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A B S T R A C T

This paper presents a practical comparison for some of the most relevant tuning rules for feedforward
compensators that have been published in the recent years. The work is focused on the rejection of disturbances
that affect the process output. The different tuning rules are evaluated in simulation and several performance
indices are calculated in order to provide a quantitative comparison. All the tuning rules are compared against
a standard feedback controller and the classical open-loop design method for feedforward compensators.
Furthermore, two of the analysed tuning rules are tested in a real process for the first time. To that end, a
traditional greenhouse was selected as a test bed for an experimental evaluation of the feedforward controllers
in the context of a challenging control problem with significant disturbances.
. Introduction

Satisfactory disturbance rejection is one of the most prevalent exist-
ng problems in process control. Although feedback controllers can be
uned to attenuate the effects of disturbances, they present important
imitations, so that suitable removal of the disturbance effect cannot be
uaranteed. For this reason, the inclusion of a feedforward controller in
feedback control scheme helps to enhance the disturbance rejection

ction (Åström & Hägglund, 2006). In general, the aim of a feedforward
ontroller is to compensate the effect of a measurable disturbance
efore it causes an undesired result on the process output. Nevertheless,
eedforward control action can be also applied to improve setpoint
racking performance (Piccagli & Visioli, 2009; Rojas & Vilanova, 2009;
isioli, 2004), being a widely used technique for motion control (Boer-

age et al., 2003; Lambrechts et al., 2005). However, the present work
ocuses on feedforward control to reject measurable disturbances that
ffect the process output.

The classical design method to obtain an ideal feedforward compen-
ator consists of dividing the dynamical relationship of the disturbance
nd the process output by the dynamical relationship of the control
ignal and the process output, with reversed sign. However, it is not
ossible to apply this method in all cases because the compensator may
e non-realizable due to causality or stability issues (Guzmán et al.,
012).

In recent years, new tuning rules for feedforward compensators have
een published in the literature proposing innovative solutions to the
roblems and limitations of the classical design method for feedforward
ontrollers (Guzmán & Hägglund, 2011; Hast & Hägglund, 2014; Ro-
ríguez et al., 2020, 2013, 2014, 2016; Veronesi et al., 2017; Vilanova
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et al., 2009). In this sense, the majority of these new rules focus on
the cases when ideal feedforward controllers are non-realizable, for
example, due to problems in the delay inversion or to the presence of
right-half plane zeros in the process dynamics. Additionally, these rules
were also formulated to minimize error indices, such as the integral
absolute error (IAE) or the integral square error (ISE). Moreover, some
of the rules can reduce or remove the overshoot in the process output
or even impose constraints in the high-frequency gain of a feedforward
compensator.

Despite that all the previously cited tuning rules demonstrate impor-
tant advances and improvements, the majority of them have been only
evaluated in simulation studies, so there is a necessity of testing these
design rules in real processes. For instance, the simple tuning rules
in Guzmán and Hägglund (2011) were recently applied for the first time
in a real process to control the air temperature inside a greenhouse, and
favourable results were obtained (Montoya-Ríos et al., 2020).

In this context, the main contribution of the present work is the
practical comparison of feedforward tuning rules applied to the prob-
lem of non-realizable delay inversion. To that end, some simulations
are presented and numerous performance indices are provided for a
quantitative comparison. For the experimental evaluation, two of the
cited feedforward tuning rules were applied to a real control problem
which is the regulation of the inside air temperature of a greenhouse.

The manuscript is organized as follows. Section 2 presents a sum-
mary of the feedforward tuning rules selected for this work. In Sec-
tion 3, a series of performance indices are defined in order to compare
the behaviour of the different feedforward compensators and control
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Fig. 1. Classical feedforward control scheme.

schemes. In Section 4, the greenhouse temperature control is explained,
the methodology to obtain the feedforward controllers for a real process
is described, and simulated and real experimental results are discussed.
Finally, Section 5 is dedicated to the conclusions of the work.

2. Summary of feedforward tuning rules

The classical feedforward control scheme in combination with a
feedback controller 𝐶(𝑠) is shown in Fig. 1. According to this scheme,
the ideal feedforward compensator can be calculated as follows:

𝐺𝑓𝑓 (𝑠) =
𝐺𝑑 (𝑠)
𝐺𝑢(𝑠)

(1)

here 𝐺𝑢(𝑠) is the transfer function relating the process output 𝑦 to
he control signal 𝑢 and 𝐺𝑑 (𝑠) is the transfer function that relates the

measurable disturbance 𝑑 to the process output. Thus, the feedforward
compensator is calculated to remove the effect of the disturbance
affecting the process output, so the feedforward action is added to the
control signal coming from the feedback controller.

However, the ideal feedforward compensator presented in Eq. (1)
could be non-realizable if the time delay in 𝐺𝑢(𝑠) is greater than the
time delay in 𝐺𝑑 (𝑠). With the classical design method, this realization
problem is commonly solved by removing the delay term in 𝐺𝑓𝑓 (𝑠).
Also, realization problems could appear due to the values of the poles
and zeros in 𝐺𝑢(𝑠) and 𝐺𝑑 (𝑠) (Rodríguez et al., 2014). Hence, the
feedforward controller can be even reduced to a static gain (Åström &
Hägglund, 2006). When the structure of the feedforward compensator
needs to be approximated or modified as mentioned, a deteriorated
control action is obtained since a perfect disturbance rejection is not
achieved in the nominal case (Guzmán & Hägglund, 2011).

To improve the closed-loop control action when the ideal feed-
forward compensator is non-realizable, two different approaches can
be found in the literature. The first approach consists of tuning the
feedforward controller by taking into account the parameters of the
feedback controller (Guzmán & Hägglund, 2011; Rodríguez et al., 2020;
Veronesi et al., 2017). Notice that the classical method to calculate a
feedforward compensator according to Eq. (1) is intended as an open-
loop feedforward design, and the feedback controller is not considered
for the design of the compensator. The second approach is based on a
control scheme that allows the interaction of the feedback controller
and the feedforward compensator to be decoupled (Hast & Hägglund,
2014; Rodríguez et al., 2013). This is achieved with the non-interacting
control scheme presented in Brosilow and Joseph (2002), as shown in
Fig. 2. The non-interacting scheme is obtained with the inclusion of
the filter 𝐻(𝑠) determined with Eq. (2), which allows the measurable
disturbance effect to be removed from the feedback error. Thereby,
the feedback controller and the feedforward compensator can be tuned
individually.

𝐻(𝑠) = 𝐺𝑑 (𝑠) − 𝐺𝑢(𝑠) 𝐺𝑓𝑓 (𝑠) (2)
2

Fig. 2. Non-interacting feedforward control scheme.

Apart from the two distinct approaches previously mentioned, some
differences can be highlighted for each of the cited tuning rules. The
simple tuning rules in Guzmán and Hägglund (2011) were formulated
to obtain a disturbance rejection response with a minimum IAE value
and without overshoot in the process output when applied to first-order
systems. In Rodríguez et al. (2013), the tuning rules were generalized
for the cases when delay inversion is not possible, proposing a series
of methods to obtain an aggressive (minimizing ISE), a moderate
(minimizing IAE), or a conservative (removing overshoot) response
for the process output. The method formulated in Hast and Hägglund
(2014) describes how to design low-order feedforward compensators to
minimize the ISE for step disturbances. In Veronesi et al. (2017), two
rules were proposed to tune the gain of a feedforward controller with
the aim of reducing the overshoot in the response or minimizing the
IAE. Finally, in Rodríguez et al. (2020), a series of tuning rules based on
the internal model control (IMC) procedure were deduced to minimize
the ISE, and these rules can be applied to a wide range of processes,
with different types of disturbance signals.

All the aforementioned tuning rules have more considerations to
improve the performance of the control action. For example, a switch-
ing feedforward tuning rule was proposed in Rodríguez et al. (2013) to
provide fast responses with admissible control signal peaks, the concept
of precompensation is used in Hast and Hägglund (2014), and a direct
limitation of the high-frequency gain of the compensator is proposed
in Guzmán and Hägglund (2011). Those considerations were out of the
scope of the present work since it would require the analysis of different
and more complex compensator structures.

Table 1 contains a summarized comparison for the tuning rules
selected in this work. The column named as ‘‘Delay in compensator’’
is referred to the inclusion of the delay term in the feedforward com-
pensator in case it is realizable. If the cell contains a ‘‘NO’’, it indicates
that the rules are based on the assumption that the delay term is
always removed due to inversion problems. Although some rules are
designed for the non-interacting feedforward structure, it is possible
to use them with a classical scheme, but some adjustments may be
performed. For example, the compensator gain should be reduced as
proposed in Guzmán and Hägglund (2011). In the present manuscript,
the labels in Table 1 are utilized to identify in a simple manner each of
the tuning rules when presenting or discussing the results of the work.

For an adequate comparison, in the present work, all the tun-
ing rules are applied to a first-order plus deadtime (FOPDT) process,
as presented in Eq. (3), with a PI controller tuned by the lambda
method (Åström & Hägglund, 2006), which parameters are calculated
with Eq. (6). The disturbance transfer function is also considered as an
FOPDT process, according to Eq. (4). Hence, the feedforward compen-
sators can be obtained as lead–lag filters, with the expression presented
in Eq. (5).

𝐺𝑢(𝑠) =
𝑘𝑢

𝜏𝑢 𝑠 + 1
𝑒−𝐿𝑢 𝑠 (3)

𝑑 (𝑠) =
𝑘𝑑 𝑒−𝐿𝑑 𝑠 (4)
𝜏𝑑 𝑠 + 1
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Table 1
Comparison of the feedforward tuning rules selected for the present work.

Tuning rules Label Reference Control structure Delay in compensator Min. IAE Min. ISE Reduce overshoot No overshoot

Simple tuning rules FF STr Guzmán and Hägglund (2011) Classical YES X (AND) X
Generalized tuning rules FF Gen Rodríguez et al. (2013) Non-interacting YES X (OR) X (OR) X
Low-order FF controllers FF HH Hast and Hägglund (2014) Non-interacting YES X
Closed-loop tuning rules FF CL Veronesi et al. (2017) Classical NO X (OR) X (OR) X
IMC tuning rules FF IMC Rodríguez et al. (2020) Classical NO X
2

f
d

𝐺𝑓𝑓 (𝑠) = 𝑘𝑓𝑓
𝜏𝑧 𝑠 + 1
𝜏𝑝 𝑠 + 1

𝑒−𝐿𝑓𝑓 𝑠 (5)

𝑖 = 𝜏𝑢 𝑘𝑝 =
𝜏𝑢

𝑘𝑢(𝐿𝑢 + 𝜆)
(6)

Due to the fact that some of the rules in Table 1 were designed
with the assumption that the time delay term is removed from the
feedforward compensator, this work is focused on the comparison of
the cited techniques when applied to the presence of delay inversion
problems, i.e., 𝐿𝑑 < 𝐿𝑢. In the following subsections, the mathematical
expressions for each of the selected tuning rules are briefly presented.
Only the design steps followed in the realization of this work are
shown. The expressions are formulated according to the nomenclature
presented in Figs. 1 and 2, as well as in Eqs. (3) to (6). For a more
extensive explanation of each of the tuning rules, it is encouraged the
reading of the references cited in Table 1.

2.1. Simple tuning rules

The following steps for the simple tuning rules (closed-loop option)
are applied to obtain a feedforward compensator to minimize the IAE
without presenting an overshoot in the response.

Step 1. Set 𝜏𝑧 = 𝜏𝑢 and 𝐿𝑓𝑓 = 𝑚𝑎𝑥(0, 𝐿𝑑 − 𝐿𝑢).
Step 2. Calculate 𝜏𝑝 as:

𝜏𝑝 =

⎧

⎪

⎨

⎪

⎩

𝜏𝑑 𝐿𝑢 − 𝐿𝑑 ≤ 0
𝜏𝑑 − 𝐿𝑢−𝐿𝑑

1.7 0 < 𝐿𝑢 − 𝐿𝑑 < 1.7 𝜏𝑑
0 𝐿𝑢 − 𝐿𝑑 > 1.7 𝜏𝑑

Step 3. Calculate the compensator gain 𝑘𝑓𝑓 as:

𝑘𝑓𝑓 =
𝑘𝑑
𝑘𝑢

−
𝑘𝑝
𝑇𝑖

𝐼𝐸

𝐼𝐸 =

{

𝑘𝑑 (𝜏𝑢 − 𝜏𝑑 + 𝜏𝑝 − 𝜏𝑧) 𝐿𝑑 ≥ 𝐿𝑢

𝑘𝑑 (𝐿𝑢 − 𝐿𝑑 + 𝜏𝑢 − 𝜏𝑑 + 𝜏𝑝 − 𝜏𝑧) 𝐿𝑑 < 𝐿𝑢

Step 4. End of design.

.2. Generalized tuning rules

With the generalized open-loop tuning rules, three different types
f feedforward controller can be obtained depending on the election in
tep 3. For this work, the IAE minimization option was selected.

Step 1. Set 𝑘𝑓𝑓 = 𝑘𝑑∕𝑘𝑢, 𝜏𝑧 = 𝜏𝑢 and 𝐿𝑓𝑓 = 𝑚𝑎𝑥(0, 𝐿𝑑 − 𝐿𝑢).
Step 2. Calculate 𝐿𝑏 = 𝐿𝑢 − 𝐿𝑑 .
Step 3. Calculate 𝛼 depending on the desired behaviour:

𝛼 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐿𝑏

2 𝜏𝑑
(

1−
√

𝑒−(𝐿𝑏∕𝜏𝑑 )
) aggressive (ISE minimization)

1.7 moderate (IAE minimization)
4 conservative (overshoot removal)
3

Step 4. Set 𝜏𝑝 according to:

𝜏𝑝 =

⎧

⎪

⎨

⎪

⎩

𝜏𝑑 𝐿𝑏 ≤ 0
𝜏𝑑 − 𝐿𝑏

𝛼 0 < 𝐿𝑏 < 4 𝜏𝑑
0 𝐿𝑏 ≥ 4 𝜏𝑑

If 𝜏𝑝 = 0, select a value close to zero to obtain a realizable
compensator.

Step 5. Set 𝐻(𝑠) with Eq. (2) for the non-interacting scheme.
Step 6. End of design.

2.3. Low-order feedforward controllers

The tuning rules to calculate low-order feedforward controllers are
formulated to offer an optimal control by minimizing the ISE value.
Additionally, some control signal considerations are also explained to
avoid undesirable peaks.

Step 1. Calculate 𝐿 = 𝐿𝑢 − 𝐿𝑑 .
Step 2. If 𝐿 < 0, then set 𝐿𝑓𝑓 = 0.
Step 3. Set 𝑘𝑓𝑓 = 𝑘𝑑∕𝑘𝑢
Step 4. Calculate 𝑎 = 𝜏𝑢∕𝜏𝑑 and 𝑏 = 𝑎(𝑎 + 1)𝑒𝐿∕𝜏𝑑 .
Step 5. Calculate 𝜏𝑝 as:

𝜏𝑝 =

{

3𝑎−1−𝑏+(𝑎−1)
√

1+4𝑏
𝑏−2 𝜏𝑑 If 𝑏 < 4𝑎2 − 2𝑎 or 𝑏 < 𝑎 +

√

𝑎
𝜏𝑝 = 0 Otherwise

Step 6. Calculate 𝜏𝑧 as:

𝜏𝑧 = (𝜏𝑝 + 𝜏𝑢)
(

1 −
2𝜏𝑢

𝑏(𝜏𝑑 + 𝜏𝑝)

)

Step 7. If 𝜏𝑝 = 0, the feedforward compensator is augmented with a
second-order low-pass filter as follows:

𝐺𝑓𝑓 = 𝑘𝑓𝑓
𝜏𝑧 𝑠 + 1

(𝜏𝑓 𝑠 + 1)2
𝑒−𝐿𝑓𝑓 𝑠

where 𝜏𝑓 is the time constant of the filter. To obtain a control
signal with a peak of 𝛥 value (being 𝛥 > 1), 𝜏𝑓 should be
calculated with the following expression:

𝜏𝑓 =
𝜏𝑧

1 + 1

𝑊0

(

𝑒−1
𝛥−1

)

where 𝑊0 is the principal branch of the LambertW func-
tion (Corless et al., 1996).

Step 8. Set 𝐻(𝑠) with Eq. (2) for the non-interacting scheme.
Step 9. End of design.

.4. Closed-loop tuning rules

The closed-loop tuning rules are applied to the calculation of the
eedforward compensator gain. The following steps correspond to the
esign rule for IAE minimization.

Step 1. Set 𝜏𝑧 = 𝜏𝑢 and 𝜏𝑝 = 𝜏𝑑 .
Step 2. Calculate the compensator gain 𝑘𝑓𝑓 as:

𝑘𝑓𝑓 =
𝑘𝑑 (𝜏𝑑 + 𝐿𝑑 )
𝑘𝑢 (𝜏𝑑 + 𝐿𝑢)

Step 3. End of design.
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2.5. IMC tuning rules

The simplified internal model control tuning rules for feedforward
controllers are deduced to minimize the ISE value by tuning only one
parameter.

1. Set 𝜏𝑧 = 𝜏𝑢 and 𝜏𝑝 = 𝜏𝑑 .
2. Calculate the compensator gain 𝑘𝑓𝑓 as:

𝑘𝑓𝑓 =
𝑘𝑑
𝑘𝑢

𝑒
𝐿𝑢−𝐿𝑑
𝜏𝜂+𝜏𝑑

where 𝜏𝜂 is the tuning parameter. This parameter can be equal
to 𝜆 from Eq. (6) if a PI controller is selected as the feedback
controller and its parameters are calculated with the lambda
method.

3. End of design.

3. Performance indices

The performance of the feedforward tuning rules summarized in Ta-
ble 1 can be superior with the classical or the non-interacting scheme,
depending on the parameters of the process transfer function, the
disturbance transfer function, and the value for the desired closed-loop
time constant. This fact was mathematically demonstrated in Guzmán
et al. (2015) for tuning rules such as the FF STr and the FF Gen. In
the cited work, a performance index was proposed to evaluate the
advantage of adding a feedforward compensator to a feedback con-
troller. Theoretical estimations for the IAE were deduced considering
a step disturbance. The ratio between the IAE value of the classical
scheme and the non-interacting scheme was analysed. Based on the IAE
estimation given in Guzmán and Hägglund (2011), it was concluded
that the classical scheme gives a better performance when 𝜏𝑑 is large
compared to process time delay 𝐿𝑢 or to the desired closed-loop time
constant 𝜆.

Therefore, a series of performance indices are provided in this work
or a quantitative comparison of the results presented in Section 4.
he control action is analysed through the IAE, the ISE, the integral
ime absolute error (ITAE) and the integral time squared error (ITSE).
dditionally, the maximum and minimum values for the control signal
re presented. The control effort is quantified by means of an index
alculated for the control signal according to the following expression:

(𝑢) =
𝑡𝑂𝐹𝐹
∑

𝑘=𝑡𝑂𝑁+1
|𝑢(𝑘) − 𝑢(𝑘 − 1)| (7)

here 𝐽 (𝑢) is the control effort index, 𝑢 is the control signal, 𝑘 rep-
resents the discrete-time instants, 𝑡𝑂𝑁 is the time instant when the
automatic control was activated, and 𝑡𝑂𝐹𝐹 is the time instant when the
automatic control was disabled.

Also, the performance index proposed in Guzmán et al. (2015)
has been utilized as a relative comparison of the feedforward con-
trol responses against the feedback controller response. This index is
calculated as follows:

𝐼𝐹𝐹∕𝐹𝐵 = 1 −
𝐼𝐴𝐸𝐹𝐹
𝐼𝐴𝐸𝐹𝐵

(8)

where 𝐼𝐴𝐸𝐹𝐹 is the integral absolute error obtained with a feedforward
control strategy and 𝐼𝐴𝐸𝐹𝐵 is the integral absolute error obtained

ith the feedback controller without the inclusion of a feedforward
ompensator. If the feedforward action removes the effect of the dis-
urbance, 𝐼𝐴𝐸𝐹𝐹 is equal to 0 and the index 𝐼𝐹𝐹∕𝐹𝐵 is equal to 1. If

the feedforward action improves the control response, the index is close
to 1, because 𝐼𝐴𝐸 < 𝐼𝐴𝐸 .
𝐹𝐹 𝐹𝐵

4

Fig. 3. Schematic representation of the variables affecting the inside air temperature
of a greenhouse.

4. Experimental study

Once the different feedforward solutions have been summarized, an
extensive experimental study is presented for the feedforward tuning
rules cited in Table 1. In the coming subsections, the greenhouse
temperature control problem is explained, the real facilities are briefly
described and real sensor data are utilized to calculate low-order mod-
els of the process in order to design the different feedforward compen-
sators. Moreover, specific simulation studies are executed for a better
understanding of the benefits of applying a feedforward control to the
real greenhouse. Then, the results of testing the FF CL and the FF IMC
tuning rules at the real greenhouse are analysed.

4.1. Greenhouse temperature control problem

Climate control for greenhouses is a key aspect to achieve an
optimal crop production (Rodríguez et al., 2015). During the daytime
hours, and depending on the geographical location of the greenhouse,
the regulation of the inside air temperature in adequate ranges for the
crop can be a difficult task. In Fig. 3, some of the variables affecting the
inside air temperature of a greenhouse are shown. From the perspective
of a disturbance rejection problem, a greenhouse offers a challenging
scenario, since the external weather conditions can be considered as
measurable disturbances that affect the evolution of the inside climate
variables. Also, the inside soil surface temperature could be treated as
a measurable disturbance acting like a thermal inertia for the process,
but it was not contemplated for this work since its evolution in time
is considerably slower compared to the external weather disturbances
and its influence is higher during the nocturnal periods. Additionally,
although the crop transpiration affects the inside climate, this variable
is assumed as a non-measurable disturbance that is compensated by the
feedback controller.

The control problem proposed for the experimental evaluation of
the feedforward tuning rules consists of controlling the inside air
temperature of a greenhouse during the daytime by regulating the
opening of the natural ventilation system. Considering that the inside
air temperature of a greenhouse is normally higher than the external air
temperature, when the vents of the greenhouse are opened, the warmer
air inside the greenhouse is evacuated through the roof vents because
it is less dense than the outdoor cooler air entering through the lateral
vents of the cover.

This control problem has been faced in the past with different
control approaches (Berenguel et al., 2003; Gruber et al., 2011; Iddio
et al., 2020; del Sagrado et al., 2016), even including feedforward con-
trol (Fourati & Chtourou, 2007; Gurban & Andreescu, 2012; Pawlowski
et al., 2012; Rodríguez et al., 2001). Recently, the simple tuning rules
in Guzmán and Hägglund (2011) were successfully applied to this
problem in a real greenhouse (Montoya-Ríos et al., 2020). In view of
the promising results that were obtained, the same greenhouse has been
selected as a test bed for the current work.
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Fig. 4. Experimental greenhouse. (a) Exterior view in which a roof and a lateral window are observed. (b) Interior crop area. (c) Inside air temperature sensor.
able 2
ransfer functions calculated in November 2020 for the greenhouse dynamics. Time
onstants and time delays are expressed in seconds. Disturbance 𝑑1 is the external
olar radiation, disturbance 𝑑2 is the external air temperature, and disturbance 𝑑3 is
he external wind velocity.

Units 15 November 2020 16 November 2020 Average

𝐺𝑢(𝑠)
[

◦C
%

]

−0.09656
2731 𝑠 + 1

𝑒−221 𝑠 −0.06535
1710 𝑠 + 1

𝑒−376 𝑠 −0.08095
2220 𝑠 + 1

𝑒−298 𝑠

𝐺𝑑1(𝑠)
[

◦C
W∕m2

]

0.01709
2724 𝑠 + 1

𝑒−225 𝑠 0.01159
1682 𝑠 + 1

𝑒−263 𝑠 0.01434
2203 𝑠 + 1

𝑒−244 𝑠

𝐺𝑑2(𝑠)
[

◦C
◦C

]

1.141
2725 𝑠 + 1

𝑒−268 𝑠 1.191
1746 𝑠 + 1

𝑒−207 𝑠 1.166
2236 𝑠 + 1

𝑒−238 𝑠

𝐺𝑑3(𝑠)
[

◦C
m/s

]

−0.2068
2327 𝑠 + 1

−0.3658
1879 𝑠 + 1

𝑒−285 𝑠 −0.2863
2103 𝑠 + 1

𝑒−143 𝑠

4.2. Greenhouse description

Control tests for this work were performed in a traditional Mediter-
ranean greenhouse located in Almería, in the southeast of Spain. This
greenhouse (see Fig. 4) is a facility situated at the Experimental Sta-
tion ‘‘Las Palmerillas’’, property of the Cajamar Foundation. The total
surface of the greenhouse is 877 m2 and it is equipped with different
actuators to regulate the climate under the cover. For the present work,
only the natural ventilation system was utilized. This system is based
on two lateral windows (32.75 m × 1.90 m) and five roof windows
8.36 m × 0.73 m), which can be opened by using three AC motors (2
0.18 kW and 1 × 0.37 kW). These motors receive an electrical current

asting a specific time period to open or close the windows in a desired
ercentage (from 0% to 100%).

Advanced monitoring devices are installed inside and outside the
reenhouse to register the internal and external climate conditions.
eal experimental data for this work were provided by the following
ensors. The inside and outside air temperature are measured with
rotected temperature probes, model HC2S3 (Campbell Scientific Ltd.,
hepshed, UK). A pyranometer, model LP02 (Hukseflux, Delft, The
etherlands), is used to register the external global solar radiation. An
nemometer, model A100L2 (Vector Instruments, Rhyl, UK), measures
he external wind velocity. All the sensors data are recorded with a
ampling period of 30 s.

.3. Low-order models for control purposes

The climate under the cover of a greenhouse is a result of multiple
nergy transfers and mass balances, and the dynamical evolution of the
ariables affecting the crop is usually expressed by complex non-linear
odels (Rodríguez et al., 2015). Using these models to analytically

alculate a controller might be an arduous task. Therefore, system
dentification techniques are usually employed as an easier alterna-
ive to calculate simplified models based on measured data from the
eal process. Specifically, in this work, the methodology described
n Montoya-Ríos et al. (2020) has been followed to obtain transfer
unction models to represent the dynamics of the greenhouse. This
5

methodology is summarized in the next points and it can be comfort-
ably performed, for example, with the System Identification Toolbox™
in MATLAB® (The MathWorks, MA, USA):

1. Identification of high-order auto-regressive with exogenous in-
put (ARX) models.

2. Simulation of unit steps as inputs for the ARX models to obtain
the step responses of the process output.

3. Identification of low-order transfer functions for each of the
simulated step responses.

4. Calculation of the feedback controller and the feedforward com-
pensators based on the transfer function models.

The identification of ARX models was accomplished by selecting
a series of datasets with real data from different days of November
2020. In all days, the signal for the ventilation opening was generated
intentionally to excite the system during the daytime. The excitation of
the manipulated input created noticeable changes in the process output
(inside air temperature). Various ARX models were identified during
the first two weeks of November and the best results were achieved
with data from days 15 and 16 of November 2020. The goodness of
fitting to the real data was graphically confirmed, as shown in Fig. 5.
For reasons of limited space, graphical results for day 16 November
2020 are not presented. For day 15 November 2020, the mean absolute
error (MAE) is 0.45 ◦C, the maximum absolute error (MaxAE) is 1.28
◦C and the standard deviation (SD) is 0.37 ◦C. For day 16 November
2020, the MAE is 0.38 ◦C, the MaxAE is 1.28 ◦C and the SD is 0.39
◦C.

Considering that a greenhouse is a system with strong disturbances,
its dynamical behaviour can drastically change from a sunny day to a
cloudy day, for example. For this reason, individual ARX models were
obtained for each day instead of calculating only one ARX model for
some continuous days. By this manner, the intention was to have differ-
ent ARX models that could capture with more accuracy the dynamical
behaviour of the process, especially during the daytime.

For the two ARX models, unit steps were given as inputs and
low-order models were identified as transfer functions (presented in
Table 2), with an excellent adjustment to the simulated step responses
for both days. However, the values for the parameters are different
for each day, mainly for the time constants and the time delays. To
take into account the variability that exists in the days prior to the
control tests, the average transfer functions for both days were selected
as the low-order models for the design of the feedback controller and
the feedforward compensators. Thus, it is assumed that the average
transfer functions are a reliable representation of the real dynamics.
Nevertheless, the validity of these linear models for a non-linear system
such as a greenhouse depends on the operational conditions. Hence, as
a disadvantage of the followed procedure, it is imperative to recalculate
the models for different states of the crop and for different seasons of
the year, depending on how often the external weather conditions vary
at the location of the greenhouse. As an alternative, several techniques
could be applied to achieve the regular identification of the low-order
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models and even the adjustment of the controllers by using closed-loop
operating data, without the need of performing specific identification
tests (Berenguel et al., 2003; Speetjens et al., 2009; Su et al., 2020;
Veronesi & Visioli, 2014).

4.4. Calculation of the feedback controller and the feedforward compen-
sators

The complete control scheme proposed in this work to control
the air temperature inside the greenhouse is shown in Fig. 6. The
three main external disturbances have been taken into account as
explained in Section 4.1 and the respective feedforward compensators
are included with the classical disposition (see Fig. 1). The 𝐻𝑖(𝑠)
filters are also considered for the non-interacting scheme (see Fig. 2),
represented in dashed grey lines, and they were only utilized with the
corresponding tuning rules according to Table 1.

The feedback controller was calculated as a PI controller by apply-
ing the lambda tuning method to the average process transfer function
𝐺𝑢(𝑠) from Table 2. The tuning parameter was fixed as 𝜆 = 0.3 𝜏𝑢, result-
ing in a value of 666.09 s. With this value for 𝜆, the feedback controller
is expected to compensate the effect of non-measurable disturbances
and other uncertainties caused by modelling errors. Using Eq. (6),
the resulting parameters for the PI controller are 𝑘𝑝 = −28.44%/◦C
and 𝑇𝑖 = 2220 s. Moreover, the feedback controller is also combined

with an anti-windup mechanism, with a tracking constant calculated

6

as 𝑇𝑡 =
√

𝑇𝑖. This solution is needed to deal with the physical limits
f the natural ventilation system, since the opening range of the vents
s logically restricted from 0% to 100%. It is also important to remark
hat a minimum amplitude of 10% is required for the control signal
very time the ventilation motors are activated. This limitation of the
eal process is also taken into consideration for the simulation tests in
ection 4.6.

The calculation of the feedforward compensators has been achieved
y using the average transfer functions from Table 2 and the mentioned
I parameters. The resulting feedforward compensators are shown in
able 3. All the feedforward controllers were calculated without the
resence of the time delay term, since the transfer functions describing
he greenhouse dynamics presented the problem of non-realizable delay
nversion. Therefore, the resulting lead–lag filters are very similar, but
ith some minor differences in the values of the poles and zeros. A

pecial case occurs with the FF HH tuning rules. The second low-pass
ilter from Step 7 in Section 2.3 was necessarily added to calculate
he compensators for the external solar radiation and the external air
emperature. The time constant of the filter was calculated by limiting
he control signal peak to 𝛥 = 1.3. The election of this value is discussed
n the next sections.

.5. Simulation tests with transfer functions

Before testing the feedforward controllers with real data or at the
eal greenhouse, some simulations were executed to understand how
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able 3
eedforward compensators calculated in November 2020 for the greenhouse
ynamics.

Ext. radiation
(𝐺𝑓𝑓1)

Ext. temperature
(𝐺𝑓𝑓2)

Ext. wind velocity
(𝐺𝑓𝑓3)

FF classical −393.2 𝑠 − 0.1771
2203 𝑠 + 1

−3.197 ⋅ 104 𝑠 − 14.4
2236 𝑠 + 1

7852 𝑠 + 3.537
2103 𝑠 + 1

FF STr −384.1 𝑠 − 0.1730
2171 𝑠 + 1

−3.115 ⋅ 104 𝑠 − 14.03
2200 𝑠 + 1

7331 𝑠 + 3.302
2012 𝑠 + 1

FF Gen −393.2 𝑠 − 0.1771
2171 𝑠 + 1

−3.197 ⋅ 104 𝑠 − 14.4
2200 𝑠 + 1

7852 𝑠 + 3.537
2012 𝑠 + 1

FF HH −11.04 𝑠 − 0.1771
24.42 𝑠2 + 48.83 𝑠 + 1

−744.4 ⋅ 104 𝑠 − 14.4
20.25 𝑠2 + 40.5 𝑠 + 1

983.3 𝑠 + 3.537
60.85 𝑠 + 1

FF CL −384.7 𝑠 − 0.1733
2203 𝑠 + 1

−3.121 ⋅ 104 𝑠 − 14.06
2236 𝑠 + 1

7344 𝑠 + 3.307
2103 𝑠 + 1

FF IMC −385.8 𝑠 − 0.1738
2203 𝑠 + 1

−3.131 ⋅ 104 𝑠 − 14.1
2236 𝑠 + 1

7423 𝑠 + 3.343
2103 𝑠 + 1

the proposed control strategies (see Fig. 6) perform with the dynamics
of the greenhouse, considering step and ramp disturbances affecting the
process output. The step-like disturbances usually appear in the real
process for the external solar radiation and the external wind velocity,
when rapid and sudden changes occurs, such as clouds passing over
the greenhouse. The ramp-like disturbances are more common for the
external air temperature, with a more progressive evolution.

The dynamics of the greenhouse were simulated with the average
transfer functions from Table 2. Since linearized models are being used,
all the graphical results represent a change in the deviation variables.
In this sense, the amplitude of the disturbances was calculated to create
a unit deviation of the process output in open-loop. In order to focus
on the comparison for the feedforward tuning rules, the PI controller
responses are omitted in all the graphs since its disturbance rejection
action is not satisfactory.

Fig. 7 shows the control responses to reject step disturbances af-
fecting the greenhouse dynamics and the corresponding performance
indices are presented in Table 4. The graphical and numerical results
confirm that the tuning rules based on closed-loop techniques (FF STr,
FF CL and FF IMC) offer the best performance to reject the three
step disturbances, outperforming the classical feedforward method. The
tuning rules based on the non-interacting scheme (FF Gen and FF HH)
present a slower rejection action, with greater ITAE values.

Attending to the control signals, the differences between all the
tuning rules are minimal. However, the small appreciable variations
for the control signal in the first time instants crucially condition the
evolution of the process output response to reject the step disturbances.
Regarding the control effort index 𝐽 (𝑢), the FF HH rules present the
reatest control effort in all the cases, due to the appearance of peaks
n the control signal. The limitation of those peaks was accomplished
y adjusting 𝛥 = 1.3 to obtain a control signal with similar magnitude
o the other tuning rules for an adequate comparison, but it was
7

Table 4
Performance indices for the control responses to reject step disturbances affecting the
greenhouse dynamics.

External radiation disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 962.33 164.909 3.94⋅106 5.27⋅105 12.36 0 12.37 –
FF classical 29.05 0.293 9.90⋅104 559.10 13.13 0 13.94 0.9698
FF STr 22.38 0.304 6.88⋅104 500.70 13.01 0 13.73 0.9767
FF Gen 33.68 0.386 1.12⋅105 741.32 12.63 0 12.93 0.9650
FF HH 57.64 0.569 2.34⋅105 1583.72 15.71 0 19.42 0.9401
FF CL 22.44 0.364 4.54⋅𝟏𝟎𝟒 604.77 12.93 0 13.52 0.9767
FF IMC 22.33 0.345 4.95⋅104 568.98 12.95 0 13.57 0.9768

External temperature disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 962.46 163.130 3.96⋅106 5.23⋅105 12.35 0 12.35 –
FF classical 32.05 0.355 1.10⋅105 675.80 13.06 0 13.78 0.9667
FF STr 24.84 0.369 7.69⋅104 608.32 12.92 0 13.59 0.9742
FF Gen 37.53 0.473 1.26⋅105 910.54 12.47 0 12.59 0.9610
FF HH 35.01 0.402 9.79⋅104 819.81 15.71 0 19.32 0.9636
FF CL 24.67 0.439 4.98⋅𝟏𝟎𝟒 727.54 12.84 0 13.35 0.9744
FF IMC 24.56 0.416 5.44⋅104 685.11 12.87 0 13.41 0.9745

External wind velocity disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 962.18 170.74 3.75⋅106 5.19⋅105 0 −12.50 12.65 –
FF classical 86.13 2.523 2.84⋅105 4.73⋅103 0 −15.04 17.82 0.9105
FF STr 64.84 2.539 1.91⋅105 4.06⋅103 0 −14.65 17.12 0.9326
FF Gen 96.92 3.289 3.08⋅105 6.08⋅103 0 −13.62 14.91 0.8993
FF HH 77.95 0.928 4.24⋅105 3.10⋅𝟏𝟎𝟑 0 −56.39 100.55 0.9190
FF CL 66.02 3.075 1.28⋅𝟏𝟎𝟓 4.99⋅103 0 −14.29 16.33 0.9314
FF IMC 65.50 2.894 1.41⋅105 4.64⋅103 0 −14.40 16.54 0.9319

only possible for the external radiation and external air temperature
disturbances. The behaviour of the FF HH was expected to be different
for the external wind velocity disturbance, since the corresponding
compensator has contrasting values for the pole and zero, compared to
the other compensators (see Table 3). In this sense, the FF HH tuning
rules are the only rules that consider the adjustment of 𝜏𝑧 (see Step 6 in
Section 2.3), instead of assuming 𝜏𝑧 = 𝜏𝑢. In some cases, the possibility
of tuning the value for 𝜏𝑧 could be an advantage, but it could also
provoke aggressive control signals (Hast & Hägglund, 2014).

The majority of the feedforward tuning rules were originally for-
mulated to deal with step disturbances. However, in this simulation
study, the feedforward compensators were also tested to reject ramp
disturbances. Notice that the structures of the feedback controller
and feedforward compensators are not modified. In this sense, it is
recommended to increase the order of the feedback controller when
the disturbance follows a ramp function (Rodríguez et al., 2020).

Fig. 8 shows the control responses to reject ramp disturbances
affecting the greenhouse dynamics and Table 5 contains the corre-
sponding performance indices. Surprisingly, the FF classical tuning rule
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Fig. 7. Control responses to reject step disturbances affecting the greenhouse dynamics. The results represent a change in the deviation variables.
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s the only technique rejecting the measurable disturbance and thus
btaining the best performance indices. This result means that the FF
lassical tuning rule, based on the classical control scheme, allows to
ompletely reject ramp-like disturbances without the need of modifying
he structure of the feedback controller. This can be demonstrated by
nalysing the resulting transfer function from the disturbance to the
rror, calculated for the classical control scheme in Fig. 1:

(𝑠) = −
𝐺𝑑 (𝑠) − 𝐺𝑢(𝑠)𝐺𝑓𝑓 (𝑠)

1 + 𝐺𝑢(𝑠)𝐶(𝑠)
(9)

here the compensator 𝐺𝑓𝑓 (𝑠) is designed with the classical rule as-
uming 𝐿𝑓𝑓 = 0, 𝜏𝑧 = 𝜏𝑢, 𝜏𝑝 = 𝜏𝑑 , and the controller 𝐶(𝑠) is calculated

with the lambda method. Hence, the transfer function is reduced to:

𝑇 (𝑠) = −
𝑇𝑖 𝑠 (𝑘𝑑 𝑒−𝐿𝑑 𝑠 − 𝑘𝑢 𝑘𝑓𝑓 𝑒−𝐿𝑢 𝑠)

(𝑇𝑖 𝑠 + 𝑘𝑢 𝑘𝑝 𝑒−𝐿𝑢 𝑠) (𝜏𝑑 𝑠 + 1)
(10)

When the classical feedforward tuning rule is used, the compensator
gain is not modified and it is calculated as 𝑘𝑓𝑓 = 𝑘𝑑∕𝑘𝑢, obtaining:

𝑇 (𝑠) = −
𝑘𝑑 𝑇𝑖 𝑠 (𝑒−𝐿𝑑 𝑠 − 𝑒−𝐿𝑢 𝑠)

(𝑇𝑖 𝑠 + 𝑘𝑢 𝑘𝑝 𝑒−𝐿𝑢 𝑠) (𝜏𝑑 𝑠 + 1)
(11)

Considering a ramp disturbance with 𝑘𝑟 slope and applying the final
value theorem, the steady-state error can be calculated as follows:

𝑒(∞) = lim
𝑠→0

𝑠 ⋅ 𝐸(𝑠) = lim
𝑠→0

𝑠 ⋅ 𝑇 (𝑠) ⋅
𝑘𝑟
𝑠2

= 0 (12)

otice that for the rest of the closed-loop tuning rules based on the clas-
ical control scheme, non-zero steady-state error is obtained because
he feedforward gain is modified and, in consequence, ramp signals are
ot totally rejected. For instance, this is observed in Fig. 8 for the FF
L and the FF IMC tuning rules.

After analysing all the simulation results, it can be concluded that
he FF STr, the FF CL and the FF IMC give, in the majority of the cases,
ower IAE values with less control effort. Nonetheless, this performance
ad to be validated in simulations with real data before deciding the
uning rules that should be tested at the real greenhouse. A negative
spect for the FF STr can be remarked considering that the ITAE values
ith these tuning rules are greater than the ITAE values for the FF CL
8

able 5
erformance indices for the control responses to reject ramp disturbances affecting the
reenhouse dynamics.
External radiation disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 764.20 44.32 7.52⋅106 4.59⋅105 11.62 0 11.62 –
FF classical 3.47 0.002 1.43⋅𝟏𝟎𝟒 6.92 12.41 0 12.41 0.9955
FF STr 19.08 0.025 1.76⋅105 244.4 12.39 0 12.39 0.9750
FF Gen 23.23 0.038 2.03⋅105 327.92 12.39 0 12.39 0.9696
FF HH 45.86 0.156 4.47⋅105 1617.77 12.36 0 12.36 0.9400
FF CL 19.93 0.028 1.77⋅105 246.41 12.39 0 12.39 0.9739
FF IMC 17.69 0.022 1.55⋅105 188.50 12.39 0 12.39 0.9769

External temperature disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 762.76 44.17 7.51⋅106 4.58⋅105 11.60 0 11.60 –
FF classical 3.87 0.003 1.60⋅𝟏𝟎𝟒 8.54 12.39 0 12.39 0.9949
FF STr 21.22 0.031 1.95⋅105 302.88 12.37 0 12.37 0.9722
FF Gen 25.92 0.047 2.27⋅105 408.86 12.37 0 12.37 0.9660
FF HH 30.52 0.066 2.82⋅105 633.72 12.36 0 12.36 0.9600
FF CL 21.94 0.033 1.94⋅105 298.42 12.37 0 12.37 0.9712
FF IMC 19.48 0.026 1.70⋅105 228.68 12.37 0 12.37 0.9745

External wind velocity disturbance

IAE ISE ITAE ITSE max(𝑢) min(𝑢) J(𝑢) IFF/FB

PI 776.56 45.28 7.58⋅106 4.64⋅105 0 −11.77 11.77 –
FF classical 9.98 0.018 3.96⋅𝟏𝟎𝟒 57.18 0 −12.57 12.57 0.9872
FF STr 55.44 0.214 5.08⋅105 2043.21 0 −12.51 12.51 0.9286
FF Gen 66.73 0.311 5.80⋅105 2665.55 0 −12.51 12.51 0.9141
FF HH 33.38 0.101 3.66⋅105 1184.95 0 −12.52 12.52 0.9570
FF CL 59.62 0.246 5.28⋅105 2198.36 0 −12.52 12.52 0.9232
FF IMC 51.84 0.185 4.51⋅105 1606.91 0 −12.52 12.52 0.9332

and the FF IMC. Graphically, this behaviour is corroborated for the FF
STr since its transient responses take longer to reach the null error in
steady state for step disturbances.

In general, the non-interacting scheme presents greater errors (see
results with the FF Gen). As discussed in Section 3, this can be justified
by the fact that the classical scheme gives a better performance when
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Fig. 8. Control responses to reject ramp disturbances affecting the greenhouse dynamics. The results represent a change in the deviation variables.
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𝑑 is large compared to the process delay time 𝐿𝑢 or to the closed-
oop time constant 𝜆, which is the case of the greenhouse dynamics
ccording to the transfer function models in Table 2.

.6. Simulation tests with real data

The last stage before testing the feedforward tuning rules in the real
rocess was to simulate the behaviour of the compensators with real
ata measured at the greenhouse. These simulations were performed
o have a more accurate idea of how the proposed control strategies
an perform when the disturbances are a real evolution of the external
eather variables instead of isolated steps and ramps.

The control scheme proposed in Fig. 6 was implemented in
imulink® to execute the simulations. In this case, the greenhouse
ynamics was simulated by the ARX models calculated in Section 4.3.
he Simulink® model included a code function to imitate the real

imitation of a minimum change of 10% in the control signal to activate
he ventilation motors. The sample time for the Simulink® model was
stablished as 30 s (fixed-step), matching the real sample time of the
easured data.

The objective with these simulations was also to recreate the proce-
ure to control the inside air temperature of the real greenhouse during
he daytime. Considering that in the real process different controllers
an be programmed for night and day, a bumpless transfer mechanism
hould be included (Åström & Hägglund, 2006; Montoya-Ríos et al.,
020). This mechanism was activated for the PI controller in the
imulink® model, allowing a smooth switching between controllers.
he activation and deactivation of the daytime controller is shown in all
he results graphs with the ‘‘Control ON’’ and ‘‘Control OFF’’ indicators.

Before presenting the results, it is important to remark that the
ame simulations with real data were executed for the FF HH and these
ules were discarded to be tested in the real process due to the risk
f presenting a very changing control signal that could damage the
ctuators.

The first simulation test was performed with data from 15 Novem-
er 2020, as shown in Fig. 9. The results present an improved perfor-
ance for the feedforward techniques compared to the PI controller
9

able 6
erformance indices for simulation with data from 15 November 2020.

IAE ISE ITAE ITSE max(𝑢) max(𝛥 𝑢) J(𝑢) E
[kWh]

PI 12 616 12 097 1.673⋅108 1.663⋅108 80 10 260 0.060
FF classical 7731.6 7259.1 8.908⋅107 8.756⋅107 90 20 1540 0.354
FF STr 7604.7 7228.8 8.814⋅107 8.776⋅107 90 20 1540 0.354
FF Gen 7580.2 7261.7 8.817⋅107 8.851⋅107 90 20 1540 0.354
FF CL 7522.1 7185.5 8.717⋅𝟏𝟎𝟕 8.740⋅107 90 30 1500 0.345
FF IMC 7564.3 7196.1 8.749⋅107 8.737⋅𝟏𝟎𝟕 90 30 1460 0.336

without the feedforward compensators. The error gap graph shows that
the feedforward control maintains the inside air temperature almost on
the desired setpoint despite the important disturbances, especially at
13:00 for the external wind velocity and at 12:20 or at 14:10 for the
external solar radiation. In those cases, the PI controller cannot reject
the disturbances and the process output deviates from the setpoint. The
feedforward actions can be observed in the control signal graph and
they are particularly adequate at 14:10, when the ventilation is rapidly
closed to prevent a drop in the inside air temperature.

The graphical results are very similar for all the tuning rules. For an
easier comparison, the performance indices for these results are shown
in Table 6. In this test, the FF CL and the FF IMC offer the lowest error
values with a reduced control effort. The response of the PI controller
presents the lowest control effort because its control signal is signif-
icantly less variant and, consequently, the IAE value reveals its bad
performance. Additionally, an estimated energy consumption index, E,
has been included to compare the accumulated electricity consumption
(in kWh) during the control interval for each of the simulated control
strategies. This index is calculated based on the power consumption of
the ventilation motors (see Section 4.2). Attending to this energy index,
the tuning rules consuming less electricity (FF CL and FF IMC) will offer
lower operational costs for a real greenhouse.

The second simulation was accomplished with real data from 16
November 2020, as presented in Fig. 10. In this case, the external
weather disturbances present less variations affecting the inside air

temperature. Nonetheless, the feedforward control overcomes again the
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Fig. 9. Results for simulation with data from 15 November 2020.
Table 7
Performance indices for simulation with data from 16 November 2020.

IAE ISE ITAE ITSE max(𝑢) max(𝛥 𝑢) J(𝑢) E
[kWh]

PI 12 693 10 448 1.888⋅108 1.723⋅108 100 10 720 0.166
FF classical 5364.9 4927 6.886⋅107 6.953⋅107 100 10 680 0.156
FF STr 5287.7 4927.2 6.806⋅107 6.974⋅107 100 10 700 0.161
FF Gen 5235.5 4916.1 6.751⋅𝟏𝟎𝟕 6.951⋅107 100 10 660 0.152
FF CL 5290.9 4924.8 6.809⋅107 6.968⋅107 100 10 620 0.143
FF IMC 5269.5 4923.9 6.790⋅107 6.968⋅107 100 10 620 0.143

response of the PI controller. Attending to the performance indices in
Table 7, again the FF CL and the FF IMC are the most efficient rules
since lower error values can be achieved with reduced control efforts.
Surprisingly, in this simulation the lowest IAE value is obtained with
the FF Gen, but in exchange for a greater control effort.

Considering that the differences among the feedforward tuning rules
can be very slight in some cases, a third simulation was executed to
have an additional comparison that could help to determine which
should be the techniques to be tested at the real greenhouse. For
this third simulation, an ARX model (with similar results to the ones
presented in Section 4.3) was identified with data from 21 November
2020. The ARX model was incorporated to the Simulink® model and
the results for the control simulations are presented in Fig. 11. In the
graphical comparison, it can be noticed the poor performance for the
PI controller to reject the disturbances occurring for the external solar
radiation between 13:15 and 14:35, while the feedforward strategies
produce a more adapting control signals to regulate the inside air tem-
perature in the setpoint. Table 8 contains the performance indices for
this simulation, confirming that the best control response is achieved
with the FF CL.

After evaluating the simulation results with real data from different
days, in the majority of the cases, the FF CL and the FF IMC were
the tuning rules with the best overall performance in terms of lower
10
Table 8
Performance indices for simulation with data from 21 November 2020.

IAE ISE ITAE ITSE max(𝑢) max(𝛥 𝑢) J(𝑢) E
[kWh]

PI 10 585 9002.6 1.484⋅108 1.375⋅108 80 10 320 0.074
FF classical 6129.5 5726.2 9.065⋅107 8.900⋅107 100 20 1360 0.313
FF STr 5984.5 5692.5 8.874⋅107 8.844⋅107 100 20 1340 0.308
FF Gen 6173.6 5745.5 9.188⋅107 8.917⋅107 100 20 1380 0.317
FF CL 5858.9 5672.1 8.683⋅𝟏𝟎𝟕 8.813⋅𝟏𝟎𝟕 100 20 1300 0.299
FF IMC 5902.8 5681.2 8.749⋅107 8.829⋅107 100 20 1320 0.304

errors and lesser control effort. Hence, these two feedforward tuning
rules were selected for the experimental tests at the real greenhouse,
considering that the FF STr were already tested in Montoya-Ríos et al.
(2020).

To finalize this section, it is important to highlight that, in the
previous figures, the feedforward control strategies seem to excellently
reject the disturbances due to the simulation results were generated
with the ARX models which take into account only the three main
climatic disturbances affecting the process output. Therefore, it could
be expected that in the real greenhouse, the inside air temperature pre-
sented more slight variations around the desired setpoint, as explained
in the next section.

4.7. Experimental control tests at the greenhouse

The closed-loop tuning rules for feedforward compensator gains
(Veronesi et al., 2017) and the simplified internal model control tuning
rules for feedforward controllers (Rodríguez et al., 2020) were tested at
the greenhouse under a real state of crop production. On the dates that
the tests were performed, the state of the crop was estimated in a leaf
area index (LAI) around 3 m2

plants∕m2
ground. This is a representative value

of the predominant size of the plants during a crop season (Rodríguez
et al., 2015).
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Fig. 10. Results for simulation with data from 16 November 2020.

Fig. 11. Results for simulation with data from 21 November 2020.
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Fig. 12. Results for real experimental tests with the FF IMC tuning rules.
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For each tuning rule, two continuous days with experimental results
ere registered. The PI controller was also tested at the greenhouse to
ffer a real comparison for the enhanced performance of the feedfor-
ard control strategies. Fortunately, for all the experimental tests, a

unny and a cloudy day were recorded, meaning that the performance
f each control strategy can be evaluated with and without the presence
f heavy disturbances.

The control tests were executed by programming a MATLAB® script
in the supervisory control and data acquisition (SCADA) system of the
greenhouse. To that end, the feedforward compensators (FF CL and FF
IMC from Table 3) were recalculated in discrete-time form. The sample
time for the control loop was imposed as 30 s. The anti-windup and
the bumpless transfer mechanisms were also coded in the MATLAB®
script, allowing an easy activation of the desired control strategy for
the daytime. The values for the setpoints were manually fixed between
23 ◦C and 25 ◦C, according to the typical temperature ranges for the
crop during autumn in the southeast of Spain (Rodríguez et al., 2015).

The results for the FF IMC are presented in Fig. 12. For the first day,
23 November 2020, the weather conditions were calm and the small
disturbances from the external air temperature and the external wind
velocity were adequately compensated by the feedforward control. The
inside air temperature was controlled at 25 ◦C, and the control error
during the test was contained in a interval smaller than ±0.4 ◦C. For
the second day, 24 November 2020, the weather conditions presented
more noticeable changes and the control signal reveals that the feed-
forward action was essential to reject the changes in the external solar
radiation during the first hours after the daytime control was activated.
Some oscillations for the inside air temperature can be observed, but
the overall performance is remarkable considering that the error was
limited to an interval smaller than ±0.6 ◦C around the setpoint at 23
◦C.

The results for the FF CL are presented in Fig. 13. The first day
that these tuning rules were tested, 28 November 2020, the weather
conditions were very similar to the previously shown for 23 November
2020, being both sunny days. Hence, an almost identical behaviour was
obtained, regulating the inside air temperature at 25 ◦C. In this test,
the control error was contained in an interval of ±0.6 ◦C, probably
due to the larger amplitude of the changes in the external wind ve-

locity. The second day, 29 November 2020, was a cloudy day, with

12
abrupt disturbances from the external solar radiation during the first
instants after the control strategy was activated, as occurred on 24
November 2020. However, on 29 November 2020, the amplitude of
the changes for the solar radiation was considerable. For instance, the
solar radiation decreased from 514 W/m2 to 200 W/m2 in 10 min,
ausing the control signal to close the windows to avoid a drop in the
nside air temperature. Also, a sudden increase in the solar radiation
ccurred at 11:30, changing from 200 W/m2 to 600 W/m2 in 30 min.
he control signal tried to open the ventilation progressively until a
00% of opening was reached and it saturated for 15 min. This explains
hy the inside air temperature deviated from the setpoint at 12:00.
hanks to the combined action of the feedforward compensators and
he anti-windup mechanism, the error for this test was contained in an
nterval of ±1 ◦C.

Fig. 14 presents the results for the PI controller without the addition
f any feedforward compensator. For the first day of test, 1 Decem-
er 2020, the strong disturbances occurring for the external weather
ariables affected the control performance. Without the feedforward
ction, the disturbance effects were not well rejected by the feedback
ontroller, which offered a slower response. The inside air temperature
eviated from the setpoint (24 ◦C) and the control error was contained
n an interval of ±2 ◦C. For the second day of test, 2 December
020, the external meteorological conditions were more calm, and the
nside air temperature did not present relevant oscillations around the
etpoint. In this case the error was limited to an interval of ±0.7 ◦C. The

control signal for the ventilation was mainly evolving to compensate
the variations for the external air temperature and the wind velocity.

The performance indices for all the real tests are shown in Table 9.
Although the weather conditions and the duration of the control tests
were different for each day, some conclusions can be drawn. To fa-
cilitate the quantitative comparison, the error indices were calculated
using the sampled data every 30 s and the results were divided by the
duration of each test. The best overall performance in terms of lower
error values is obtained with the FF IMC. A similar behaviour was
observed for the FF CL, in this case with lesser control effort indices
but with greater error values. As expected, the PI controller presented
the worst error indices, especially for the ITAE and ITSE, confirming its
difficulties to regulate the inside air temperature close to the setpoint

for the duration of the control tests.
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Fig. 13. Results for real tests with the FF CL tuning rules.
Fig. 14. Results for real tests with the PI controller.
As expected from Section 4.6, in the real tests, the inside air
emperature presented slight variations around the setpoint due to
he effect of other non-measurable disturbances and modelling un-
ertainties. Nevertheless, the feedforward control strategies offered a
oteworthy performance considering that the perfect cancellation for
he disturbances was not possible because of the simplifications to
btain the feedforward compensators preventing the non-realizable
elay inversion.
13
Attending to the estimated energy index, the electrical consumption
of the PI controller in the real greenhouse is similar to the electrical
consumption of the feedforward control strategies. However, the in-
clusion of the feedforward compensators guarantees a more desirable
control response for the inside air temperature, with less variations
that could affect the crop, as the disturbances are better rejected.
So, considering the lower error values for the feedforward control
strategies and a comparable energy consumption to the PI controller,
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Table 9
Performance indices for the real tests at the greenhouse.

FF IMC

Duration IAE/h ISE/h ITAE/h ITSE/h max(𝑢) max(𝛥 𝑢) J(𝑢) E [kWh]

Nov 23, 2020 6.3 h 669.26 238.75 8.708⋅106 3.338⋅106 60 10 780 0.179
Nov 24, 2020 5.2 h 658.09 211.17 6.539⋅106 2.325⋅106 100 50 870 0.200

FF CL

Duration IAE/h ISE/h ITAE/h ITSE/h max(𝑢) max(𝛥 𝑢) J(𝑢) E [kWh]

Nov 28, 2020 5.9 h 853.77 305.05 9.354⋅106 3.531⋅106 60 10 630 0.145
Nov 29, 2020 6.2 h 917.49 454.74 7.737⋅106 3.234⋅106 100 10 820 0.189

PI

Duration IAE/h ISE/h ITAE/h ITSE/h max(𝑢) max(𝛥 𝑢) J(𝑢) E [kWh]

Dec 01, 2020 5.5 h 2337.27 2504.36 2.009⋅107 2.025⋅107 100 10 510 0.117
Dec 02, 2020 5.9 h 1231.53 609.15 1.387⋅107 7.651⋅106 80 10 850 0.195
t
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it can be deduced that the feedforward control strategies are more
efficient for a full crop season.

5. Conclusions

In this paper, the relevant characteristics for different feedforward
tuning rules have been summarized. A distinctive aspect of this work is
the application of the tuning rules to control the inside air temperature
in a greenhouse. In this context, a practical comparison for feedforward
tuning rules has been presented for the case when the delay inversion
is non-realizable. The feedforward compensators were applied to the
rejection of disturbances that affect the process output. A series of
simulations and real tests were performed to provide graphical and
quantitative comparisons. All the tuning rules were compared against a
PI controller and the classical open-loop design method for feedforward
compensators.

The simulation tests confirm that selecting the most adequate feed-
forward tuning rule and the control scheme principally depends on
the system dynamics and the type of disturbance to reject. In this
sense, it is difficult to propose a guideline to select the ‘‘best’’ tun-
ing rule, moreover considering that in real processes combinations
of step-like and ramp-like disturbances can appear. Nonetheless, for
the classical control scheme, it may be advisable to use the FF CL
or the FF IMC tuning rules, due to their simplicity in tuning only
the compensator gain and their consistency in presenting lower error
values with lesser control effort. Additionally, an interesting result
was observed for the classical feedforward tuning rule, achieving a
complete rejection for ramp disturbances, even if the ideal compensator
is non-realizable. Hence, it has been demonstrated that the classical
feedforward method can be a valid strategy to reject ramp disturbances
instead of introducing an extra integrator in the feedback controller.

Furthermore, taking into account that in most cases the calculated
compensators have the same structure (e.g. lead–lag filters), it is in-
teresting to observe how the different tuning rules try to offer optimal
values for the compensator parameters to satisfy a trade-off between
error minimization and control effort. For instance, the majority of
the tuning rules impose 𝜏𝑧 = 𝜏𝑢 for the sake of simplicity. However,
s mentioned for the FF HH tuning rules, adjusting the zero of the
ompensator could offer a better performance in some cases. Therefore,
he poles and zeros of the ‘‘optimal’’ feedforward compensator can vary
n a region conditioned by the minimization of a desired error index.

In conclusion, the experimental tests performed at the real green-
ouse presented outstanding results for disturbances rejection when
ompared to the feedback controller responses without the inclusion
f the feedforward compensators. The feedforward control strategies
ased on the novel tuning rules offered an efficient behaviour in
erms of control effort and energy consumption. These feedforward
ontrollers were successful in regulating the inside air temperature of
he greenhouse closer to the desired setpoint, even with the presence

f strong disturbances, and even with noisy signals as noticed for

14
he external wind velocity. The experimental results demonstrate the
uitability of using these types of feedforward tuning rules to effec-
ively deal with the problems of non-realizable delay inversion in real
rocesses.
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