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On Guided and Automatic Control Configuration Selection: Application on a
Secondary Heating System?

Miguel Castaño Arranz†,∗, Wolfgang Birk† and Ali Kadhim†

Abstract— This technical report provides supplementary ma-
terial to the research paper entitled ”On Guided and Automatic
Control Configuration Selection”, presented at the ETFA 2017.
In that paper, different Control Configuration Selection (CCS)
tools are reviewed and integrated into guided and automatic
CCS methodologies. The guided CCS is a heuristic step-by-step
methodology to be applied by practitioners, while the automatic
CCS methodologies target the adaptation of such heuristics
into algorithms which can be run in a computer and assist the
practitioners in the decision making. This report summarizes
the results of applying the introduced methodologies to a real-
life process: the Secondary Heating System. For an introductory
background, preliminaries, and details on the methodologies,
the reader is referred to the original research paper.

I. REPORT STRUCTURE

Section II provides with the models for the Secondary
Heating System (SHS) which is used as case-study.

Section III is an application of the guided Control Config-
uration Selection (CCS) method introduced in Sec. IV.B of
[1] with title: Procedure for Control Configuration Selection
using Interaction Measures.

Section IV includes applications of the automatic CCS
methods introduced in Sec. V of [1].

Section V gives the conclusions.

II. MODEL OF THE SECONDARY HEATING SYSTEM

The Secondary Heating System (SHS) has been introduced
in [2]. The transfer function of the process permuting the
second and third outputs is:
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III. GUIDED CONTROL CONFIGURATION SELECTION:
APPLICATION ON THE SECONDARY HEATING SYSTEM

Preparing the process models To find appropriate scal-
ing, we assume that the inputs are excited with uncor-
related Gaussian frequencies filtered through a 4th or-
der Butterworth filter with bandpass frequency [10−3.0065 ·
10−1, 10−2.781 · 10]Hz. In a simulation, we measured the
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standard deviation of the outputs resulting in the input scaling
matrix σu = diag(1, 1, 1, 1, 1) and output scaling matrix
σy = diag(0.4049, 0.0218, 0.00212, 0.0130, 0.0726). The
scaled transfer function is Ĝ(s) = σ−1y ·G · σu.

Step 1. Design of a decentralized Controller using
Relative Gains. This process has pure integrators, which are
a problem for the calculation of IMs. A direct calculation of
the RGA in accordance with [3] is not possible due to the
infinite dc-gain. However, the s coefficients representing the
integrators are common divisors of rows, which means that
they can be factorized as scaling coefficients of the rows and
simply canceled out, since the RGA is insensitive to scaling.
The resulting calculation of the RGA for the SHS is:

RGA =


1 0 0 0 0

0 1.0432 0.0508 −0.0939 0

0 0.0499 0.9501 0 0

0 −0.7836 0.0712 2.1879 −0.4755
0 0.6906 −0.0721 −1.0939 1.4755

 (1)

The RGA indicates therefore the diagonal pairing by
selecting positive elements with proximity to 1.

Step 2. Check stability/integrity tests. Calculating NI
in accordance with [4] the diagonal pairing leads to;
Ni(G(0)) = 9.8509 > 0. Together with the fact that positive
RGA elements have been selected, this satisfies the necessary
conditions in the basic integrity/stability test.

Step 3. Design and test a decentralized controller. A
well-tuned decentralized controller for the SHS is composed
by the following SISO controllers:

C11 = 0.54817(s+ 0.001966)/s;C22 = 13.82(s+ 0.001966)/s;

C33 = 53.095(s+ 0.003716)/s;C44 = −13.245(s+ 0.006829)/s;

C55 = 4.0884(s+ 0.001966)/s; (2)

These SISO controllers have been designed independently
for each of the transfer functions in the diagonal of G(s)
assuming that they are individual independent systems, and
the designed step responses for each of the individual control
loops are depicted with thick continuous lines in Fig. 1.
The interactions between the loops will lead to performance
degradation and translate to differences between the designed
step responses and those of the complete system, which
are represented with thin continuous line. For the loop
corresponding to C11 the designed and complete system’s
responses coincide due to the fact that there is no two-way
loop interaction as indicated by the corresponding value of
the RGA being equal to 1. The loops which present a larger



Fig. 1. Decentralized Controller for the SHS. Continuous thick line: designed response considering SISO independent systems. Continuous thin line:
resulting step response in the interacting system with decentralized control. Dashed line: step response of the closed loop system aggregating a decentralized
controller and feed-forward actions.

difference between the designed and final system’s responses
are those related to values of the RGA with larger deviations
from 1, i.e. the loops related to C44 and C55,

Additionally, there is a significant amount of loop inter-
action. Some significant perturbations between control loops
are depicted in Fig. 3, where the steps responses from CLij

denote the perturbation on the output yi when a unitary step
is placed for the reference of output yj .

We proceed to the design of a sparse controller in order
to reduce the loop interaction.

Step 4. Design a sparse controller using gramian-based
IMs Here we will make of the participation matrix (PM)
as defined in [5]. We restrict the calculation of the PM to
a frequency of interest due to the existence of integrators
(see [2]). Multiplying the system by a 4th order Butterworth
filter with bandpass [10−3.0065 · 10−1, 10−2.781 · 10]Hz and
calculating PM results in:

PM(Ĝ(s)) =



0.1738 0 0.0014 0 0.0587

0 0.0943 0.0270 0.2694 0

0 0.0012 0.1561 0 0

0 0.0015 0.0018 0.0398 0.0449

0 0.0037 0.0049 0.0243 0.0972


(3)

The sum of the diagonal elements of PM relates to the
designed decentralized structure and is:

5∑
i=1

(PMii) = 0.0.5611

Which is below the threshold of τ = 0.7. Adding the next
element in order significance PM24 results in:

5∑
i=1

(PMii) + PM24 = 0.8306 (4)

Which is above the threshold of τ = 0.7.
Step 5. Revise the Configuration. Since the system has

5x × 5 = 25 input-output channels, the average channel
contribution is 1/25 = 0.04. The configuration related to Eq.
(4) has a total contribution larger than τ = 0.7, however it is
neglecting a channel with a contribution significantly above

the average channel contribution: PM15 = 0.0587. We then
decide to add the channel G15 to the reduced model. The sum
of the PM elements of the selected input-output channels is:

5∑
i=1

(PMii) + PM24 + PM15 = 0.8892

Step 6. Design and test a sparse controller. We increase
the complexity of the decentralized controller by adding
two feed-forward elements related to G24 and G15. In the
process under the decentralized controller in Eq. (2), the
transfer function G15 will create a loop perturbation on the
loop formed by u1 − y1 with origin in the loop formed by
u5 − y5. A possible compensation strategy is to take the
value of the control action u5 and feed-forward it to create
additional actuation on u1. As we can see from the first
column in Eq. (3), the actuator u1 only has impact on its
corresponding output y1 and therefore extra actuation with a
feed-forward action will not derive in additional interactions
between loops.

Similarly, the compensation for G24 can be resolved by
feeding-forward the control action u4 to actuate on u2. This
extra actuation is acceptable since u2 has main impact on
its related output y2 and low impact on the rest of the
outputs (see second column in Eq. (3)). A simplified diagram
illustrating the location of these feed-forward actions is given
in Fig. 2. These feed-forwards can be designed as:

FF24 = −Ĝ(2, 4)/Ĝ(2, 2) = 1.69;FF15 = −Ĝ(1, 5)/Ĝ(1, 1) = 0.581

The final closed loop transfer function CLFF with the
sparse controller resulting from aggregating the decentarlized
controller and the feed-forward actions is:

CLFF = Ĝ(I + FF ) · Ĉ(I + Ĝ(I + FF ) · Ĉ)−1

where FF24 = 1.69 and FF15 = 0.581 and the rest of
the elements of FF are 0. Ĉ is the scaled decentralized
controller: Ĉ = σ−1u · C · σy .

The step responses of each of the loops with the decen-
tralized controller plus the feed-forward actions are depicted
in the dashed line in Fig. 1, where it can be observed
that the feed-forward compensations are able to bring the



responses closer to the designed ones in comparison with
the decentralized controller by itself. The loop perturbations
for the dencentralized controller which were depicted in
Fig. 3 are now depicted in Fig. 4 for the controller with
feed-forward actions. It can be observed that there is still a
significant perturbation on y4 for a step on the reference for
y5 (see CL45 and CLFF45), but the rest of the perturbations
have been very significantly reduced to negligible amounts.

Fig. 2. Simplified diagram showing the location of the feed-forward actions.

Fig. 3. Some loop perturbations of the decentralized controller.

Fig. 4. Some loop perturbations of the decentralized controller with Feed-
Forward addition.

IV. AUTOMATIC CONTROL CONFIGURATION SELECTION:
APPLICATION ON A SECONDARY HEATING SYSTEM

A. Automatic Pairing using Relative Gains
The designed of decentralized control configurations using

the relative gains can be expressed as an Assignment Problem

using the Relative Interaction Array (RIA) (see [1] for
details). Many Linear Programming (LP) methods such as
Hungarian or Push-Pull algorithms can be utilized to solve
such an AP. In the discussed algorithm, RIA elements lower
than −1 should be avoided. Using the Hungarian algorithm
this can be achieved by replacing the φij ≤ −1 with
large value in the cost matrix so that their corresponding
pairs are excluded. In the Push-Pull algorithm, the φij ≤
−1 are removed from the initial tableau even before any
optimization operation [6]. An advantage of the Push-Pull
algorithm is that bounds can be obtained on the perturbations
of the RIA elements which are allowed to guarantee that the
same solution is attained.

The RIA for the SHS is:

φ =

( 0 ∞ −∞ ∞ −∞
∞ −0.0414 18.7018 −11.6445 ∞
−∞ 19.0536 0.0525 −∞ −∞
∞ −2.2761 13.0375 −0.5429 −3.1030
∞ 0.4481 −14.8642 −1.9141 −0.3223

)
(5)

Solving the LP results in the same diagonal configuration
which was manually selected in the guided CCS example
and for which the SISO controllers in Eq. (2) have been
designed.

B. Automatic pairing with integrity using Partial Gains

A seek of decentralized configurations satisfying the ad-
vanced ICI test is performed on the SHS1. There are only
two decentralized configurations which fulfill the ICI test:
Configuration 1 is the same as the obtained in Subsec.II and
has a aggregated trace of the PRIAs of 10.8160. Configura-
tion 2 is the formed by the pairing u1−y1, u2−y3, u3−y2,
u4−y4, u5−y5 and has an aggregated trace of the PRIAs of
301.9832. Configuration 1) is preferred for having a much
lower level of loop interaction.

C. Automatic Control Configuration Selection using
gramian-based IMs

The application of this algorithm for the SHS using PM
with τ = 0.7, δ1 = 0.05 and δ2 = 0.004 result in the sparse
configuration with the PM elements marked in Eq. (3). This
is the configuration for which an sparse controller has been
designed in the guided CCS example.

V. CONCLUSIONS

A remaining challenge is the automation of the selection
process and the support of the control engineers in the de-
cision making. Most of the available methodologies require
deep insight of the engineer in the limitations of the methods
and their indications. With the use of a real-life process,
we have validated in this paper the guidelines for Control
Configuration Selection (CCS) which were introduced in [1].
Following a stepwise procedure, the control configuration
has been designed for the Secondary Heating System and a
controller synthesized and tested: i) a decentralized control
configuration was selected, ii) a decentralized controller
has been synthesized, iii) significant loop interaction of

1A MATLAB function has been released with this method.2See the
function findICI at the MATLAB File Exchange



the decentralized controller has been revealed, iv) a sparse
control configuration has been designed to mitigate loop
interaction, v) the sparse controller has been designed by
adding feedforward (decoupling) elements to the previously
designed decentralized controller, vi) simulations have re-
vealed that the sparse configuration successfully mitigates
significant loop interactions which were present in the system
under decentralized control.

As the number of sensors and actuators increases, the
application of the introduced guidelines is hindered. It is
therefore of interest to design software tools which support
the engineers in the decision making (see [7]). For this
purpose, automatic CCS methodologies have been introduced
in [1], by formulating CCS rules as optimization problems
which can be implemented in a software tool. In this report,
the automatic CCS methods introduced in [1] have been
successfully validated with the SHS. In this case study, the
configurations selected by the automatic methods are aligned
with the designed using the guidelines. An advantage of
the automatic methods over the guidelines is that they have
the potential of being able to evaluate integrity and stability
conditions of combinatorial nature. Each of the introduced
automatic CCS methods is tightly related to individual steps
in the guidelines (design of decentralized configurations,
stability/integrity check, and design of sparse controllers).
However, it is part of future work to combine the separate
automatic CCS methods in a multi-step optimization method
which would resemble the sequential application of the steps
in the guidelines.

Despite this progress automated and guided methods need
to be validated and further developed for real-life applica-
tions. Factory automation cases are essential, as they provide
different production paradigms as well as hierarchical aspects
that need to be considered in the selection process. It is
the belief of the authors that CCS methods need to be
further developed for that context and to be able to deal
with complete production processes.
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