

Due to the high switching frequency of the motor controller and the mechanical time
constant being much larger than the electrical time constant, it can be assumed that the
load disturbance remains constant within one sampling period, TL = 0, d(t) = 0. Combining
this with Equation (5), the state equation is given as follows:{ .

x = Ax + Bu
y = Cx

(13)

Here, A =

[
0 −1
0 0

]
, B =

[
np
J 0

]
, C =

[
1 0

]
, x =

[
ωm d(t)

]
, u = Te.

Designing the disturbance observer based on Equation (13), the expression for the
disturbance observer is given by:{ .

ω̂m = −d̂(t) + np
J Te + g1tanhFal(eω, µ, δ)

.
d̂(t) = g2tanhFal(eω, µ, δ)

(14)

Here, eω = ωm − ω̂m, ω̂m and d̂(t) are their respective estimated values, µ is a constant
with 0 < µ < 1, and δ is the filtering constant.
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The hyperbolic tangent function, tanh, is a type of hyperbolic function known for its
smooth continuity and convergence properties. Its formula is given by:

tanh(x) =
(
ex − e−x)/(ex + e−x) (15)

The Fal function is commonly employed in Extended State Observers within the
framework of active disturbance rejection control. It is known for its rapid convergence
and good robustness. The formula is:

Fal(eω, µ, δ) =

{
|eω |µsgn(eω), |eω | > δ

eω

δ1−µ , |eω | ≤ δ
(16)

The Fal function varies with the change in |eω|. As indicated by Equations (15) and (16),
when |eω| > δ, tanh|eω|µsgn(eω) enables the system to rapidly approach the actual
values, leading eω to converge to δ. On the other hand, when |eω| < δ, tanh(eω/δ1−µ)
acts like a low-pass filter. Therefore, the proposed tanhFal(eω , µ, δ) function possesses fast
convergence characteristics, facilitating the convergence of observation errors.

2.5.2. Fuzzy Sliding Mode Speed Controller Design

Considering the practical requirements of the speed regulator, the state variables for
the sliding mode controller are selected as:{

x1 = ω* −ω

x2 =
∫ t

0 x1dt
(17)

Here, x1 represents the motor speed error, with ω* and ω being the set speed and
actual speed of the motor, respectively.

In order to further alleviate the chattering phenomenon in Sliding Mode Control
(SMC), this paper references methods proven effective in overcoming chattering issues
with sliding mode controllers at low speeds [30]. The designed nonsingular fast terminal
sliding surface is:

s = x2 + c1x1
p/q + c2Fal(x1, µ, δ) (18)

where c1, c2 > 0, 1 < p/q < 2 and p, q are positive odd integers.
The Fal function, as shown in Equation (16), speeds up the error convergence to

the sliding mode surface when |x1| > δ, and the terms c1x1
p/q and |x1|µsgn(x1) work

together to accelerate the error’s convergence toward the sliding mode surface. As the
error approaches the equilibrium point along the sliding surface, the convergence speed
is determined by the introduced term x1/δ1−µ. This design ensures that the error moves
towards the sliding surface more efficiently, especially as it nears the equilibrium point.

This study employs rotor magnetic chain-oriented vector control, where Ψrq = Ψr, and
Ψrq = 0. From Equation (2), we obtain:

.
x1 = − .

ω = −
n2

pLm

JLr
iqψr +

np

J
TL (19)

Deriving Equation (18) yields:

.
s =

.
x2 + c1

p
q

x(p/q)−1
1

.
x1 + c2

d
dt

Fal(x1, µ, δ) (20)

Combined with the exponential approaching law
.
s = −µsgn(s) − ks, we get:

i*q = ξ

[
q

c1 p
x2−p/q

1 +
c2q
c1 p

x1−p/q
1

d
dt

Fal(x1, µ, δ) + ηsgn(s) + ks + d̂(t)
]

(21)
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where ξ = JLr/n2
pLmψr, d̂(t) is the real-time observation value of the load

disturbance observer.
To verify the stability of the proposed sliding mode controller, the Lyapunov function

V = s2/2 is chosen, and its derivative is:
.

V = s
.
s (22)

Combining Equations (20) and (21) yields:

.
s = c1

p
q

x(p/q)−1
1 (−ηsgn(s)− ks) (23)

From this, we obtain:

.
V = s

.
s = c1

p
q

x(p/q)−1
1

(
−ηsgn|s| − ks2

)
(24)

In the above equation, c1 > 0, 0 < (p/q) – 1 < 1, and p, q are positive odd integers, η > 0.
Therefore, it can be concluded:

.
V = s

.
s ≤ 0 (25)

From the above equation, it can be observed that the designed sliding mode controller
satisfies the general sliding mode conditions, aligning with stability theory.

This paper, leveraging the characteristics of fuzzy control, extends the sliding mode
control by incorporating fuzzy control to construct a dynamic sliding surface. The selection
of control index approaching law parameters k ensures that the asynchronous motor
maintains more accurate dynamic performance under different operating conditions.

Based on the design of the sliding mode controller, fuzzy control takes the actual
motor speed ω and the load estimate T̂L from the load disturbance observer as inputs, with
T̂L = (J/np)d̂(t).The sliding mode control parameter k is then produced as the output. The
schematic diagram of the fuzzy sliding mode control is illustrated in Figure 5.
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The fuzzy inference rule table is presented in Table 1. The actual speed ω, load estimate
T̂L, and sliding mode control parameter k employ triangular membership functions and
are divided into 5 fuzzy sets: Negative Big (NB), Negative Small (NS), Zero (Z0), Positive
Small (PS), and Positive Big (PB). The domains for actual speed ω, load estimate T̂L, and
parameter k are [150, 1000], [5, 35], and [150, 350], respectively.

Table 1. Fuzzy control inference rules table.

ω\
^
TL

NB NS ZO PS PB

NB ZO NS NS NS NB
NS PS ZO NS ZO NS
ZO PS PS ZO ZO NS
PS PB PS PS PS ZO
PB PB PS PS PS PS
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The selection of parameter k influences the convergence speed of the system. When
k is smaller, the convergence speed is slower. Therefore, according to Table 1, it can be
inferred that when the actual motor speed is high and the load estimate is too low, the
parameter value should be increased to ensure rapid convergence and improve stability.
Conversely, when the actual speed is low and the load estimate is high, the parameter value
should be decreased to enhance the system’s disturbance rejection capability.

The parameters for the PID speed controller are set as kp = 8, ki = 0.6, for the traditional
SMC η = 10, k = 200, and for the fuzzy sliding mode-internal model control p = 15, q = 11,
c1 = 12, c2 = 0.5. The FTSMC-DO is depicted in Figure 6.
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Figure 6. The fast terminal sliding mode control based on the asynchronous motor disturbance observer.

2.6. Test Platform

The experimental validation of the control method in this study is conducted using a
fast terminal SMCl platform equipped with an asynchronous motor disturbance observer.
The test platform for assessing the control outcomes of the asynchronous motor is shown
in Figures 7 and 8, where the control system layout is also depicted. The experimental
setup comprises an asynchronous motor coupled with a load motor, a computer, drivers,
an adapter box, sensors, brake resistors, and other integral components. For field testing,
the study employs the remote conductivity control system of the fertigation machine,
as illustrated in Figure 1, to demonstrate the practical applicability and efficacy of the
developed control strategy in real-world agricultural scenarios.
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3. Results and Discussion
3.1. Control Results of the Asynchronous Motor

The study initially evaluates the effectiveness of the FTSMC-DO developed with the
constructed disturbance observer, comparing it with traditional SMC and PID control
methods. The tests assess motor speed and torque control performance.

3.1.1. Motor Speed Control

The first test examines the start-up and sudden load response of the three control
methods. The initial pump start-up load is set at 200 N·m with a set speed of 1400 r/min.
At 25 s, the fertigation valve is abruptly turned off for an instantaneous unload. The results
are illustrated in Figure 9.
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The study also tests the speed response of the three control methods during accelera-
tion, deceleration, and sudden unload experiments. In Figure 10, the experiment starts with
an initial pump load of 200 N·m and a set speed of 1400 r/min, decelerates to 600 r/min
at 0.2 s, accelerates to 1200 r/min at 25 s, and then undergoes an instantaneous unload by
turning off the fertigation valve at 0.5 s.



Agriculture 2024, 14, 168 11 of 17

Agriculture 2024, 14, x FOR PEER REVIEW  11  of  18 
 

 

3.1.1. Motor Speed Control 

The first  test examines  the start-up and sudden  load response of the  three control 

methods. The initial pump start-up load is set at 200 N·m with a set speed of 1400 r/min. 

At 25 s, the fertigation valve is abruptly turned off for an instantaneous unload. The results 

are illustrated in Figure 9. 

 

Figure 9. Start-up and sudden load speed response of the three control methods. 

The study also tests the speed response of the three control methods during acceler-

ation, deceleration, and sudden unload experiments. In Figure 10, the experiment starts 

with an initial pump load of 200 N·m and a set speed of 1400 r/min, decelerates to 600 

r/min at 0.2 s, accelerates to 1200 r/min at 25 s, and then undergoes an instantaneous un-

load by turning off the fertigation valve at 0.5 s. 

 

Figure 10. Acceleration, deceleration, and sudden unload speed response of the three control meth-

ods. 

Comparative analysis of the test results reveals: 

1. During the start-up phase of the asynchronous motor, FTSMC-DO control reaches 

the set speed faster than PID and SMC controls, with virtually no overshoot. 

2. Under  sudden  load  conditions,  the  speed  under  PID  control  significantly  drops, 

while  the FTSMC-DO control demonstrates enhanced speed regulation capability, 

maintaining the set speed effectively. 

3. During acceleration and deceleration, PID and SMC controls show noticeable delays 

in adjustment time, whereas FTSMC-DO control exhibits rapid and accurate conver-

gence speed. 

Figure 10. Acceleration, deceleration, and sudden unload speed response of the three control methods.

Comparative analysis of the test results reveals:

1. During the start-up phase of the asynchronous motor, FTSMC-DO control reaches the
set speed faster than PID and SMC controls, with virtually no overshoot.

2. Under sudden load conditions, the speed under PID control significantly drops,
while the FTSMC-DO control demonstrates enhanced speed regulation capability,
maintaining the set speed effectively.

3. During acceleration and deceleration, PID and SMC controls show noticeable de-
lays in adjustment time, whereas FTSMC-DO control exhibits rapid and accurate
convergence speed.

3.1.2. Motor Torque Control

Using similar comparative methods, the torque response of the asynchronous motor
under sudden load conditions is observed, as shown in Figure 11.
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Comparative analysis of the test results shows:

1. During steady operation, traditional PID control exhibits significant fluctuations, SMC
control still shows noticeable fluctuations, while FTSMC-DO control has substantially
less fluctuation.

2. At 25 s under sudden load, traditional SMC control takes longer to stabilize and
still displays some fluctuation. FTSMC-DO control smoothly transitions and quickly
reaches a steady state with minimal fluctuation.

The test results indicate that the FTSMC-DO control proposed in this paper signifi-
cantly reduces adjustment time and speed fluctuations during operation, minimizing the



Agriculture 2024, 14, 168 12 of 17

impact of load disturbances on the system. This demonstrates the system’s improved
disturbance rejection, robustness, and overall control capability.

3.2. Experimental Validation

The experiment was conducted under the following conditions: main pipe pressure
was maintained at 0.55 MPa, the end flow rate of the drip irrigation tape was 2 L/h, and
the EC of the irrigation water was 1.0 mS/cm. The stock solution in the fertilizer tank,
prepared using potassium nitrate fertilizer, had an EC of 10 mS/cm. The distance from
the fertigation machine to the end of the pipeline was 120 m. The sampling period was set
at 5 s, and measurements were continuously taken for 900 s. The experiment compared
the performance of PID control, traditional SMC, and FTSMC-DO, each set to different EC
levels. The results are shown in Table 2.

Table 2. Statistics of nutrient contents in soil samples.

Control Method Target EC
(mS·cm−1)

Steady State
EC (mS·cm−1)

Fluctuation
Range

(mS·cm−1)

Steady State
Time (s) Overshoot (%)

PID

1.4 1.25~1.56 0.42 155 19.2

1.8 1.65~1.93 0.38 175 21.7

2.2 2.10~2.30 0.29 190 24.9

SMC

1.4 1.30~1.50 0.31 115 15.4

1.8 1.67~1.90 0.28 120 16.3

2.2 2.12~2.28 0.20 135 17.1

FTSMC-DO

1.4 1.18~1.60 0.20 95 14.5

1.8 1.60~1.98 0.18 100 15.7

2.2 2.06~2.35 0.16 120 16.1

The performance of PID, SMC, and FTSMC-DO control methods in regulating different
EC levels at remote endpoints is depicted in Figure 12, Figure 13, and Figure 14, respectively.
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From the table and figures, it can be observed that all three control algorithms demon-
strate that as the target EC increases, the fluctuation in EC decreases, and the steady-state
EC becomes more precise, but both steady-state time and overshoot increase, indicating
greater latency and enhanced stability.

At the same target EC, FTSMC-DO appears to be the most effective in terms of minimal
fluctuation, fastest stabilization, and lowest overshoot. While PID is a commonly used
control method, it tends to have higher fluctuations and overshoot, and it takes longer to
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stabilize. SMC falls between the two in terms of performance, exhibiting moderate results
in all three criteria.
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The FTSMC-DO control, in comparison to the other two algorithms, shows smaller EC
fluctuations, faster response, and smaller overshoot; the time required to regulate water
and fertilizer is less than 120 s. In the tested fertigation system, the time for water and
fertilizer to travel from the outlet to the drip head is at least 2 min. Therefore, it can be
concluded that the fast terminal SMC system based on the asynchronous motor disturbance
observer developed in this study can meet the practical needs of fertigation.

To further elaborate on the above situation, the unloaded-locked rotor method was
employed to compare the FTSMC-DO and SMC models. The comparison was conducted
at low speed (600 r/min), medium speed (1000 r/min), and high speed (1400 r/min) under
different torque conditions, as illustrated in Figures 15–17. The results indicate that under
the same torque and speed conditions, FTSMC-DO requires less current compared to the
SMC method. This results in the asynchronous motor exhibiting superior torque-to-current
ratio characteristics, achieving better control precision and corresponding performance.

In summary, whether in terms of motor speed control or remote conductivity (EC)
regulation, the FTSMC-DO model stands out as the optimal choice. This is attributed to its
immunity to model errors and external disturbances, allowing for flexible adjustments of
calibration parameters based on the motor’s operating states. The model enables the motor
to output maximum torque under any given speed and current conditions, showcasing
optimal torque-to-current ratio characteristics.
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4. Conclusions

This study has successfully devised and validated a sophisticated control system
tailored for asynchronous motors in fertigation machines. The primary focus was on
enhancing dynamic performance and disturbance resistance, particularly in the face of
remote, nonlinear conductivity disturbances. The proposed system seamlessly integrates an
enhanced Internal Model Control with a Fractional-Order Sliding Mode Control with Dis-
turbance Observer (FTSMC-DO), showcasing substantial advancements over conventional
control methodologies such as PID and standard SMC.

The experimental findings underscore the superior performance of the FTSMC-DO
approach in governing the speed and torque of asynchronous motors. Notably, it sur-
passes PID and SMC counterparts in achieving swift convergence to the set speed with
minimal overshoot, particularly during start-up and sudden load changes. The adept han-
dling of speed and load variations accentuates the control system’s viability for practical
applications in agricultural irrigation systems.

Moreover, field tests conducted under diverse conditions validate the effectiveness
of the FTSMC-DO system in regulating Electrical Conductivity (EC) levels in fertigation.
The system exhibits remarkable precision in maintaining desired EC levels, minimizing
fluctuations and overshoot, thus proving more efficient than traditional PID and SMC
methods. This efficiency is paramount in ensuring optimal nutrient delivery and water
usage in fertigation systems.

In conclusion, the FTSMC-DO control system, as developed in this research, represents
a noteworthy advancement in agricultural automation. Its capacity to effectively navigate
the intricacies of fertigation systems under diverse conditions underscores its potential
for enhancing sustainable agricultural practices. The system’s robustness, precision, and
adaptability position it as a valuable tool for farmers and agronomists striving to optimize
irrigation and fertilization processes, ultimately contributing to increased crop yields and
resource conservation. Furthermore, future research endeavors will focus on refining and
expanding the application of the FTSMC-DO system to address evolving challenges in
agricultural automation.
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