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In the industry and academia, large-scale equipment has been developed, which requires
control systems that provide safety and efficiency with the lowest possible energy consump-
tion. In the industrial cascade control system, nested controllers have been a versatile tool
for the control of large-scale equipment. Research shows that these types of controllers im-
prove their performance with the integration of artificial intelligence algorithms and prevention
methods against controller saturation. For this reason, this paper presents the development of
a fuzzy proportional-integral-derivative (PID) controller in cascade with anti-windup (AW) for
full-scale test equipment for pavements. In this study, the mathematical expressions for the
equipment, the design of the controller and additional systems for comparison, simulation and
analysis are developed. The main objective is to test the functionality of this type of nested
controllers for these systems.
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1. Introduction

Big industrial processes and heavy machinery developed for the productive
and academic sector require systems that guarantee high efficiency with the
least use of resources and the smallest environmental impact [1]. The develop-
ment of a robust infrastructure for academic research has been accomplished in
the recent years for the study of pavements. Large-scale tests have become more
frequent because they simulate the behaviour of the road with real loads and
operating conditions [2]. However, these control tests and the equipment used
consume large amounts of energy, and their control is affected by exterior dis-
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turbances. In addition, their mathematical representations are of higher- order
or non-linear [3].

Recently, cascade control has been used for this kind of processes. Nested
control allows reducing the order of the control loops and decreases the effects
of secondary variable disturbances on the primary variable [4]. This is done with
multiple control loops which stabilize the states that directly affect the central
variable [5].

On the other hand, controllers based on fuzzy logic are an alternative to
deal with the nonlinearities in large-scale systems [6]. This is because fuzzy logic
controllers work with open systems that are designed according to the behaviour
of the process and not with a mathematical description [7].

Some works are presented below with relation to fuzzy cascade control. In
[8], the development of a fuzzy cascade controller for the transport of crude oil
in a pipeline using a PLC-based controller is presented. In the same work, it
is concluded that this type of controllers reduces the overshoot of the system.
The authors of [9] developed an industrial evaporator using a hybrid PID and
fuzzy PID cascade system. They demonstrated how the fuzzy controller helps
with the control of the nonlinearities of the system. Another implementation
of cascade control systems is presented in [10]. Here, the main objective is to
control part of the system of an electric vehicle. Additionally, artificial intelli-
gence techniques are implemented for the optimization of parameters of the PID
controllers. The performance of the frequency response obtained is better than
when using the traditional structure.

This work presents the design of a fuzzy PID controller in cascade to which an
AW security system is added. This control is applied to the large-scale equipment
used for the study of pavements. In the following sections, the mathematical
description of the process, the implementation of the PID control system, cascade
PID, and cascade fuzzy PID are presented. This is done in order to compare the
operation of the main controller with the others. Then, the adaptation of the AW
system to the fuzzy controller is carried out. Finally, the responses of the setup
obtained by simulation are analysed using the different controllers and the AW
system. The study is concluded with the section about the efficiency of this type
of controllers.

2. Materials and methods

2.1. Load application system

The load application system shown in Fig. 1 is a testing set developed by the
geotechnical research group from the Nueva Granada Military University [11].
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Fig. 1. Large-scale test equipment.

The physical parameters for the solution of the mathematical representation
of the system were obtained with the help of this equipment.

The equipment’s operation is carried out by using a hydraulic system that
produces a maximum force of 80 000 N. This force is transmitted to the pavement
through a system that simulates a truck. The load to the structure of the road
is generated using a hydraulic circuit presented in Fig. 2.

Fig. 2. Hydraulic system.

The operation of the system starts with a variable vane pump, which gen-
erates a constant flow rate of 0.36 l/s. The pressure is regulated with a pro-
portional relief valve with an analogue input voltage of ± 10 V. The actuator is
a hydraulic cylinder that is coupled to the equipment rolling system. Addition-
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ally, there is a valve for manual control and an accumulator to avoid overpressure
peaks caused by the response between the tires and the pavement. The control
system is feedback controlled by pressure sensors at different points.

The mathematical representation of the system is obtained by assuming some
performance characteristics as shown in [12] where a constant flow rate pump is
assumed in time, not taking into account the Coulomb friction, and assuming
the oil as an incomprehensible fluid.

The sum of the forces that are present in the hydraulic actuator is shown in
Eq. (2.1):

(2.1) pA2 − pcA1 = Mẍ+Bcẋ+ kex,

where p and pc are the pressures of the chambers cylinder. The input pressure p
is the control variable. A1 and A2 are the small and large cross-sectional areas
of the actuator, x is the displacement of the cylinder, M is the mass of the rod-
piston assembly, Bc is the viscous resistance coefficient, ke is the rigidity of the
coupling between the cylinder and the tires, and pc is the outlet pressure to
the tank and it is considered equal to 0.

The valve output flow is the variable that controls the system. This flow
responds proportionally to the spool displacement (y). In Eq. (2.2), the analysis
of the forces resulting from the valve is obtained:

(2.2) (kvv − p)A = mÿ +Bsẏ + ksy,

where kv is the pressure gain constant, v is the set point of pressure in voltage,
A is the area of the spool cross-section, m is the spool mass. Bs is the viscosity
coefficient, and ks represents the stiffness of the spool spring.

Equation (2.3) expresses the flow to the hydraulic actuator. KQ is the flow
constant, Kl the leakage constant, Vb is the entry chamber volume, and βe is the
oil bulk modulus

(2.3) QE = KQx−Kl p−
Vb
βe
ṗ.

The inflow QE is equal to QB −QS . QB is the pump flow that for this case
is assumed constant and QS is the output flow through the proportional relief
valve. The proportional valve is described by the linear function of the following
equation:

(2.4) QS = kqy + kc1p,

where kq is the constant that relates the displacement of the spool with the
opening hole and kc1 is the discharge coefficient by pressure.
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Table 1 shows the values of the system parameters obtained from the real
equipment.

Table 1. Model parameters.

Parameter Description Value
M Rod-piston mass 1.63 kg
m Spool mass 0.33 kg
KQ Flow constant 3.72e–3 m2/s
Kl Leakage constant 8.3e3 m3/(MPa · s)
Vb Volume of the entry chamber 2.13e–3 m3

βe Fluid bulk module 1.2e3 MPa
ke Rigidity of the cylinder coupling 9.74e2 N/m
A2 Large cross-section area of the piston 1.56e–3 m2

Bc Viscous resistance coefficient 0.45 N · s/m
kq Spool – opening hole relation 0.0697 m2/s
kc1 Coefficient of discharge by pressure 8.05e–9 m3/(Pa · s)
A Cross-section area spool 3.12e–5 m2

Bs Spool viscosity coefficient 0.38 N · s/m
ks Rigidity of the spool spring 3.7e2 N/m
kv Voltage-pressure gain 1.4e6 Pa/V

Figure 3 shows the response of the testing system to a step input as a set
point. A stable behaviour is confirmed with error in a steady state of position
and time of establishment around 12 seconds.

Fig. 3. Open loop.
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Organizing the system into equations of state is obtained:

(2.5)

ẋ = vx,

v̇x = − ke
M
x− Bc

M
vx +

A2

M
p,

ẏ = vy,

v̇y = −ks
m
y − Bs

m
vy −

A

m
p+

Akv
m

v,

ṗ =
KQβe
Vb

x+
βekq
Vb

y +
βe(kc1 −Kl)

Vb
p− βeQB

Vb
.

2.2. Test controllers

To study the behaviour of the fuzzy controller, a traditional PID and a PID
in the cascade are implemented to the system.

The PID controller is calculated by obtaining the system transfer function in
Laplace domain. As a result, a fifth-order system is obtained with a PIDD2D3.
For the solution, the desired polynomial of robustness is calculated with Eq.
(2.6). This is done to decrease the sensitivity of the system against disturbances

(2.6)
Bd(s) = (s2 + 2ρwns+ w2

n)2(s+ α),

wn =
4.6

ρts
,

where ρ is the damping constant of the system, ts is the plant establishment
time in the open loop, and α is the non-dominant pole of the system defined as
5wn.

For the cascaded PID controller, the control loop is defined as shown in Fig. 4.
As it is observed, the fifth-order is conserved and it is uncoupled in two nested

controllers: one secondary and one primary. The first is a PI that controls the po-
sition of the spool and serves as a slave control of a PID that controls the system
pressure.

The constants of the controllers with the segmented system are calculated.
For the PID controller, the third-order set is used, which relates the pressure to
the movement of the hydraulic actuator. The position model of the valve spool
is used for the PI. The fact that the stabilization time of the slave must be faster
than the master must be taken into account.
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Fig. 4. Cascade control.

2.3. Fuzzy controller in cascade

The general control scheme is the same as in Fig. 4, with the only difference
that in the two control loops, a fuzzy PD is developed. The integral constant is
not linked to the fuzzy controller to ensure the steady-state position error equal
to zero. The modified control scheme is presented in Fig. 5.

Fig. 5. Fuzzy cascade control.

The two fuzzy controllers for the system are based on the membership func-
tions and the linguistic logic of [13]. Membership functions can take values be-
tween 0 and 1.

The controller begins with the fuzzification that represents giving fuzzy or
linguistic values assigned by a degree of belonging. to the real values [14]. To
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obtain the degree of belonging of each value, Eqs (2.7) and (2.8) are applied
representing a trapezoidal and triangular function, respectively

µ(x) =



x− a
b− a

for a < x < b,

1 for b < x < c,

d− x
d− c

for c < x < d,

0 x < a or x > d,

(2.7)

µ(x) =



x− a
b− a

for a < x < b,

1 for x = b,

c− x
c− b

for b < x < c,

0 x < a or x > c.

(2.8)

For the fuzzification, three belonging functions are proposed for each entry
(positive, negative, and medium). The union of these three functions is known
as a fuzzy set [15]. Each fuzzy system is designed with two input sets – one for
the error and another one for its derivative. The working ranges of each fuzzy
set are established based on the possible error behaviour. Figure 6 illustrates the

Fig. 6. Fuzzy input sets.
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different fuzzification functions for both controllers. In this case, each fuzzy set
is symmetrically centred at zero.

For the output, a fuzzy set is also parameterized. The output interval depends
on the working ranges of the actuator that will execute the action. For the study
case, the control depends on the variation of the relief valve of ± 10 v and the
spool of ± 10 mm. In Fig. 7, the parameterization of the outputs can be observed.

Fig. 7. Fuzzy output sets.

The Mamdani method with type rules (if-else) [16] is used to relate the input
and output sets. The rules for the two systems are presented in Table 2. In this
case, these are equal since the error presents the same behaviour, and the same
action is required for the two controllers.

Table 2. System rules.

Error Speed error Control
Negative error Negative error Negative
Negative error Medium error Negative
Negative error Positive error Negative
Medium error Negative error Medium
Medium error Medium error Medium
Medium error Positive error Medium
Positive error Negative error Positive
Positive error Medium error Positive
Positive error Positive error Positive

The system has nine rules that relate the different input and output functions.
From the previous table, it is observed that the system responds directly to the
input error. The error derivative serves to attenuate the control signal when it
is in a contrary direction.
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The centroid method presented in [17] is used for the defuzzification. Its
equation is as follows:

(2.9) ycentroid =

R∑
x=X

xµA(x)

R∑
x=X

µA(x)

,

where R is the number of rules, X is the max value, and µA(x) is the value of
belonging. This process is applied to the fuzzy sets shown in Fig. 7 and through
this, the control signal is obtained.

2.4. Anti-windup implementation

The AWmodel is implemented with the system presented in [18]. The method
consists of creating a feedback on the difference between the control signal and
the effective output to the system. This allows the indefinite integration of the
control to be null while the system is in saturation. This provides better stability
to the system and it creates an effective recovery of the integral variables when
it is working at the limits [19]. Figure 8 shows the model implemented on an
integral variable in a PID control.

Fig. 8. Anti-windup architecture for the integral variable.

K of the error (Ke) according to the theory must be greater than K from the
difference in the saturator (Ks). For determining the impact of the anti-windup
constants values, three different cases shown in Eq. (2.10) are taken. The value
of Ke for all cases will be equal to Ki calculated for the previous loops

(2.10)

case 1 : Ks = Ke,

case 2 : Ks = 1.2Ke,

case 3 : Ks = 0.8Ke.
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3. Analysis and results

Figure 9 depicts the different control loops for the system. A traditional PID
system, a PID in cascade and a fuzzy PID in cascade are presented. For the
controls, the differential equations using blocks are implemented.

Fig. 9. Control systems.

Figure 10 shows the controllers response to an input of the blocks. The figure
shows the differences in the type of response, the PID and PID cascade have
a critically damped response form. For its part, the fuzzy system is a linguistic
and not precise, and its response has a minimum overshoot.

The three controllers satisfy the stabilization time within a tolerance inter-
val. It is observed that the PID in cascade responds faster than the other two.
The fuzzy controller has a special feature: its response form denotes a smooth
behaviour similar to tracking systems.

Figure 11 shows that the control signal of the systems maintains the same
behaviour as the response.
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Fig. 10. System response.

Fig. 11. Control signals.

In Figs 12 and 13, the system receives two different pressure disturbances.
The first is a possible bump on the track and the second noise is the acquisition

Fig. 12. Harmonic disturbance.
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Fig. 13. Random disturbance.

of the sensor signal. An offset is added to the answers to separate and observe
them better.

From the previous images, it is observed how the three controllers respond
in a similar way against harmonic disturbances, suppressing them totally. This
may be because their desired polynomials were designed in robustness mode.

For the second case in random perturbations, it is observed how the fuzzy
system suppresses and diminishes some peaks. This is because the controller
within its flexibility attenuates disturbances. This behaviour is typical for the
tracking systems that are smooth at first and acts as a regulator for impulse
disturbances.

It is expected that in a real implementation, its behaviour against system
disturbances will be improved compared to traditional controllers. This is be-
cause, as mentioned above, its control is designed based on system behaviour
and not a mathematical description.

Figure 14 shows the scheme of the diffuse system with the implementation
of the AW model for the integrators.

Figure 15 shows the response without and with AW for the three cases of
Eq. (2.10). It is observed that the coupled model does not interfere with normal
setup response within the working range of the actuators in either case.

For observing the AW function, a sinusoidal signal is applied that saturates
the system. The response is presented in Fig. 16 where it is observed that there
is a displacement between the reference signal and the testing setup. This is
normal in tracking systems or smooth start. The behaviour shows that these
systems regulate the continuous integration of the controller when it is satu-
rated.

As shown in Fig. 16, the plant with AW responds normally when the setpoint
re-enters the operating ranges. The above is observed in Fig. 17. On the other
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Fig. 14. Anti-windup fuzzy system.

Fig. 15. Response within the operating range.

Fig. 16. The response outside the operating range.
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Fig. 17. Control signal before saturator.

hand, it is also observed that for case 1 of Eq. (2.3), the AW system has a higher
response speed than in the other two cases.

Figure 17 shows how the control signal of the system without Anti-Windup
before the saturator, continues to integrate the error signal in time even if the
system is at its operating limit.

4. Conclusions

This work demonstrates the effectiveness and robustness of the implementa-
tion of a diffuse cascade controller with AW for a large-scale test equipment for
pavements. The implementation of such type of controlling system is a viable
alternative to traditional controllers.

Fuzzy logic controllers have a better behaviour against disturbances than tra-
ditional controllers do because this kind of controllers uses a response of follow-up
control.

The decoupling control cascade provides a better design by reducing the order
of the system and control variables that have a direct impact on the principal
signal. A disadvantage of these systems is an increase of the computational cost
by using several controllers and the need to measure the feedback variables.

The AW systems allow adding a safety factor inside the system. This controls
the continuous integration of the controller’s error even in a saturated state.
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