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Abstract

The paper shows how centralized proportional-integral-derivative (PID) con-
trollers for two-input two-output (TITO) processes can be implemented in
practice. This is achieved by changing the centralized structure to a decentral-
ized controller plus simplified decoupler. This reformulation, whose mathematical
equivalence is demonstrated, aims to overcome the implementation complexity of
centralized controller in industrial systems (such as PLCs) without compromising
performance or robustness. The simulated confirm that the alternative structure
achieves performance and robustness almost identical to the traditional central-
ized controller. Furthermore, experimental results were obtained in a separation
vessel using a hardware-in-the-loop environment, making this implementation
recommended for practical application.

Keywords: Centralized controller, Practical implementation, Simplified decoupler,
Decentralized controller, PID control
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1 Introduction

Multivariable (MIMO) processes are characterized by coupling between variables. This
coupling affects the performance of the control loop. There are three proportional-
integral-derivative (PID) control structures for these processes: centralized control,
decentralized controller, and decentralized controller plus decoupler.

The centralized controller is based on a full control matrix in which each element
corresponds to a PID controller. This structure enables the proper handling of inter-
actions between multiple variables. Although there are many centralized controller
design techniques [1–3] it should only be implemented when justified. Some disadvan-
tages: more complex design, greater sensitivity to modeling errors and uncertainties,
and higher implementation complexity [4]. Furthermore, closed-loop stability depends
on all loops remaining continuously closed. However, in industrial environments, it is
common for some loops to be kept in manual mode or deactivated for maintenance,
while others continue in normal operation.

In decentralized, the overall process is decomposed into several single-input single-
output (SISO) subsystems, each one designed independently using classical SISO
control design techniques. This structure simplifies the design and implementation
stages. However, when strong coupling is present, neglecting cross-interactions can
lead to degraded performance or even closed-loop instability. To mitigate these effects,
several strategies can be adopted, including the application of advanced tuning tech-
niques, the use of sequential loop-closure methodologies [5], and the incorporation of
the concept of effective open-loop interactions, as proposed by [4].

One way to combine the benefits of a centralized and decentralized controller is
by using a decentralized controller plus decoupler. In this case, a decoupling block is
placed between the decentralized controller and the process to compensate for inter-
actions among the variables. This transforms the MIMO system into SISO loops. A
review of the properties, advantages, and application domains of different decouplers
is presented in [6]. In [7], the frequency comparison between static and dynamic (ideal,
simplified, and inverted) decouplers is presented. Loops employing simplified decou-
pling are nominally stable, in contrast to those using ideal or inverted decoupling. The
latter may become unstable—particularly when right-half-plane (RHP) zeros arise in
the closed-loop transfer function.

In [8], decentralized controller with a simplified decoupler is employed to regulate
the concentration and temperature of a continuously stirred tank reactor (CSTR).
Similarly, in [9], the simplified decoupler is used to attenuate process interactions in
coupled-tank systems, and a decentralized controller design technique is proposed.
In both works, the inclusion of the decoupler yielded stable and robust closed-loop
behavior.

Despite the existence of various data-driven PID control design techniques, decou-
plers are still designed using the process model [10, 11]. For processes with high-order
dynamics, it is necessary to approximate the process model [12] to ensure that the
decoupler transfer function is realizable and easily implementable within the control
system. However, these approximations and model uncertainties affect the decoupler
performance.
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Thus, it is concluded that centralized controllers achieve superior performance for
multivariable processes, with the primary challenges being process model identification
and the implementation of this structure in industrial controllers. The first issue is
addressed by data-driven design techniques found in the literature; however, the second
issue remains unresolved.

In this context, this article presents a methodology for implementing a centralized
controller on industrial programmable logic controllers (PLCs), using the controllers
native function blocks. More specifically, the Rockwell Automation ControlLogix 5000
was used in the example. This is achieved using a decentralized structure comple-
mented by a simplified decoupler. The proposed methodology is applied to two-input
two-output (TITO) processes. In the examples provided, a controller design based on
the process frequency response [1] is used to design the centralized controller.

This paper is organized as follows. In section 2, the problem statement is pre-
sented. In section 3, the practical implementation of the centralized PID controller
is presented. A controller design technique is reviewed in section 4. In sections 5 and
6, the simulation example and hardware-in-the-loop results are discussed. Finally, the
conclusion is presented in section 7.

2 The problem statement

Consider a closed-loop TITO process as presented in Fig. 1, in which G(s) is a stable
linear time invariant process:

G(s) =

[

G11(s) G12(s)
G21(s) G22(s)

]

, (1)

CC(s) is a centralized PID TITO controller:

CC(s) =

[

CC11(s) CC12(s)
CC21(s) CC22(s)

]

, (2)

u(t), y(t), e(t), and r(t) are the input, output, error, and reference signal vectors,
respectively. Each element of matrix (2) is a PID controller:

CCij(s) = KPij +
KIij

s
+KDijs, (3)

and the proportional, integral, and derivative gains are given by KP , KI , and KD,
respectively.

The closed-loop transfer function, or complementary sensitivity function, of the
system in Fig. 1 is given by:

T(s) = G(s)C(s)(I+G(s)C(s))−1 (4)

The problem consists of adapting the centralized PI/PID controllerCC in a manner
that enables its practical implementation in a real industrial control system without
compromising performance or robustness.
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Fig. 1 TITO system with centralized controller

3 Centralized controller practical implementation

Consider a closed-loop TITO process with a centralized controller, as shown in Fig.
1. Consider also the same closed-loop process as shown in Fig. 2, where CD(s) is the
decentralized controller

CD(s) =

[

CD1(s) 0
0 CD2(s)

]

, (5)

D(s) is the simplified decoupler

D(s) =

[

1 D12(s)
D21(s) 1

]

(6)

u′ =
[

u′

1 u′

2

]T
and u =

[

u1 u2

]T
are the controller output and process input signal

vector, respectively. The decentralized controller plus simplified decoupler is given by

F(s) = D(s)CD(s). (7)

Analyzing Figs. 1 and 2, it can be stated that the centralized controller is equivalent
to the decentralized controller plus simplified decoupler.

CC = F = DCD, (8)
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Fig. 2 TITO system with simplified decoupler

Substituting (2), (5) and (6) into (8):

[

CC11 CC12

CC21 CC22

]

=

[

CD1 CD2D12

CD1D21 CD2

]

. (9)

From (9), CD1 and CD2 are given by:

CD1 = CC11, (10)

CD2 = CC22, (11)

By equating the off-diagonal terms of the matrices in (9):

CC12 = CD2D12, (12)

CC21 = CD1D21. (13)

From (12):
D12 = CC12/CD2. (14)

Substituting (11) into (14):

D12 = CC12/CC22. (15)

Similarly, D21 = CC21/CC11.
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Thus, a centralized PID controller CC(s) can be written as a product of the
decentralized controller CD(s) and the simplified decoupler D(s), where:

CD1(s) = CC11(s), (16)

CD2(s) = CC22(s), (17)

D12(s) =
CC12(s)

CC22(s)
, (18)

D21(s) =
CC21(s)

CC11(s)
. (19)

To achieve better performance in the multivariable control loop, it is recommended
to use techniques that do not rely on a parametric process model,that is, data-driven
techniques such as the one presented in the following section.

4 Centralized controller design

The technique used to design the centralized controllers in this paper was presented
in [1]. The centralized PID controller is designed by solving an optimization problem
with constraints. The problem is given by:

minθ λ
subject to:

[

I (G(jω)C(jω, θ)− Ld(jω))
∗

G(jω)C(jω, θ)− Ld(jω) λI

]

≥ 0,

[

I Ψ(jω, θ)∗

Ψ(jω, θ) I

]

≥ 0, ∀ω ∈ Ω.

(20)

for Ω = [ω1, ω2, · · · , ωN ] a finite set of frequencies and ω1 > 0, where Ψ(jω, θ) =
(L(jω, θ) − Ld(jω))Sd(jω), Sd(s) = (I + Ld(s))

−1, θ =
[

KP KI KD

]

, C(s, θ) is a
centralized or decentralized controller, L(s, θ) is a loop gain transfer function, and
Ld(s, θ) is a desired loop gain transfer function.

To solve the problem, the reference model of the loop gain transfer function and
the process frequency response are required. The desired loop gain transfer function
(Ld(jω)) is defined from the closed-loop transfer function (Td(jω)):

Ld(jω) = Td(jω)(I−Td(jω))
−1. (21)

The frequency response of the process (G(jω)) can be obtained from the process
model or from the input (u) and output (y) data by applying the Fourier transform.
This technique can be used to design centralized and decentralized PID controllers.
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5 Simulation example

The first step is to design the centralized controller using the technique described in
section 4. The optimization problem (20) is solved using the CVX framework [13].
Next, the presented procedure was used.

To better analyze the results, in addition to the standard centralized controller
and the proposed implementation, a decentralized controller was also implemented.
The latter was designed considering the frequency response of the decoupled process
(G(s)D(s)), with the decoupler parameters derived from the estimated process model.

This decoupler was designed based on the approximate first-order plus time delay
(FOPTD) model of the process:

D12(s) = −
Ĝ12(s)

Ĝ11(s)
= kd12

τn12s+1
τd12s+1

, (22)

D21(s) = −
Ĝ21(s)

Ĝ22(s)
= kd21

τn21s+1
τd21s+1

, (23)

where kdij is a gain, τnij is a lead time in seconds (numerator time constant), and τdij
is a lag time in seconds (denominator time constant).

To analyze the performance of the implemented structures, the performance indices
used are mean absolute error (MAE), mean total value of the control signal (MTV)
and mean absolute error with respect to the reference model output (Md), respectively,
are given by:

MAE =
1

N

N
∑

k=1

|r(k)− y(k)|, (24)

MTV =
1

N

N
∑

k=1

|u(k + 1)− u(k)|, (25)

Md =
1

N

N
∑

k=1

|yd(k)− y(k)|. (26)

where yd(k) is the reference model output.
Furthermore, in the simulation results, the sensitivity function maximum singular

value curve is used to show the designed closed-loop robustness. Lower peak values
MS of this curve indicate greater robustness.

5.1 Simulated process

Consider the Wood-Berry binary distillation column process [14]:

G1(s) =

⎡

⎢

⎣

12.8

16.7s+ 1
e−s −18.9

21.0s+ 1
e−3s

6.6

10.9s+ 1
e−7s −19.4

14.4s+ 1
e−3s

⎤

⎥

⎦
. (27)
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The closed-loop transfer function (Td) considered is a diagonal matrix; the non-zero
elements are a FOPTD function:

Td(s) =

⎡

⎢

⎢

⎣

e−1.01s

19.28s+ 1
0

0
e−2.99s

16.00s+ 1

⎤

⎥

⎥

⎦

. (28)

The process frequency response was obtained from the Fourier transform of the
input and output data resulting from applying a pseudorandom binary sequence
(PRBS) signal to the input of the open-loop process, Fig. 3. The frequency interval
[0.017-3.04] with 1800 linearly spaced points was used.
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Fig. 3 Open-loop PRBS response - Simulation results
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5.2 PI controller

5.2.1 Centralized control

Considering the reference model (28) and the process frequency response, the cen-
tralized PI controller designed by solving the optimization problem (20) is given
by:

CPI
C (s) =

⎡

⎢

⎣

0.0775 +
0.0078

s
−0.0156−

0.0080

s

0.0222 +
0.0027

s
−0.0396−

0.0054

s

⎤

⎥

⎦
, (29)

It can be written as a decentralized PI controller plus simplified decoupler. The
decentralized controller ((16) and (17)) is given by:

CPI
CD(s) =

⎡

⎢

⎣

0.0775 +
0.0078

s
0

0 −0.0396−
0.0054

s

⎤

⎥

⎦
, (30)

Using (18) and (19), the simplified decoupler is:

DPI
C (s) =

⎡

⎢

⎣

1 1.4748
1.9461s+ 1

7.2793s+ 1

0.3414
8.3405s+ 1

9.9531s+ 1
1

⎤

⎥

⎦
. (31)

5.2.2 Decentralized controller plus simplified decoupler estimated

from the process model

Considering the reference model (28) and the decoupled process with the decoupler
computed from the estimated process model in [15]:

De(s) =

⎡

⎢

⎣

1 1.49
18.28s+ 1

18.95s+ 1
e−1.98s

0.34
13.01s+ 1

11.69s+ 1
e−4.08s 1

⎤

⎥

⎦
, (32)

the decentralized controller was designed by solving the optimization problem (20). In
this case, the problem (20) was solved using the frequency response of the decoupled
process. The obtained controller is given by:

CPI
DD(s) =

⎡

⎢

⎣

0.0587 +
0.0076

s
0

0 −0.0628−
0.0055

s

⎤

⎥

⎦
. (33)
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5.2.3 Decentralized control

Considering the reference model (28) and the process frequency response, the
decentralized controller was designed to solve the optimization problem (20):

CPI
D (s) =

⎡

⎢

⎣

0.0626 +
0.0052

s
0

0 −0.0227−
0.0018

s

⎤

⎥

⎦
. (34)

5.2.4 Results

In Figs. 4 and 5, closed-loop step responses and the control signals are presented,
respectively. The performance indices are presented in the table 1. The closed-loop
with the standard decentralized controller (29) and with an alternative implementation
((31) and (30)) resulted in a close response, as observed in Fig. 4 and in the MAE and
Md indices in table 1, as expected. However, due to the change in structure, the control
signal was modified, becoming more smoothly variable (see MTV in Table 1). With
the decentralized controller with decoupler ((32) and (33)) and decentralized controller
without decoupler (34), the values obtained for MTV and Md indices were higher
compared to those proposed. Furthermore, with decentralized controller without a
decoupler, the MAE was higher due to the strong coupling of the process.

Table 1 Performance indices - Simulation
results - PI

CPI

CD
CPI

C
CPI

DD
CPI

D

MS 1.2308 1.2308 1.3872 1.2134
Loop 1

MAE 0.1095 0.1095 0.1203 0.1986
MTV 0.1014 0.2367 0.1260 0.1582
Md 0.0102 0.0102 0.0211 0.1021

Loop 2
MAE 0.1106 0.1107 0.1051 0.2791
MTV 0.1260 0.1417 0.1286 0.1098
Md 0.0170 0.0170 0.0192 0.1881

The maximum singular value curve of the sensitivity function is shown in Fig. 6.
Analyzing Fig. 6 and the MS index, it is observed that changing the implementation
of the centralized controller maintained the robustness of the closed-loop. In terms of
robustness, the applied structures are considered robust.

To conclude, the best structure to be implemented must take into account the
performance and practical implementation in control systems. Considering the values
presented in table 1, the proposed implementation for the centralized controller CPI

CD

plus DPI
C is recommended in this case.
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Fig. 4 Closed-loop step response - Simulation results - PI

5.3 PID controller

When a PID controller is used, a derivative filter must be incorporated into the con-
troller to ensure causality and avoid the amplification of measurement noise. Since
the filter is not considered in the controller design, the filter’s time constant (τfij) is
calculated based on the proportional and derivative gains [16]:

τfij = 0.1
KDij

KPij

. (35)

This calculation (35) was necessary only for the controllers resulting from the
optimization problem. For the proposed implementation, the filter value was the result
of the transformation—that is, of (16) and (17).

5.3.1 Centralized control

Considering the reference model (28), we solve the optimization problem (20) to obtain
the centralized PID controller (36). Although a PID controller was specified, the
project resulted in PI controllers for the terms (2,1) and (2,2) of the CPID

C1
controller

matrix.
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C
PID
C1

(s) =

⎡

⎢

⎣

0.073 +
0.008

s
+

0.072s

0.099s+ 1
−0.012−

0.008

s
−

0.044s

0.355s+ 1

0.0193 +
0.0027

s
−0.0394−

0.0054

s

⎤

⎥

⎦
. (36)

The controller (36) has been rewritten in the form of a decentralized controller
plus simplified decoupler given respectively by (37) and (39).

C
PID
CD1

(s) =

⎡

⎢

⎣

0.073 +
0.008

s
+

0.072s

0.099s+ 1
0

0 −0.039−
0.005

s

⎤

⎥

⎦
, (37)

D
PID
C1

(s) =

⎡

⎢

⎢

⎣

1
3.46s2 + 1.09s+ 0.57

s2 + 2.95s+ 0.39
0.02s2 + 0.25s+ 0.03

s2 + 0.93s+ 0.1
1

⎤

⎥

⎥

⎦

. (38)

Note that the resulting decoupler does not have the lead-lag form, which is the
usual form for decoupler implementation. Therefore, to adjust the decoupler function,
the Routh stability criterion [17, 18] was used to perform the approximation, resulting
in:
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DPID
C1

(s) =

⎡

⎢

⎣

1 1.4745
1.8999s+ 1

7.6043s+ 1

0.3409
7.3837s+ 1

9.4877s+ 1
1

⎤

⎥

⎦
. (39)

5.3.2 Decentralized controller plus simplified decoupler estimated

from the process model

Considering the reference model (28) and the model-based decoupler (32), the decen-
tralized controller was designed by solving the optimization problem (20). The
obtained controller is given by (40).

C
PID
DD1

(s) =

⎡

⎢

⎣

0.0587 +
0.008

s
+

0.004s

0.007s+ 1
0

0 −0.063−
0.006

s
+

0.005s

0.007s+ 1

⎤

⎥

⎦
. (40)

5.3.3 Decentralized control

Considering the reference model (28) and the process frequency response, the
decentralized controller was designed by solving the optimization problem (20):

C
PID
D1

(s) =

⎡

⎢

⎣

0.063 +
0.005

s
+

0.012s

0.019s+ 1
0

0 −0.023−
0.002

s
+

0.002s

0.011s+ 1

⎤

⎥

⎦
. (41)
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5.3.4 Results

The closed-loop step responses and the control signals are presented in Figs. 7 and 8,
respectively. The performance indices were shown in table 2.

Note that even with the reduction of the decoupler model, the proposed imple-
mentation resulted in a closed-loop response close to the centralized controller, with
less variation in the control signal.

The decentralized controller plus decoupler (40) resulted in a higher Md. The
centralized controller (36) resulted in a lower Md, although it was close to the value
obtained with the (37) plus (39) for loop 1. The lowest performance was obtained with
the decentralized controller without decoupling (41).

The maximum singular value curve of the sensitivity function is shown in Fig. 9.
The lowest value was achieved with the centralized controller (CPID

C1
). However, all

structures resulted in robust closed-loops.
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Fig. 7 Closed-loop step response - Simulation results - PID
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6 Hardware-in-the-loop results

Consider a hardware-in-the-loop (HIL) architecture, where the process is simulated in
Aveva Dynamic Simulation (DynSim), while the control is executed on the industrial
controller (PLC), Rockwell Automation ControlLogix 5000; see Fig. 10.

The OPC UA communication protocol [19] is utilized for data exchange between
the process simulator and the PLC in a client-server communication model. For this
HIL architecture, it was necessary to use an OPC UA client interface, given that both
DynSim and the ControlLogix are configured only as OPC UA servers.

6.1 Simulated process

The simulated process is the separation process in a separation tank or flash vessel.
This process, which involves contact between the liquid and vapor phases, aims to
separate two or more components based on the difference in their volatilities.

The feed to the flash vessel is a mixture composed of mole fractions z1 through zn.
The tank is at a constant temperature T and pressure P, where only two equilibrium
phases exist: a liquid phase with mole fractions x1 through xn, and a vapor phase
with mole fractions y1 through yn. The molar balance for the component is:
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Table 2 Performance indices - Simulation
results - PID

CPID

CD1

CPID

C1

CPID

DD1

CPID

D1

MS 1.2204 1.2183 1.3788 1.2009
Loop 1

MAE 0.0571 0.0572 0.0620 0.1345
MTV 1.0422 1.4110 0.7502 0.9053
Md 0.0077 0.0078 0.0123 0.0858

Loop 2
MAE 0.0554 0.0544 0.0529 0.1935
MTV 0.1277 0.1445 1.4953 0.6099
Md 0.0089 0.0075 0.0103 0.1455
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Fig. 9 Maximum singular value of the sensitivity function - Simulation results - PID

zi = xi + yi(1− L) (42)

yi = kixi, (43)

where L represents the net liquid stream downstream of the flash vessel and ki is
the ratio of the compositions in the vapor and liquid phases. The parameters used in
the mathematical modeling are presented in Table 3.
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Fig. 10 Hardware-in-the-loop architecture

Table 3 Mathematical modeling parameters for the flash vessel,
adapted from [20]

Composition (kmol)
Components Methane 1

Ethane 0.5
Propane 0.3
n-butane 0.1

Pressure (kPag) Temperature (K)
Inlet Conditions 2000 286

Height (m) Diameter (m)
Flash Vessel 3 1.5

At constant temperature and pressure, the vessel has two phases: liquid and vapor.
The inlet pressure, level, temperature, and flow rate of the vessel are control variables.
In this example, let’s consider control loop 1 as pressure and loop 2 as temperature.
The pressure range is 0 to 10000 kPa and the temperature range is 273◦C to 400◦C.
The range of the control signal is 0 to 1.

6.2 Controller design

The closed-loop transfer function (Td) considered is a diagonal matrix; the non-zero
elements are a FOPTD transfer function:

Td(s) =

⎡

⎢

⎣

1

23.07s+ 1
0

0
1

37.76s+ 1

⎤

⎥

⎦
, (44)

For a frequency response, a pseudorandom binary sequence (PRBS) signal was applied
to the input of the open-loop process (Fig. 11).
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Fig. 11 Open-loop PRBS response - Hardware-in-the-loop results

6.2.1 Centralized control

From the reference model (44) and the frequency response of the open-loop process, the
optimization problem (20) was solved and the centralized PI controller was obtained:

CPI
C (s) =

⎡

⎢

⎣

−1.0210−
0.0492

s
0.3621 +

0.0164

s

−1.6250−
0.0471

s
4.0870 +

0.0467

s

⎤

⎥

⎦
, (45)

It can be written as a decentralized PI controller plus simplified decoupler. The
decentralized controller ((16) and (17)) is given by:

CPI
CD(s) =

⎡

⎢

⎣

−1.0210−
0.0492

s
0

0 4.0870 +
0.0467

s

⎤

⎥

⎦
, (46)
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and the simplified decoupler ((18) and (19)) is:

DPI
C (s) =

⎡

⎢

⎣

1 0.3512
22.0793s+ 1

87.5000s+ 1

0.9573
34.5011s+ 1

20.7516s+ 1
1

⎤

⎥

⎦
. (47)

6.2.2 Decentralized control plus simplified decoupler estimated

from the process model

In this case, the first step is to identify a first-order model with time delay to design
the decoupler. Thus, an open-loop step experiment was performed. The input and
output data collected during this experiment were used to estimate the model:

G(s) =

⎡

⎢

⎣

−1.0945

23.074s+ 1

0.4073

95.939s+ 1
−0.5252

50.124s+ 1

0.8526

113.27s+ 1

⎤

⎥

⎦
. (48)

The decoupler was designed from (48):

De(s) =

⎡

⎢

⎣

1 0.3721
23.074s+ 1

95.939s+ 1

0.6160
113.27s+ 1

50.124s+ 1
1

⎤

⎥

⎦
, (49)

Decentralized control was designed considering the frequency response of the
decoupled process (G(s)D(s)). When solving the optimization problem, the resulting
controller was:

CPI
D (s) =

⎡

⎢

⎣

−1.0160−
0.0495

s
0

0 4.0700 +
0.0470

s

⎤

⎥

⎦
. (50)

6.3 Controller implementation

ControlLogix PLC programming begins with the creation of the program organization
unit (POU), with function blocks being the chosen PLC programming language. This
choice was necessary because the decoupler is implemented using the lead-lag block,
which is only available for function block designs. Next, the PIDE, LDLG, and ADD
blocks were selected to build the control logic.

The following centralized control, as shown in Fig. 1, was implemented; see Fig.12.
The function block used to implement PI was PIDE with devirative gain equal to zero,
with PIDE 06, PIDE 07, PIDE 08, and PIDE 05 representing the CC11, CC12, CC21

and CC22, respectively.
The modified controller parameters were the gains Kp and Ki, and the input and

output ranges according to the corresponding loop. It was necessary to adjust the
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Fig. 12 Centralized controller implementation in ControlLogix - Hardware-in-the-loop results

projected integral gain because the engineering unit was 1/s, while in the PIDE block,
this unit is 1/min. This was done by multiplying the calculated Ki values by 60. For
blocks PIDE 06 and PIDE 05, a variable corresponding to the controller gain was
created, however for blocks PIDE 07 and PIDE 08, these parameters were entered
directly from the block configuration screen, showing two ways to enter this data.

Furthermore, the control direction was adjusted. For the pressure loop that has
reverse gain, i.e., negative gain, the PIDE must be adjusted to calculate the error as
the process variable (PV) minus the setpoint (SP): e = PV −SP . For the temperature
loop, the option should be selected e = SP − PV . Since the setpoint signal was
connected to the SPProg input of the PIDE block, it was necessary to enable the
ProgProgReq and ProgAutReq inputs.

The sum of two different PIDE codes is calculated in the ADD block. For this
block, no configuration is required. The output signal from the ADD block is sent to
the valve. The outputs of blocks ADD 03 and ADD 04 are the control signals for loop
1, and loop 2, respectively.

After performing an experiment with the centralized controller shown in Fig. 12,
this controller was implemented as a decentralized plus simplified decoupler Fig. 2.
The implementation in ControlLogix is shown in Fig. 13.
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Fig. 13 Proposed centralized controller implementation in ControlLogix - Hardware-in-the-loop
results

The same changes were made to the PIDE blocks, but now PIDE 04 corresponds to
term (1,1) of CD and PIDE 03 to (2,2). Additionally, the ADD 01 block calculates the
sum of the output of term (1,1) of controller to decoupler D12, and ADD 02 calculates
the sum of the output of (2,2) term of controller to decoupler D21, the outputs of the
ADD 01 and ADD 02 blocks being the control signals for loops 1 and 2, respectively.

The decoupling block was implemented using the LDLG block available in the
control system. For this block, the parameters are the calculated values of gain, lead
(time constant numerator) and lag (time constant denominator). The LDLG 04 and
LDLG 03 are the D12 and D21 decoupler terms, respectively.

This same structure was used to implement the decentralized controller designed
directly using the frequency response of the decoupled process.

6.4 Results

The response to applying a step to loops 1 and 2 is shown in Figs. 14 and 16 and the
respective control signals in Figs. 15 and 17, respectively.

In this case, we can observe that when the pressure step was applied, the loop
with the standard centralized controller (45) (CC) was faster, with a rise time of
approximately 271 s. When implemented as a decentralized controller plus decoupling
(46) plus (47)(CCD) and in the loop with decentralized controller (50) (CD), the
rise times were 310 s and 363 s, respectively. Furthermore, the alternative form of
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Fig. 14 Closed-loop step response - step in loop 1 - Hardware-in-the-loop results

the centralized controller reduces interaction with the temperature loop. The largest
jump of the control signal occurred with the decentralized controller (50) (CD), at
approximately 20 s.

When the step was applied to the temperature loop, similar performance to the
previous one could be observed. In this case, the rise time were 54 s, 67 s, and 118 s
for the loops with the CC , CCD, and CD controllers, respectively. However, the main
operating regime error occurred when using the centralized controller (45) (CC), and
this error was reduced when the implementation was changed (CCD - (46) and (47)).
The control signal showed no significant jump in this case; however, the largest change
was with the (CCD) controller.

7 Conclusion

This paper discusses a way to implement centralized PI/PID controllers in Rockwell
Automation ControlLogix PLC. A design technique based on the process frequency
response, formulated as a convex optimization problem, was used to design the con-
troller. In addition to implementing the centralized controller in the traditional way,
an alternative approach was also discussed, rewriting this controller as a decentralized
controller with a simplified decoupler.
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Fig. 15 Control signals - step in loop 1 - Hardware-in-the-loop results

For comparison analysis, the optimization problem was also used to design the
decentralized controller. However, in this case, the algorithm input was the frequency
response of the decoupled process. The parameters of this decoupler were calculated
from a FOPTD model of the process.

One point to consider in the controller design is the sign of the designed parameters.
It is common for centralized control design techniques to result in parameters with
different signs, as happens in [21], [22], [23], [24] and [25]. This occurs mainly when a
PID controller is used. An example of this is the parameters Kp and Ki having positive
values, while Kd has a negative value. However, controllers with different signals are
not implemented in industrial controllers.

In the implementation of the centralized controller in the form of a decentralized
controller plus a decoupler, this sign difference can result in unstable poles in both
the controller and the decoupler. To solve this problem, it is necessary to add a sign
constraint to the parameters in the optimization problem. Furthermore, in the trans-
formation of the centralized control, it may be necessary to reduce the order of the
transfer functions obtained for the decoupler, so that it takes the form of lead-lag.

The results obtained show that it is possible to implement centralized control as
a more decoupled decentralized control, without losing performance and robustness.
The next steps in the research are to use the inverted decoupler.
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Fig. 16 Closed-loop step response - step in loop 2 - Hardware-in-the-loop results
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