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Abstract: Due to the large inertia and strong impact accompanying the free-falling hook process
of crawler cranes, it is difficult to meet the demand for flexible and smooth braking control under
different weight load conditions. Therefore, this paper takes the free-fall hook system as the research
object and combines system operation characteristics and control theory to carry out research on
flexible braking control of the free-fall hook system. Firstly, a joint simulation platform of MATLAB
(version 2018b) and AMESim (version 2019.1) software is built to theoretically analyze the key
components of the free-fall hook system (proportional pressure-reducing valve, winch reducer, and
wet clutch). Secondly, a mathematical model of the braking process is established, and the pressure
control demand is clarified to analyze the reasons for the existence of dead zones and hysteresis
loops in the system. Meanwhile, it is found that the dead zones and hysteresis loops existing in the
pressure output of the pressure-reducing valve are the main factors of flexibility with load braking.
Then, in this paper, a closed-loop control strategy is formulated based on the automatic adaptation
of the braking gear in combination with the fuzzy PID pressure. Finally, the effectiveness of the
control strategy proposed in this paper is verified with simulation and experimental testing using
the pressure hysteresis loop of the free-fall hook process and the load-braking acceleration as the
judging criteria. The results show that the system pressure hysteresis loop is reduced by 50%–60%
and the maximum braking acceleration is reduced by 24%–30% under the conditions of 6.44 tonnes
and 10.44 tonnes, which improves the accuracy of pressure control and achieves flexible and smooth
braking with loads for different tonnages of free-fall hooks.

Keywords: free-fall hook; proportional pressure-reducing valve; wet clutch; pressure control;
smooth braking

1. Introduction

The free-fall hook system is an important part of a crawler crane, and the free-fall hook
condition is one of the necessary capabilities of crawler cranes. However, due to the large
inertia of the load during braking in the free-fall hook condition, as well as the influence
of nonlinear factors and coupling characteristics, shocks and vibrations are easily caused.
When shock and vibration phenomena are serious, a vehicle is at risk of tipping over [1–3].

The effect of a free-fall hook with load braking flexibility depends mainly on the
stability and accuracy of the torque output of the wet multi-disc clutch, which depends
on the pressure in the clutch control chamber and the friction characteristics of the clutch
itself [4,5].

Wang and Wu et al. [6,7] studied the friction coefficient of the friction vice surface
temperature, relative speed, roughness, contact load, and other factors of the common
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effect of the friction coefficient. Zhang et al. [8] investigated the phenomenon of friction
torque attenuation in the sliding film process of a wet multi-disc clutch, and they found that
the torque decay coefficient is affected by relative speed and the average surface pressure.
Yang et al. [9] determined that clutch engagement pressure affects the engagement time and
that the torque jitter at the moment of contact depends on the stability of the engagement
pressure. Meng et al. [10] revealed the contact characteristics of a clutch friction pair at the
initial stage of braking. Liu et al. [11–14] investigated the effect of material parameters on
the contact pressure distribution of clutches and proposed using the Pressure Distribution
Index (PDI) to evaluate the pressure difference between a friction pair. Bao et al. [15]
analyzed the working principle and motion process of a wet clutch and established a
dynamic engagement model of the spring, piston, friction pair, and pressure plate. They
found that improving the quality of the friction plate would reduce the engagement time.

Scholars at home and abroad have performed a lot of research on the pressure control
of the clutch control chamber. Lu et al. [16] proposed a global terminal control algorithm
based on the expansion state observer by tracking the deviation occurring in the clutch
oil pressure control process in real time, thus improving the suppleness of the clutch
binding process. Kuang [17] proposed a clutch pressure control algorithm based on a
nonlinear feed-forward controller to accurately achieve clutch pressure in accordance
with the target trajectory. Fu et al. [18] proposed a model-free adaptive predictive control
(MFAPC) algorithm for clutch pressure based on the dynamic linearization of the tight
format. Their results proved that the proposed algorithm has a better control tracking
effect and robustness than algorithms such as PID, MFAC, etc., and the system has a
better dynamic performance, which is conducive to improving the quality of power shift.
Zhang et al. [19] used a motor-controlled pump to achieve pressure control and proposed a
model-based nonlinear three-step controller to control the internal pressure of the actuator.
Their results showed that the oscillation of the pressure control process is significantly
reduced, the pressure response is faster, and the pressure control is more accurate. Qin
et al. [20] proposed a joint pressure control method with a variable speed hydraulic pump
and an electroproportional relief valve, and the results showed that this control strategy can
expand the pressure control range and has better robustness than PID and slip film control to
improve the pressure control accuracy. Zhang et al. [21,22] constructed a pressure controller
for wet clutches based on the model-free adaptive control (PFDL-MFAC) algorithm with
biased format dynamic linearization, which has better response speed and robustness
compared with PID, and at the same time, improves the quality of clutch adhesion.

The above research on the friction characteristics of the clutch and pressure control
provides a certain direction for the research in this paper. These control strategies yield
favorable results within their respective systems, contingent upon accurate system model-
ing or reasonable parameter adaptive laws. These studies generally occur under specific
environmental conditions, often ignoring the effects of nonlinear factors on the system.
However, the free-fall hook system needs to have the ability to complete fast and flexible
braking under large inertia load conditions, and it is necessary to take into account the
characteristics of the free-fall hook working conditions as well as the characteristics of the
system. Therefore, this paper uses the free-fall hook system proportional pressure-reducing
valve, clutch, and other key components of the model to clarify if the nonlinear characteris-
tics of the free-fall hook system, combined with the fuzzy PID control method that does not
depend on the model accuracy, are suitable for solving the nonlinear, strong coupling time-
varying, hysteresis and other problems of the characteristics of the problem [23–26], and
the rapidity of the feedforward control. An adaptive control strategy for flexible and fast
braking of the free-fall hook system under a large inertia load is proposed. Our strategy can
effectively reduce the pressure hysteresis loop and improve the pressure control accuracy,
so as to improve the flexibility effect of the free-fall hook under the free-fall hook condition.

Meanwhile, in order to further match the output torque of the system with the load,
different braking gears are divided for the loaded weight; the corresponding relationship
between the pedal angle and the control current under different gears is established; and
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different pedal control slopes are set up at different stages of system braking in order to
expand the effective control stroke of the pedal and improve the resolution of the brake
pedal. Finally, a simulation platform of the free-fall hook system built with MATLAB and
AMESim software and the actual verification of the crawler crane free-fall hook system are
used to prove the rationality and effectiveness of the strategy.

2. Modeling and Analysis of Free-Fall Hook Systems
2.1. Composition and Working Principle of Free-Fall Hook Systems

The principle of the free-fall hook system is shown in Figure 1, which mainly includes
an electrical part, a hydraulic part, and a mechanical part. When the free-fall hook operation
is performed, the input current of the pedal-controlled proportional pressure-reducing
valve 2 decreases; the pressure in brake cavity 5 decreases; the pressure in cavity 6 remains
stable and unchanged; the pressure difference between the two chambers of the clutch
increases; the spring is compressed, causing the friction plate in the clutch to separate; and
due to the effect of gravity, the load performs a free fall movement. When braking, the
input current of the pedal-controlled proportional pressure-reducing valve 2 increases; the
pressure in brake cavity 5 increases; the pressure difference between the two chambers of
the clutch decreases; and the spring force causes the movable and static friction plates to
come into contact and be pressed together, thus generating a braking torque and achieving
free-fall hook braking.
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Figure 1. Schematic diagram of the free-fall hook system.

2.2. Mathematical Modeling and Characterization
2.2.1. Model of a Proportional Pressure-Reducing Valve

The proportional pressure-reducing valve is the core control element of the free-fall
hook pressure control system. Its control signal can continuously and proportionally
control the output pressure, which is approximately linear, and can realize high-precision
conversion between electro-hydraulics.

1. Proportional Pressure-Reducing Valve Overflow Area Calculation

By disassembling and mapping the proportional pressure reducer, as shown in
Figure 2, it can be determined that the effective displacement of the spool is 0.5 mm,
and the maximum displacement of the spool is 1.6 mm. To calculate the micro-element
area of the spool of the pressure-reducing valve under the valve opening x, the formula for
calculating the spool overflow area is as follows.
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Figure 2. Pressure-reducing valve structure disassembly diagram.

When 1.1 < x < 1.6:

A = n ×
∫ x

1.1
dA = n ×

[
R2 · arcos

R − x + 1.1
R

−
√

R2 − (R − x + 1.1)2 · (R − x + 1.1)
]

(1)

where A is the area of a single orifice, n is the number of orifices, and R is the diameter of
the orifice of the pressure relief valve.

The change curve of spool overflow area with spool displacement is shown in Figure 3.
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Figure 3. Valve port overflow area.

As can be seen in Figure 3, with the displacement of the spool, the A-T port overflow
area gradually decreases. At the spool movement displacement of 0.84 mm, the A-T port
is completely closed. At the displacement of 1.1 mm, the P-A port begins to open, and at
the displacement of 1.6 mm, the P-A port overflow area is the largest and the P-A port
is completely open. At this time, the proportional pressure-reducing valve outputs the
maximum pressure.

2. Spool force analysis of proportional pressure-reducing valves

The equation for the output force of solenoid is:

FB = K2i + K3y (2)

where i is the current value, K2 is the electromagnet current–force gain coefficient, K3 is the
electromagnet displacement–force gain coefficient, and y is the armature displacement.

The equation for the spool force balance is:

FB − p1 Av = Kvxv + mv
d2x
dt2 + (Bs + Bv)

dx
dt

+ Kfxv (3)

where p1 is the pressure-reducing valve orifice pressure, xv is the pressure-reducing valve
spool displacement, Bs is the transient hydrodynamic damping coefficient, Kv is the reset
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spring stiffness of the pressure-reducing valve, Av is the feedback area of the pressure-
reducing valve, mv is the mass of the pressure-reducing valve spool, Bv is the viscous
damping coefficient of the spool, and Kf is the steady state hydrodynamic stiffness of the
pressure-reducing valve.

2.2.2. Modeling of Free-Fall Hook Wet Clutches

In the first stage of the braking process (t1–t2), the dynamic and static friction plates
are not in direct contact, the gap between the friction plates is filled with a film of oil, and
there is only the phenomenon of band displacement torque. According to Newton’s law of
internal friction, the formula for calculating the slipping torque of a wet clutch is [27,28]:

T = n
1
2

πηWrel(r2
4 − r1

4)
n

∑
i=1

1
δi

(4)

where Wrel is the relative speed of the dynamic and static friction discs, n is number of
contact surfaces on the dynamic and static friction discs, η is the dynamic viscosity of the
lubricant, r2 is the outer diameter of the friction disc, r1 is the inner diameter of the friction
disc, and δi is the dynamic and static friction disc gap.

In the free-fall hook system, brake cavity 5 is continuously supplied with oil, the
pressure in brake cavity 5 increases, the pressure difference between brake cavity 5 and
cavity 6 decreases, and the spring force overcomes the combined force between the two
chambers, causing the piston to move. The equation for the instantaneous force balance of
the piston is:

(ps − p0)AP = kpx0 (5)

where Ap = π(r2
2 − r1

2), ps is the pressure in cavity 6, p0 is the pressure in brake cavity 5,
kp is the stiffness coefficient of the reset spring, and x0 is the initial compression of the
reset spring.

From this, the pressure required in brake cavity 5 at t1 of the first stage of braking is:

p0(t1) = ps −
kpx0

Ap
(6)

At the oil-filling stage (t0–t1), the flow rate of brake cavity 5 is q(t1), and the oil pressure
in brake cavity 5 rises rapidly to p0(t1), which pushes the piston to move to eliminate the
gap between the movable and static friction discs. At this time, the pressure in the brake
cavity 5 is expressed:

p0 = ps −
kp(x0 − xp)− mp

..
xp − Bp

.
xp

Ap
(7)

where xp is the clutch piston displacement. Neglecting oil leakage, the flow balance
equation is:

q =
V0

βe

.
p0 + Ap

.
xp (8)

where V0 is the volume of brake cavity 5 and βe is the volumetric modulus of elasticity of
the fluid. Substituting Equation (6) into Equation (7) obtains:

q =
V0

βe Ap
· (kp

.
xp + mp

...
x p + Bp

..
xp) + Ap

.
xp (9)

Assuming that the piston moves at a constant speed in the first stage, the flow in brake
cavity 5 is determined by the speed of piston movement and is a certain value.

q = (
V0

βe Ap
· kp + Ap)

.
xp (10)
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To avoid flow fluctuations, let q = q(t1), then the time to eliminate the gap is ∆t21, and
integrate over q:

p0(t) =
βekp

V0kp + βe A2
p

q(t1)(t − t1) + p0(t1) (11)

At the end of the first stage (t = t2), the pressure in braking cavity 5 reaches:

p0(t2) =
kph
Ap

+ p0(t1) (12)

In the second stage of braking, also called the slippery wear stage (t2–t3), the movable
and static friction plates come into contact and produce relative sliding. With the increase in
pressure in brake cavity 5, the lubricant film between the movable and static friction plates
is completely destroyed, in which the rough friction torque plays a major role, and the
torque generated by this process makes the load brake. Ignoring the band-rolling torque,
the torque calculation equation of friction vice [29,30] is:

T = nµRmFd (13)

where u is the coefficient of kinetic friction of the friction disc and Rm = 2
3

r0
3−ri

3

r0
2−ri

2 .
The acceleration of the load during braking is calculated as:

a =
T · i′ − FmRd

∑ m · Rd
(14)

where Fm is the tension on the wire rope, ∑ m is the total mass of the load, Rd is the radius
of the winch, and i′ is the transmission ratio between the winch and the output shaft of
the clutch.

The pressure in brake cavity 5 at the completion of braking should reach p0(t3):

p0(t3) = ps −
kp(x0 − xpmax

)

Ap
+

T · i′

nµAp
(15)

In the third stage of braking, also called the full rough friction stage (t3–t4), the friction
plate is affixed and pressed together, the movable and static friction plates are relatively
static, and the torque generated by the clutch achieves full braking of the load. At this time,
the friction type is static friction, and the torque calculation equation is:

T = nµ0RmFd >> ∑ Fm · R (16)

where µ0 is the coefficient of static friction of the friction disc. The clutch brake cavity 5
pressure at this stage is:

p0(t4) > p0(t3) (17)

2.2.3. Transfer Function of a Free-Fall Hook System

The first stage of clutch braking has little effect on braking, and this article focuses on
the second and third stages of the braking process.

To model the second and third stages of clutch braking, the force equations for the
spool of a proportional pressure-reducing valve are:

K1 I − p0 Av = Kvxv + mv
d2x
dt2 + (Bs + Bv)

dx
dt

+ Kfxv (18)

The linear flow equation for a proportional pressure-reducing valve is:

qL = Kqxv − Kc p0 (19)
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When the load flow rate is zero:

q =
V0

βe

dp0

dt
− Cip(ps − p0) (20)

carry out the Laplace transform:
QL = KqXv − KcP0

QL = V0
βe

sP0 + CipP0

K1 I(s)− P0 Av = mvs2Xv + (Bs + Bv)sXv + (Kf + Kv)Xv

(21)

The resulting open-loop transfer function of the system is obtained as:

G(s)
H(s)

=
AvKq(

V0
βe

s + Cip + Kc)
−1

[mvs2 + (Bs + Bv)s + (Kf + Kv)]
(22)

From the known parameters, the characteristic equation of the system is derived as:

1.7 × 10−11s3 + 3.32 × 10−8s2 + 1.2 × 10−4s + 0.15 = 0 (23)

A stability analysis of the system is carried out. Based on the characteristic equations,
a table of the Rouse criterion is presented as shown below:∣∣∣∣∣∣∣∣

s31.7 × 10−11 1.2 × 10−4

s23.32 × 10−8 0.15
s14.32 × 10−5

s00.15

(24)

According to Equation (24), the Rouse criterion table shows that the elements of the
first column are all positive and the coefficients of the characteristic equations of the system
are all positive, so the system is determined to be stable.

2.3. Nonlinear Characterization of a Free-Fall Hook System
2.3.1. Analysis of System Pressure Dead Band Characteristics

There is a dead zone in the free drop pressure control system. The dead zone of
the system is mainly caused by the dead zone in the proportional pressure-reducing
valve, which is an important factor affecting the performance of the proportional pressure-
reducing valve [31]. The shoulder width of the valve core is usually slightly greater
than the width of the valve mouth groove of the valve body when designing the two-
position and three-way proportional pressure-reducing valve [32] so that the valve port
overlap is formed, as shown in Figure 4 for the valve port schematic diagram. Due to the
existence of the overlapping amount of the valve port, during the initial movement of the
proportional pressure-reducing valve, the valve port will not have flow output, and clutch
brake chamber 5 will not generate pressure. After the spool displacement is greater than the
amount of covering, the valve port has a flow output, and clutch brake chamber 5 begins
to build pressure. In the valve port covering stroke, the control signal cannot obtain the
pressure response feedback of clutch brake chamber 5, and the overlapping part of the valve
port causes the pressure dead zone, which is described by mathematical expression as:

q(xv) =

{
0 xv ≤ ∆
Q(xv) xv > ∆

(25)

where q(xv) is the complete function of the flow rate with respect to the displacement of the
spool, Q(xv) is a complete function of spool displacement, and xv is the spool displacement.
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It is known that the coverage of the valve core of the proportional pressure-reducing
valve is 1.1 mm, which is the dead zone of the valve core movement. It is determined
that when the given current is less than 133 mA, the output pressure of the valve is zero,
that is, the control current of the dead zone of the proportional pressure-reducing valve is
0–133 mA, as shown in Figure 5.
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At the same time, according to the force analysis of the valve core, it can be seen that if
the resultant force F is less than the static friction force of the valve core, the valve core is
at rest, and the valve port of the proportional pressure-reducing valve will not have flow
through, which is also one of the reasons for the dead zone. This article mainly considers
the effect of the amount of valve port masking on the pressure of the system.

2.3.2. System Pressure Hysteresis

The presence of hysteresis in the system is mainly caused by proportional pressure-
reducing valves, part of which is generated by the electromagnetic force output of the
electromagnet, and the other part is generated by the movement of the valve core. Accord-
ing to the force balance equation of the valve core, under the same control current, when the
valve core moves to the left and the right, the force of the valve core is different, resulting in
the pressure hysteresis phenomenon of the valve core of the proportional pressure-reducing
valve when it moves reciprocatingly. The main factors affecting the hysteresis of the spool of
the proportional pressure-reducing valve are the transient hydraulic force, the steady-state
hydraulic force, and the friction between the spool and the valve sleeve. Changes in the
temperature of the system will cause changes in the viscosity of the oil, which will cause
instantaneous changes in the hydraulic force, steady-state hydraulic force, and friction
between the spool and sleeve, and increase the nonlinearity caused by the movement of
the spool.
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3. Research on the Control Strategy of the Free-Fall Hook System

Considering the non-linear characteristics of the free-fall hook system, such as dead
zone and pressure hysteresis, this paper proposes to divide the free-fall hook brake gear
according to the load weight and realize the automatic matching strategy of the load and
brake gear, combined with the fuzzy PID controller, to achieve the optimal pressure control
of the free-fall flexible on-load braking. The pressure control flow structure of the free-fall
hook system based on automatic gear switching is shown in Figure 6.
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3.1. Automatic Braking Gear Matching Control Strategy

Considering the different weights of the load, the free fall brake system is divided into
different gears, and considering the recognition accuracy of the tension sensor, it is divided
into five braking gears. The braking gears have different pedal and current relationships,
so as to improve the control accuracy of each braking gear and the resolution of pedal
control and increase the handling. The controller will determine the corresponding gear
according to the tension of the wire rope and finally establish the automatic shift matching
logic control relationship of the “load-sensor-controller-gear setting”.

The relationship between pedal angle and current is shown in Figure 7. When braking,
the control stroke of the pedal is from 35◦ to 17.5◦, and the total stroke is 17.5◦ because
the dead zone range of the proportional pressure-reducing valve is 0–133 mA. Thus, the
distribution density of the current in front of pedal 4◦ (35◦–31◦) is larger, and the current
starting value is 200 Ma. The torque in this range is small, and there is no braking effect, so
the pedal idle stroke can be quickly crossed. When the pedal angle is 31◦–19◦, the braking
is effective. At 19◦ of the pedal, the torque output of the clutch is enough to brake the load,
and finally, 1.5◦ (19◦–17.5◦) increases the current density. Torque surplus is provided to
ensure work safety.
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3.2. Fuzzy Controller Design

A fuzzy PID controller [33], as shown in Figure 8, is used to accurately control the
pressure in clutch brake cavity 5.



Processes 2024, 12, 250 10 of 21

Processes 2024, 12, x FOR PEER REVIEW 10 of 23 
 

 

 

Figure 7. Correspondence between the pedal angle and control current. 

3.2. Fuzzy Controller Design 

A fuzzy PID controller [33], as shown in Figure 8, is used to accurately control the 

pressure in clutch brake cavity 5. 

 

Figure 8. Fuzzy PID control schematic. 

3.2.1. Define Inputs and Outputs 

Using the test, a set of PID parameters to make the system relatively stable are pre-

liminarily obtained, in which the scale coefficient kp0 = 0.05, the integration coefficient kp0 = 

0.03, and the differential coefficient kp0 = 0.001. 

The input of the fuzzy controller is the deviation between the target value of the pres-

sure of brake cavity 5 and the actual value and the derivative of the deviation, and the 

output is the change in the three parameters of the PID controller, Δkp, Δki, and Δkd [34]. 

Taking the quantization domain of each variable of the controller as [−6, 6], and discretiz-

ing {−6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6} considering the complexity of the implementation 

and the control accuracy, this paper uses seven languages to design the fuzzy controller, 

and establishes that they are positive small (PS), positive medium (PM), positive large 

(PB), zero (Z), negative large (NB), negative medium (NM), and negative small (NS). 

3.2.2. Determine the Affiliation Function 

The role of the affiliation function is to convert the input into the corresponding fuzzy 

quantity. In order to meet the demand of free-fall hook control, we designed an Adaptive 

Precision Dynamic Fuzzy Controller (APD-FC) based on a hybrid affiliation function to 

balance the control accuracy in different error regions. The specific control idea is to use 

the triangular-shaped generosity function, which has high precision adjustment ability 

and high discrimination, in the small error region and the (NB) Z-shaped generosity func-

tion and (PS) the S-shaped generosity function, which can reduce the error quickly and 

Figure 8. Fuzzy PID control schematic.

3.2.1. Define Inputs and Outputs

Using the test, a set of PID parameters to make the system relatively stable are pre-
liminarily obtained, in which the scale coefficient kp0 = 0.05, the integration coefficient
kp0 = 0.03, and the differential coefficient kp0 = 0.001.

The input of the fuzzy controller is the deviation between the target value of the
pressure of brake cavity 5 and the actual value and the derivative of the deviation, and the
output is the change in the three parameters of the PID controller, ∆kp, ∆ki, and ∆kd [34].
Taking the quantization domain of each variable of the controller as [−6, 6], and discretizing
{−6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6} considering the complexity of the implementation
and the control accuracy, this paper uses seven languages to design the fuzzy controller,
and establishes that they are positive small (PS), positive medium (PM), positive large (PB),
zero (Z), negative large (NB), negative medium (NM), and negative small (NS).

3.2.2. Determine the Affiliation Function

The role of the affiliation function is to convert the input into the corresponding fuzzy
quantity. In order to meet the demand of free-fall hook control, we designed an Adaptive
Precision Dynamic Fuzzy Controller (APD-FC) based on a hybrid affiliation function to
balance the control accuracy in different error regions. The specific control idea is to use
the triangular-shaped generosity function, which has high precision adjustment ability and
high discrimination, in the small error region and the (NB) Z-shaped generosity function
and (PS) the S-shaped generosity function, which can reduce the error quickly and have
low discrimination, in the large error region [35,36]. The membership function curve is
shown in Figure 9.
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From Figure 9, the hybrid affiliation function used in this paper has the advantage
of quickly reducing the current error and improving the accuracy of current control, thus
improving the overall performance and efficiency of the control system.

3.2.3. Determining the Fuzzy Rules

According to actual engineering experience, the fuzzy rule relationship of PID param-
eter tuning is summarized as follows:

When the deviation e between the clutch brake cavity 5 pressure target value and the
actual input value is very large, no matter how the derivative ec of the deviation changes
at this time, the proportional coefficient kp should be increased so that the pressure error
of the whole system is rapidly reduced. The coefficient ki is usually set to zero to avoid
integral saturation, and a smaller differential coefficient kd is taken.

When the deviation e and the deviation conversion rate ec of the pressure target value
of clutch brake cavity 5 and the actual input value are positive or negative values at the same
time, the absolute value of the pressure control error e of clutch brake cavity 5 increases.
When the absolute value of e is large, a larger kp should be used, and a smaller ki and kd
should be used at the same time to improve the stability and dynamic performance of the
system. When the absolute value of the error is smaller, a medium kp value is used, and the
ki value is increased and the kd value is reduced to improve the stability of the system.

When the positive and negative values of the error e and error conversion rate ec are
opposite, the absolute value of the pressure control error e of clutch brake cavity 5 decreases.
When the absolute value of error e is smaller, a smaller kp, a larger ki, and a smaller kd are
used to improve the stability of the system and avoid system oscillation. When the absolute
value of the deviation e is large, the stability of the system is improved by increasing the
moderate kp, the small ki, and the moderate kd [37–39].

3.2.4. Fuzzy Reasoning

The Mamdani inference method was chosen to determine the fuzzy output value. In
the Mamdani method, when the conditional statement is “if Ei is A and Eci is B then ∆kp is
C”, the expression calculated with the ith fuzzy rule Ri is:

Ri = (A × B)× C (26)

According to the above equation, the values of fuzzy rules R1 to R49 are found,
respectively, and the total fuzzy rule R is obtained by calculating the total fuzzy rule, which
is shown in Equation (27):

R = R1 ∪ R2 ∪ · · · ∪ R49 (27)

The output values ∆kp, ∆ki, and ∆kd of the fuzzy control are calculated as shown in
Equation (28): 

∆kp = (E′ × Ec
′) · R

∆ki = (E′ × Ec
′) · R

∆kd = (E′ × Ec
′) · R

(28)

3.2.5. Defuzzification to Obtain the Controller

According to Equation (29), to obtain the fuzzy control output value, the output value
needs to be defuzzified to be recognized by the control object. This study uses the weighted
average method for defuzzification and finally obtains a new PID parameter that contains
the output of the fuzzy algorithm. The three PID parameter expressions are shown below:

kp = kp0 + ∆kp
ki = ki0 + ∆ki
kd = kd0 + ∆kd

(29)
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Finally, based on the above analysis of fuzzy control principles and the control rules
of the PID controller, the expression of the final controller u is determined, as shown in
(30) [40]:

u = kpe(t) + ki

∫ t

0
e(t)dτ + kd

de(t)
dt

(30)

The transfer function of the PID controller is:

Gc(s) = K1 +
K2

s
+ K3s (31)

where Kp = K1, Kp
Ti

= K2, Kpτ = K3.
The closed-loop transfer function is obtained after adding the PID controller:

G(s)
H(s)

=

(
KP + KI

1
s + KDs

) AvKq(
V0
βe s+Cip+Kc)

−1

[mvs2+(Bs+Bv)s+(Kf+Kv)]

1 +
(

KP + KI
1
s + KDs

) AvKq(
V0
βe s+Cip+Kc)

−1

[mvs2+(Bs+Bv)s+(Kf+Kv)]

(32)

The closed-loop system characteristic equation is obtained as:

K1s4 + K2s3 + K3s2 + K4s + K5 = 0 (33)

where

K1 = V0
βe

mv, K2 =
[

V0
βe
(Bs + Bv) +

(
Cip + Kc

)
mv

]
,

K3 =
[

V0
βe
(Kf + Kv) +

(
Cip + Kc

)
(Bs + Bv) + KD AvKq

]
K4 =

[(
Cip + Kc

)
(Kf + Kv) + KP AvKq

]
K5 = KI AvKq

.

Since the coefficients of each term in the characteristic equation are all greater than 0,
and the first column of elements in the Laws list obtained by substituting the parameters
are all positive, the stability of the closed-loop system is proved.

4. Simulation Verification of the Control Strategy of the Free-Fall Hook System
AMESim and MATLAB Co-Simulation Platform

Using the powerful computational ability of MATLAB software, the flexible and fast
braking control strategy of the free-fall hook system is built, and using the fidelity modeling
characteristics of AMESim software, the simulation platform of a crawler crane free-fall
hook system is built. With the use of interfaces, the joint simulation platform of free-fall
hook high-performance adaptive control based on AMESim and MATLAB is obtained. The
simulation model is shown in Figure 10.
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The simulation parameters are shown in Table 1.

Table 1. Proportional pressure-reducing valve and wet clutch simulation parameters.

Simulation Parameters Value

Spool mass, g 13.1
Return spring rate, N/mm 0.5
A, P spool diameter, mm 9.5

A, P inner cavity diameter, mm 8.7
The diameter of the inner lumen of the annular cavity, mm 9.5

The diameter of the spool of the annular cavity, mm 5.5
Spring preload. N 2.4

The outer diameter of the friction plate, mm 384
The inner diameter of the friction plate, mm 287

Spring rate, N/mm 3230
Spring preload, N 100,160
Piston stroke, mm 1.3

Piston diameter, mm 195
Piston rod diameter mm 125

Number of friction plate contact surfaces 15
Coefficient of static friction, mm 0.128

The hysteresis of the system was tested under different target pressures of brake
cavity 5 and the improvement effect of the strategy on the hysteresis of the free hook
pressure control system was verified. The height of the load from the ground was set to
zero, the input signal of the proportional pressure-reducing valve was changed, the triangle
wave excitation signal was set, the signal period was 10 s, and the amplitude was 70 bar,
60 bar, 50 bar, 40 bar, respectively. The hysteresis curve in Figure 11 is drawn according to
the simulation data, and the hysteresis data of the statistical system is shown in Table 2.
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pressures after the strategy.

Table 2. Hysteresis loop values before and after the control strategy.

Brake Cavity 5 Pressure (bar) Hysteresis before the Strategy Strategic Hysteresis Loop

40 8.86% 1.67%
50 8.11% 1.40%
60 9.56% 1.37%
70 9.82% 1.13%
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In Figure 11, the pressure hysteresis loop curves show a consistent trend with com-
mands of different amplitudes. After passing through the dead zone, the pressure increases
and then decreases with the current change. Meanwhile, comparing Figure 11a,b, the
pressure hysteresis loop phenomenon is significantly improved after optimization using
the control strategy in this paper. According to Figure 11, the comparison data of pressure
hysteresis before and after using the strategy under different instructions are shown in
Table 2.

As can be seen from Table 2, under different command signals, the system hysteresis
is more than 8% when the control strategy is not used. The system hysteresis is reduced
to less than 2% and the system hysteresis is reduced by more than 75% after the control
strategy is optimized so that the control strategy can effectively reduce the hysteresis of the
system and improve the control accuracy of the pressure control system.

At the same time, in order to simulate the actual situation of the project, we consider a
large load weight range of 6–10 tonnes, a hook weight of 0.44 tonnes, the use of 6.44 tonnes
and 10.44 tonnes of two groups of loads, a height set to 4 m, and the use of the collected
current signal during the test of the whole machine as the simulation model input signal,
respectively. We use the experimental no-control strategy, the split-position strategy, and
the split-position combined with the closed-loop pressure control under three conditions to
determine the maximum acceleration of the system during braking. The results are shown
in Figure 12.
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Figure 12. Comparison of braking acceleration for loads of 6.44 and 10.44 tonnes: (a) brake acceleration
comparison for a load of 6.44 tonnes and (b) brake acceleration comparison for a load of 10.44 tonnes.
Where: the black dashed box in the figure indicates the peak acceleration change that is the focus of
this paper.

In Figure 12a,b, firstly, the acceleration increases from 0 m/s2 to the maximum value
along the negative direction of the Y-axis, which indicates that the load accelerates down.
Secondly, the braking torque causes the acceleration to decrease, and when the braking
torque is balanced with the load torque, the acceleration is 0 m/s2. Finally, as the braking
torque increases, the load starts to decelerate and brake, the braking acceleration increases
along the positive direction of the Y-axis from 0 m/s2 to reach the peak value, and then
decreases to 0 m/s2, and the load is braked. In this case, the peak braking acceleration
is the largest before using the control strategy, decreases after using gear division, and is
the smallest when using a combination of gear division and the pressure control strategy.
Comparing Figure 12a,b, under the same conditions, the peak braking acceleration of the
load of 10.44 tonnes is greater than the peak braking acceleration of the load of 6.44 tonnes.
A comparison data of the braking effect before and after the use of the flexible braking
control strategy under different loads is shown in Table 3.
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Table 3. Comparison of peak braking acceleration before and after the strategy.

Load (t) Strategy Front (m/s2) Gear Division (m/s2) Shift and Pressure Control (m/s2)

6.44 5.56 5.15 4.02
10.44 6.77 6.47 4.80

According to the data in Table 3, under different loads, the braking acceleration before
the control strategy is the largest. The maximum acceleration is reduced by simply using the
gear division strategy, and the acceleration is minimized by using gear shift and pressure
closed-loop control at the same time. Overall, the smaller the braking acceleration, the
better the braking flexibility effect. At 6.44 tonnes, the maximum braking acceleration is
reduced from 5.56 m/s2 to 4.02 m/s2, amounting to a decrease of 27.7%. At 10.44 tonnes,
the maximum braking acceleration is reduced from 6.77 m/s2 to 4.80 m/s2, amounting to a
decrease of 30.0%. The simulation results show that the shift combined with the pressure
closed-loop control strategy can reduce the acceleration of load braking, which meets the
flexibility requirements.

5. Experimental Study of the Flexible Control of the Free-Fall Hook System
5.1. Experimental Bench Study

Build the reducer clutch test setup as shown in Figure 13. Using the valve group of
the free-fall hook system to control the pressure of braking chamber 5, the pressure of
chamber 6 is controlled by the overflow protection effect of the relief valve, the free-fall
hook action is simulated with the servomotor-driven rotation of the winch drum, and
finally, the control effect of the pressure control strategy is verified. The core parameters of
the proportional pressure-reducing valve and reducer clutch are consistent with those of
the simulation model, and the experimental schematic diagram is shown in Figure 14.
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During the test, the constant pressure value of chamber 6 is given, and the triangle
wave control signal of different amplitudes of cavity 5 is given, as shown in Table 4.

Table 4. Command signal.

Brake Cavity 5 Pressure (bar) Hysteresis before the Strategy Strategic Hysteresis Loop

50 0-50-0 10
55 0-55-0 10
60 0-60-0 10
65 0-65-0 10
70 0-70-0 10
75 0-75-0 10
80 0-80-0 10
85 0-85-0 10
90 0-90-0 10

The pressure hysteresis curve of the free-fall hook system is plotted in Figure 15. The
system hysteresis for each condition was calculated according to the hysteresis formula,
and the statistics are shown in Table 5.
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Table 5. System hysteresis loop at different brake chamber pressures.

Brake Cavity 5 Pressure (bar) Hysteresis before the Strategy Strategic Hysteresis Loop

50 18.53% 6.93%
55 17.43% 2.27%
60 17.39% 1.40%
65 16.13% 3.21%
70 16.02% 1.73%
75 16.00% 2.22%
80 15.38% 3.31%
85 16.09% 2.81%
90 14.75% 1.37%

Comparing Figure 15a,b, the pressure hysteresis loop is significantly reduced after
optimization using the control strategy, which further validates the effectiveness of the
strategy. The actual physical system has uncertainties such as friction [41], resulting in
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the deviation om the experimental results from the simulation hysteresis loop simulation.
However, based on the control strategy in this paper, both have better control effects.
According to Figure 15, a comparison data of the actual test pressure hysteresis loop control
effect before and after the use of the control strategy under different instructions is shown
in Table 5.

Based on the bench test of the free-fall hook system, the hysteresis loop is 14%–19%
before the control optimization, and after the control strategy optimization, the hysteresis
loop is larger when the pressure in the brake chamber is 50 bar and the hysteresis loop
is 6.93%, and the hysteresis loop of the system is stable at 2%–3% in other cases. The
hysteresis loop of the system is reduced by more than 80%, and the linearity of the pressure
control of the free fall hook system is improved.

5.2. Analysis of the Free-Fall Hook Process

Taking the load of 10.44 tonnes as an example, the system signal control flow and
free-fall hook action analysis were completed, as shown in Figure 16.
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Figure 16. Free-fall hook condition field test and process analysis: (a) system control signal flow chart
and (b) free-fall hook action for a load of 10.44 tonnes.

The free-fall hook system controller output current is controlled by the electric pedal
angle, which in turn acts on the electric proportional pressure-reducing valve to control
the pressure after the valve and ultimately controls the torque output of the clutch. Data
acquisition includes pedal angle, proportional valve control current, post-valve pressure,
reel speed, and so on.

As can be seen from (b), the clutch cavity pressure is basically stable at about 72 bar,
the control current of the free-fall hook system and the brake cavity pressure change
synchronously. When the free-fall hook system opening button is pressed at 1.0 s, the brake
cavity pressure starts to be controlled by the proportional pressure-reducing valve, the
current signal of the proportional valve starts to decrease from about 550 mA at 2.5 s, and
the brake cavity pressure decreases with the same trend, but there is an obvious delay in
comparison with the current change trend. The brake chamber pressure decreases with
the same trend, but there is an obvious delay compared with the current trend. When the
brake chamber pressure decreases to 32 bar in 12 s, the drum starts to move, the rotating
speed gradually increases from zero, and the weight starts to fall. When the pressure in the
braking chamber increases to 40 bar with the proportional pressure-reducing valve control
current, the reel speed starts to decrease. When the pressure in the clutch braking chamber
increases to about 60 bar in 14 s, the reel speed decreases to 0, and the braking process and
the free-fall hook action ends.
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5.3. Analysis of the Hysteresis Loop and Braking Acceleration

In order to further verify the effectiveness of the control strategy proposed in this paper,
the system pressure hysteresis loop and braking acceleration are tested under different
weights of loads, respectively, as shown in Figure 17. The data comparison of the control
effect is shown in Table 6.
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Figure 17. Comparison of system pressure hysteresis loop and braking acceleration before and after
the control strategy: (a) system pressure hysteresis at a load of 6.44 tonnes; (b) system pressure
hysteresis at a load of 10.44 tonnes; (c) braking acceleration at a load of 6.44 tonnes; and (d) braking
acceleration at a load of 10.44 tonnes. Where: the black dashed box in the figure indicates the peak
acceleration change that is the focus of this paper.

Table 6. Hysteresis loops and acceleration variations.

Load (t)
Strategy Front After the Strategy

Hysteresis Loop Acceleration (m/s2) Hysteresis Loop Acceleration (m/s2)

6.44 24.75% 7.56 11.87% 5.20
10.44 25.82% 6.217 10.21% 4.71

In Figure 17a,b, the pressure hysteresis phenomenon is significantly reduced after
using the control strategy under the different loads. The results of the whole-vehicle
experiments are consistent with those of the simulation experiments and the bench experi-
ments, which further verifies the practicability of the control strategy in this paper. At the
same time, these results further illustrate that the fuzzy PID control method is capable of
effectively compensating for the pressure variations [26].
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In Figure 17c,d, it can be seen that a positive value of acceleration indicates that the
load is accelerating down and a negative value indicates decelerating braking. Both groups
of experiments show that the peak braking acceleration before the strategy is significantly
larger than that after the strategy, which indicates that the control strategy effectively
reduces the peak braking acceleration, thus proving the effectiveness of the strategy. Under
different loads, a comparison of the data for the experimental braking effect of the whole
vehicle before and after the use of the flexible braking control strategy are shown in Table 6.

Table 6 shows that the system pressure hysteresis loop decreases from 24.75% to 11.87%
with a load of 6.44 tonnes, amounting to a decrease of 52.04%, and from 25.82% to 10.21%
with a load of 10.44 tonnes, amounting to a decrease of 60.45%. In the literature [42] on
proportional pressure-reducing valves, the hysteresis loop is only reduced by 50% using
the interval constant value compensation control scheme, while the system hysteresis loop
is reduced by more than 50% using the control strategy proposed in this paper. This proves
the effectiveness of the strategy in this paper.

At a load of 6.44 tonnes, the maximum acceleration under braking decreases from
7.56 m/s2 to 5.20 m/s2, amounting to a decrease of 31.22%. The maximum acceleration un-
der braking decreased from 6.217 m/s2 to 4.71 m/s2 with a load of 10.44 tonnes, amounting
to a decrease of 24.24%.

The results show that the closed-loop control strategy of shift combination pressure
has obvious improvement effects. The clutch torque output accuracy is also improved, the
clutch pressure control accuracy is improved [43], and the smoothness during braking is
obviously improved. The experimental results of the whole machine are similar to those of
the simulation experiments, which proves the accuracy of the simulation model.

6. Limitations and Future Work

We consider the following as limitations of the experimental conditions: first, the
experimental objects are two groups of loads of 6.44 tonnes and 10.44 tonnes, with limited
sample capacity. In the future, in order to further verify the effectiveness of the control
strategy in this paper, we will increase the experimental sample capacity and conduct more
comparative experiments using other affiliation functions and control methods. Second, the
simulation experiments conducted in MATLAB and AMESim software cover the typical
working conditions of a free-fall hook, such as flexible lowering with load, free-fall hook
with load braking, point brake braking, SDDC conditions, etc., but they do not include all
the functions of the free-fall hook system, such as the power priority and the heavy load
cycling, etc. In addition, there are assumptions and simplification limitations of some of
the components in the model established, such as the pulley block and the wire rope. In
the future, the simulation model will be calibrated using experimental data to ensure that it
reflects the state of the actual system, and secondly, deficiencies in the simulation model
will be identified and corrected by comparing the simulation results with experimental or
actual data.

7. Conclusions

In this paper, the nested control method is used to solve the problem that the braking
of the free-falling hook condition of large tonnage crawler cranes is prone to impact, and
flexible and smooth braking control is realized. Among them, the pressure output charac-
teristics of the proportional pressure-reducing valve are clarified, and the flexible braking
control strategy of the free-falling hook system is proposed. The specific conclusions are as
follows:

(1) For the free-falling hook system with large inertia and strong impact characteristics,
the dead zone and hysteresis loop characteristics of the proportional decompression
valve pressure output are obtained, and the control strategy of dividing the braking
gears, assigning different current slopes at different stages, and automatically match-
ing the mechanism of load weight, combined with the feed-forward and fuzzy PID
pressure closed-loop, is proposed.



Processes 2024, 12, 250 20 of 21

(2) Based on the nested closed-loop control strategy in this paper, the system hysteresis
loop is only 11%, which is more than 50% lower than before.

(3) After using the control strategy, the maximum braking acceleration is reduced by
31.22% for a load of 6.44 tonnes and by 24.24% for a load of 10.44 tonnes, which
significantly improves the flexible and smooth braking effect of a free-fall hook with
a load.

The research in this paper provides a theoretical basis and reference for the research of
free-fall hook flexible braking for large tonnage crawler cranes, which helps the intelligent
transformation of crawler cranes.
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