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a  b  s  t  r  a  c  t

The  selection  of  the  structure  of  a  controller  in large  scale  industry  processes  usually  requires  extensive
process  knowledge.  The  aim of  this  paper  is  to report  new  results  on  recently  suggested  methods  for
the analysis  of  complex  processes.  These  methods  aid  the designers  in  comprehending  a process  by
representing  structural  and  functional  relationships  from  actuators  and  process  disturbances  to  measured
or  estimated  variables.  The  methods  are  formulated  in  a  flexible  framework  based  on  graph  theory,  which
can also  be  used  for closed-loop  analysis.  Additionally,  the  sensitivity  of the methods  to scaling  and  time
delays  are  discussed  and  resolved.  It  is  also  proposed  how  filtering  can  be used  to  restrict  the  analysis  to
a  frequency  region  of  interest.
tructural properties
ystem analysis

The  feasibility  of  the  methods  is  shown  by  the  use  of  three  case  studies.  A  quadruple  tank  process  is
used  to exemplify  the  methods  and  their  use.  Then  the  methods  are  applied  on  a real-life  process,  the
stock  preparation  plant  of  a pulp  and  paper  mill.  The  third  study  case  analyzes  a  previously  published
example  in  closed  loop.

It  is  shown  that the  methods  can  be used  to  take  efficient  decisions  on  decentralized  and  sparse  control
ssing
structures,  as  well  as  asse

. Introduction

Large scale industrial process plants are characterized by a high
egree of interaction between process variables, where hundreds
r even thousands of variables are connected through dynamic sys-
ems. Examples of such interconnections are material flows and
eflows, the latter e.g. due to discarded material being returned to
revious process steps which gives rise to large feedback loops.
ther examples are connections through supply grids for e.g. pres-

urized air. One process step consuming pressurized air may  give
ise to a pressure drop that propagates to every other consumer in
he plant. Adding control loops to the process on different levels of
ierarchy may  result in a system with unintelligible causality and
npredictable dynamics.

For the control engineer, these very complex interconnected
ystems are a challenge. The question is how to represent the com-
lexity in a comprehensible way and how to analyze it regarding e.g.
ynamic behavior and control structure design. Traditionally, inter-
ction measures are used for the control structure design, namely

ontrol structure selection and decision on the controller config-
ration. Control structure selection is about determining which
ynamic interconnections should be used for the controller design;

∗ Corresponding author. Tel.: +46 920492328.
E-mail address: miguel.castano@ltu.se (M.  Castaño Arranz).

959-1524/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jprocont.2011.07.011
 the  channel  interactions  in  a closed-loop  system.
© 2011 Elsevier Ltd. All rights reserved.

it is also referred to as input/output selection, see e.g. [1].  When
the structure is selected, the interconnections can be used to con-
figure a controller, that is decisions on e.g. degree-of-freedom,
feed-forwards, or cascaded configurations need to be taken. In this
paper the focus will be on the controller structure selection.

One of the most widely spread control structures is the decen-
tralized control structure in a one degree of freedom setting, and
the most well-known methods to determine the interconnections
that are used for the controller design are the Relative Gain Array
(RGA) [2],  and the Dynamic RGA [3].  An extension of control struc-
ture selection to block diagonal control structures is discussed in
[4], [5].  Generally, the methods are designed from the perspective
that all controlled and manipulated variables are considered during
the structure selection and that the control configuration is often
set a-priori. In the survey [1],  most of the available methods for the
control structure design are reviewed, apart from gramian based
methods which were suggested more recently, [6,7]. The latter
have the advantage that no assumption on the control configuration
is used and virtually any control structure could be deduced. But
their interpretation becomes difficult when the number of variables
becomes large.

For large scale systems, where the amount of variables can

be in the magnitude of thousands, usually the control structure
selection need to be preceded by a step where manipulated and
controlled variables are grouped into sets where the number of
variables is reduced to a couple of dozens. Thus, making the above

dx.doi.org/10.1016/j.jprocont.2011.07.011
http://www.sciencedirect.com/science/journal/09591524
http://www.elsevier.com/locate/jprocont
mailto:miguel.castano@ltu.se
dx.doi.org/10.1016/j.jprocont.2011.07.011
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ethods more applicable. Methods for such a decomposition are
roposed in [8,9], where state space representations are used and
roduce interconnected multivariable systems. It should also be
oted that interconnected systems can also be represented by sig-
al flow graphs, which dates back to the work of Mason [10],
nd provides a comprehensive visual interpretation at the same
ime.

An alternative to the above is the concept of plant wide control
PWC) which has received much more attention in recent years.

ethodologies like the nine-step method proposed by Luyben et al.
11] or the self-optimizing control procedure by Skogestad [12] are
uggested and are evaluated on realistic large scale system, see e.g.
13]. In this, a complete procedure to address the control problem
f a large scale system is provided.

A shortcoming of the mentioned methods is either their inability
o scale to large scale problems or that control structure and con-
guration are limited a-priori. The aim of this paper is to suggest
ew methods for the control structure selection without imposing

imitations on the either structure or configuration. But for the time
eing, it is assumed that the large scale problem is already decom-
osed in multivariable problems with a rather limited number
f manipulated and controlled variables. In order to demonstrate
he usefulness of the suggested methods, a 2 × 2 system with dis-
urbances (Quadruple tank laboratory setup) and a 5 × 5 real-life
rocess (Stock preparation plant at SCA Obbola AB, Sweden) are
iscussed.

The methods are inspired by the work within brain connectiv-
ty theory [14], where signal flow graphs can be analyzed from the
erspective of the signal energy or power that is transferred from

 selected input/output set of nodes. In this context, structural and
unctional properties are treated separately, where the structural
roperties capture the structural nature of a signal flow graph,
hile the functional properties resolve all intermediate connec-

ions in order to map  the properties to the input/output set alone.
onsequently, the analysis can be adapted to the needs for the task
t hand, which makes the methods more versatile.

As a result quantitative methods are combined with the signal
ow graphs approach by introducing weights on the edges. It will
e shown that the H2-norm can be effectively used to assess the
ignificance of edges in relation to each other, namely by the assess-
ent of the transfer of signal energy or power. It is the authors

elieve that this combination enables control engineers to make
etter decisions on both control structure selection and controller
onfiguration. But, it still remains to prove the scalability to large
cale systems and if the methods can be used in the scope of the
reviously mentioned PWC  procedures. In a preparatory step and
o facilitate applicability the methods have been integrated into a
rototype tool called ProMoVis, that can be used to both model,
isualize and analyze industrial processes, [15].

The paper layout is as follows. First the preliminaries for the
epresentation of linear systems as a signal flow graph is given in
ection 2. Section 3 introduces a methodology for obtaining a scal-
ng independent representation of linear processes as a signal flow
raph. Section 4 describes the quadruple tank process and derives

 scaling independent representation for a selected working point.
ection 5 describes the norms and normalizations which will be
sed for quantifying and comparing the significance of the process

nterconnections. The quadruple tank process is used in Section
 as an illustrative example for introducing the methods for the
tructural and functional analysis of complex processes which are
he subject of this paper. Section 7 describes how to interpret the

ethods and use them for control structure selection, comparing

he results obtained in the analysis of the quadruple tank with those
f the RGA. Section 8 analyzes the scaling sensitivity of the meth-
ds for the cases in which a scaling independent representation of
he process is not used. The stock preparation plant at SCA Obbola,
rocess Control 22 (2012) 280– 295 281

Sweden is a real-life process which is analyzed in this section to
illustrate how the scaling issues present in the traditional gramian
based IMs  when analyzing industrial process can be resolved by
using the discussed methods. Section 9 introduces the usefulness of
the analysis methods for the evaluation of the interaction between
control loops, and contains examples which show the use of fil-
ters for selecting a range of frequencies subject to analysis. The
conclusions are finally given in Section 10.

2. Signal flow graphs representing complex processes

A representation of complex systems in relation to graph repre-
sentations was introduced in [16]. The same representation will be
used here dispensing with the output equation. When represent-
ing an open loop process, it will be considered that the input vector
u is composed by the exogenous inputs to the process (actions on
actuators and process disturbances), and x collects all the internal
states and measurements which are subject to analysis, being both
related in an expression like:

xi = �i1 · x1 + · · · + �in · xn + �i1 · u1 + · · · + �ip · up

where �ij and �ij are linear dynamic systems. The signal flow graph
is then formulated as

x = �x + �u (1)

Given a multivariable system H, the duple (�, �) is called a visual-
ization of H. The input–output matrix � of H can be computed as
� = (I − �)−1�.

This formulation will also be used in Section 9 for representing a
closed loop system. In that case, the reference signals for the closed
loops are aggregated to the input vector u, and the control actions
which are manipulated by a controller are now aggregated to the
vector x and removed from the input vector u.

The following transformations will be here used for obtaining
process representations describing the nodes and interconnections
which are of interest for the analysis.

2.1. Hiding of self-references

A node depending on itself is known as a self-reference. For
the work described in this paper we will assume that the visu-
alization representing the process has no self-references, that is,
the diagonal of matrix � is composed by zeros. If a visualization
with self references is to be analyzed, the user has to first make an
operation which hides the self-references and still preserves the
physical structure of the plant. The details for such an operation
are discussed in [16].

2.2. Hiding arbitrary nodes

Different levels of hierarchy are usually present when repre-
senting and analyzing large scale interconnected systems, and the
hiding of nodes allows to disregard the variables which are not
presently important while preserving the physical structure of the
plant.

Consider the partitioning of the interconnected system (�, �)
as(

x1

) (
�11 �12

)  (
x1

) (
�1

)

x2

=
�21 �22 x2

+
�2

u

where x2 = [0m×(m−n)| Im] · x represents the last m of the total
n nodes. Assuming that x′ = �22x ′ + u ′ is well-posed, then the
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isualization of the system when the last m nodes are hidden, and
hich preserves the system structure is [16]:

1 = �̂x1 + �̂u

ith

ˆ = �11 + �12(I − �22)−1�21 , �̂ = �1 + �12(I − �22)−1�2

hich can be expressed as a function F of �, �, and Im, being m
he number of nodes to be hidden.

�̂ �̂] = [�1 �11] + �12(1 − �22)−1[�2 �12] = F([� �], Im)

o hide an arbitrary subset N of nodes, let us define the permutation
atrix TT = [ET E ′ T] such that x1 = Ex is now a vector containing the

odes to be retained and x2 = E ′ x contains now the nodes to be hid-
en. The operation HN of hiding an arbitrary set of nodes, is then:

N[� �] = F(T[� � · TT ], Im)

. Scaling independent representation

Scaling is an important issue in many applications. The meth-
ds used in this paper are based on comparing the signal power (or
nergy) that can be transferred through the process interconnec-
ions. This power transfer is quantified as signal power transfer, and
herefore it depends on the scales used to represent the analyzed
ignals.

Usual methods for scaling signals involve dividing each variable
y its maximum expected or allowed change [17].

Let Q = (�, �) be a visualization of a system H. When the input
ector u and the output vector x are scaled by the diagonal scaling
atrices Du and Dx respectively, then the new input and output

ectors are u = D−1
u · u and x = D−1

x · x. The scaled visualization Q =
�, �) is then:

= D−1
x �Dx; � = D−1

x �Du

nd the scaled input–output matrix � is:

 = D−1
x �Du

It can be tedious to find an appropriate scaling for each of the
rocess variables. Therefore, we present a representation of linear
rocesses based on a visualization, which is independent of the
elected scaling. For obtaining such a representation, an estimation
f the standard deviation of the signals represented by the process
ariables is needed.

Let �u, �u, �x and �x be diagonal matrices collecting the standard
eviation of each of the input or output signals and of their scaled
ersion. Then, �u = �uD−1

u and �x = �xD−1
x .

emma  1. The pair (�−1
x ��x, �−1

x ��u) is scaling invariant.

roof.

�−1
x ��x = �−1

x
D−1

x Dx�D−1
x Dx�x = �−1

x
��x

�−1
x ��u = �−1

x
D−1

x Dx�D−1
u Du�u = �−1

x
��u

iven the visualization Q = (�, �) of a linear multivariable system
, the pair Q̃ = (�−1

x �x, �−1
x ��u) will be named scaling invariant

epresentation of H.

emark 1. The matrix �̃ = (I − �−1
x ��x)−1�−1

x ��u = �−1
x ��u
elated to the scaling invariant representation Q̃ , is also scaling
nvariant. This follows from:

−1
x ��u = �−1

x
D−1

x Dx�D−1
u Du�u = �−1

x
��u (2)
rocess Control 22 (2012) 280– 295

Remark 2. The premultiplication of matrix � or � by �−1
x makes

it invariant to output scaling, and the postmultiplication by �u

makes it invariant to input scaling. Matrix � is independent of the
selected input scaling, and the premultiplication by �−1

x with the
postmultiplication by �x makes it independent to output scaling.
Therefore, applying any of the structural or functional methods to
the scaling invariant representation Q̃ = (�−1

x ��x, �−1
x ��u) with

input–output matrix �̃ = �−1
x ��u, always give the same result

independently of the chosen scaling.

Remark 3. The gramian based IMs  are sensitive to the scaling of
the process variables [7,6,18]. The scaling invariant representation
is also useful for computing a scaling invariant version of any of
these IMs, by applying the corresponding method to the matrix
�̃ = �−1

x ��u.

The following section presents the quadruple tank process,
and introduces an example of how to create a scaling inde-
pendent representation of the process. Later, this representation
will be used to apply the discussed structural and functional
methods.

4. The quadruple tank process

The quadruple tank process has been introduced in [19], and
is a well-known interacting process which has been used by a
large number of authors as a benchmark to test several control and
analysis methods. The process is depicted in Fig. 1. Two  process
disturbances have been added to the process and modeled as flow
disturbances in the upper tanks. The differential equations of this
modification were described in [20]. The process linear model can
be formulated as a visualization as follows:

⎛
⎜⎜⎝

�h1

�h2

�h3

�h4

⎞
⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0
A3

A1T3(s + 1/T1)
0

0 0 0
A4

A2T4(s + 1/T2)

0 0 0 0

0  0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷  ︸
�

⎛
⎜⎜⎝

�h1

�h2

�h3

�h4

⎞
⎟⎟⎠

+

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

�1k1

A1(s + 1/T1)
0 0 0

0
�2k2

A2(s + 1/T2)
0 0

0
(1  − �2)k2

A3(s + 1/T3)
− 1

A3(s + 1
T3

)
0

(1 − �1)k1

A4(s + 1/T4)
0 0 − 1

A4(s + 1/T4)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷  ︸
�

⎛
⎜⎜⎜⎜⎝

�u1

�u2

�d1

�d2

⎞
⎟⎟⎟⎟⎠(3)

where Ti are the time constants of the tanks

Ti = Ai

√
2ho

i , i = {1, 2, 3, 4}

ai g

The values of the construction parameters are given in Table 1.
The variables uj are associated with the two actuators and

express the speed setting of the two pumps in %. The measured
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Fig. 1. Interacting system with water tanks. Each of the arrows represents a dynamic model connecting two process variables. ProMoVis screenshot.

Table  1
Construction parameters of the quadruple tank process.

Parameter

A1, A2, A3, A4 a1 a2 a3 a4 g k1 k2 �1, �2

Value 730 cm2 2.05 cm2 2.26 cm2 2.37 cm2 2.07 cm2 981 cm/s2 7.45 cm3/(s V) 7.30 cm3/(s V) 0.3

Table 2
Selected working point for the quadruple tank process.

Variable

u1 u2 d1 d2 h1 h2 h3 h4

Value 50 50 15.5 15.5 14.77 12.36 5.11 7
Range  0–100 0–100 0–31 0–31 0–20 0–20 0–20 0–20

m3/s 

v
p
t
v

⎛
⎜⎝

1
/T1)(s + 1/T3)

0

0 − 1
A2T4(s + 1/T2)(s + 1/T4)

1
 + 1/T3)

0

⎟⎟⎟⎟⎟⎟⎟
⎛
⎜⎝

�u1

�u2

�d1

⎞
⎟⎠ (4)
Units  % % cm3/s c

ariables hi are the level of the tanks expressed in cm.  The two
rocess disturbances d1 and d2 are flow perturbations in the top
anks, and are expressed in cm3/s. The range of values which these
ariables can take is summarized in Table 2.

The input–output relationship is given by:

�h1

�h2

�h3

⎞
⎟⎠ =

⎛
⎜⎜⎜⎜⎜⎜⎜

�1k1

A1(s + 1/T1)
(1 − �2)k2

A1T3(s + 1/T1)(s + 1/T3)
−

A1T3(s + 1
(1  − �1)k1

A2T4(s + 1/T2)(s + 1/T4)
�2k2

A2(s + 1/T2)

0
(1  − �2)k2

A3(s + 1/T3)
−

A3(s

�h4 ⎜⎝ (1  − �1)k1

A4(s + 1/T4)
0 0

︸ ︷︷  

�=(I−�)−1�
cm cm cm cm

⎞

The working point selected for the analysis corresponds to an
opening of 50% on both pumps, and the process disturbances are
assumed to be at half of their possible maximum value. The values
for the working point are summarized in Table 2.
− 1
A4(s + 1/T4)

⎟⎠
︸

�d2
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xample 1. The selection of the scaling factors for the process
ariables has an important impact on the analysis of the process
nterconnections. This selection is not trivial, as the scaling factors
ave to be chosen based on the expected variation of the process
ariables.

We proposed in the previous section a methodology for obtain-
ng a system representation which is invariant with respect to the
caling of the process variables.

In order to demonstrate the utility of using the scaling invariant
epresentation, the original system was first inappropriately scaled,
o that the new input and output vectors, u and y are:

= D−1
u u with Du = diag(100, 1, 15.5, 15.5) (5a)

 = D−1
y y with Dy = diag(12.6472, 1.9508, 5.57, 10.9376) (5b)

he inputs u1 and u2 are scaled so their values are in the intervals
0, 1] and [0%, 100%] respectively. The output levels which are origi-
ally expressed in cm are scaled with a randomly generated scaling
atrix Dy. The process disturbances are scaled so that the allowed

ariation around the working point remains in the interval [−1, 1].
An analysis of a system with such a scaling will surely be incon-

lusive, since for example the two similar manipulated inputs are
caled by very different values.

The described procedure to obtain a scaling independent repre-
entation involves that the variance of the signals during operation
f the system must be known. The inputs to the process need
o be excited with signals with selected variances. These excita-
ion variances should be selected according to the expected or
llowed change in the process inputs. The process outputs are then
easured/simulated, and the variances of the output signals are

stimated.
In the case of normally distributed variables, the standard devi-

tion gives a 95% confidence interval for its value. So a good rule
hen the inputs are excited with white noise is to select the vari-

nce of the input excitation as the square of the maximum expected
eviation from the average value. In the case of the quadruple tank,
he analyzed working point has a 50% opening as nominal value
or both pumps. A variation of ±10% is considered, which gives a
ariance of 100 in the case of u2, since it is expressed in %, and

 variance of 0.01 in the case of u1, since it is scaled by a factor
f 100.

Since the scaled process disturbances are allowed to vary within
he interval [− 1, 1] around the working point, the excitation of
he process disturbances is selected to be white noise with a vari-
nce of (1/3)2, which means that 99.7% of the randomly generated
alues will be within the allowed interval, and outliers have been
aturated.

The variance of the scaled input signals (manipulated inputs and
rocess disturbances) is therefore

2
u

= diag

(
0.01, 100,

(
1
3

)2
,
(

1
3

)2
)

The output signals were measured after the scaling in Eq. (5b)
as applied, and the variance of the signals was collected in:

2
y

= diag(6.5780e − 004, 0.0298, 0.0036, 0.0011)

The scaling independent representation can therefore be cre-
ted as Q̃ = (�−1

y
D−1

y �Dy�y, �−1
y

D−1
y �Du�u), with input–output

atrix �̃ = �−1
y

D−1
y �Du�u.

The methods for the analysis of complex processes introduced

n this paper are applied in the next section to the scaling indepen-
ent visualization of the quadruple tank. Even if the method for
reating the scaling independent visualization has originally been
esigned for linear processes, the experiment previously described
rocess Control 22 (2012) 280– 295

for measuring the variance of the input and output signals was per-
formed on a simulation of the non-linear quadruple tank around the
selected working point with satisfactory results.

5. Norms and normalizations for quantifying the
significance of the process interconnections

Gramian based IMs  are Index Arrays (IAs) and are largely used
for determining feasible control structures. In these IAs, first a
norm-based operator is applied to each of the input–output sub-
systems in order to quantify the significance of the represented
interconnection. Traditionally used operators include the Hankel
norm [21,6],  the squared Hilbert-Schmidt norm [7],  and the H2
norm [18]. The IA is then computed by normalizing the significance
of the input–output channels:

[IA]ij = [Gij(s)]p∑m,n
i,j=1[Gij(s)]p

(6)

where [·]p denotes the selected operator, and Gm×n(s) is the multi-
variable transfer function matrix. The term s used to represent the
dependence on the Laplace variable for continuous time systems
will be dropped in the sequel for the sake of simplicity. The nota-
tion G(jω) will be used in the sequel to specify the evaluation of the
transfer function in the frequency domain.

As a result of the normalization all the elements of any of
these IAs add up to one. The selection of the control structure is
made by selecting a subset of the most important interconnec-
tions, which will form a reduced model on which control will be
based.

In the methods created in this paper, the squared H2 norm
is used for quantifying the importance of the process intercon-
nections due to the reasons which will be discussed in Section
5.1. When the process is to be analyzed in frequency domain, the
squared magnitude of the transfer functions will be used to repre-
sent the importance of the process interconnections.

Besides, instead of using the traditional normalization in Eq. (6),
row and column normalizations will be used in the analysis as later
described in Section 5.2.

5.1. The use of the H2 norm for quantifying the significance of the
process interconnections

For any of the Gij(s) SISO subsystems of a multivariable process
described by a transfer function Gm×n(s), if Gij(s) is stable and strictly
proper, ||Gij(s)||2 can be expressed as

||Gij||2 =
√

1
2�

∫ ∞

−∞
|Gij(jω)|2dω (7)

The reasons why  the H2 norm was selected over the Hilbert-
Schmidt or the Hankel norms to quantify the significance of the
process interconnections are:

- The frequency dependent methods SDPT(ω) and FDPT(ω) to be
here presented, describe the power conversion at the process
interconnections for each frequency ω. Using the H2 norm allows
the compression of this information into real valued numbers
which can be used to create directed graphs, since it is obtained by
integrating the power conversion with respect to the frequency
as it can be observed in Eq. (7).
- An interpretation is that the squared H2 norm of a SISO system can
be interpreted as the coupling in terms of the energy transmission
rate between the past inputs and the current output [22]. There-
fore SISO elementary subsystems in a multivariable system with
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6.1.2. Functional
The word functional is relating to function as opposed to struc-

ture. A structural realization of a process would collect all the one
on one internal connections of the process, whilst a functional

u1

u2 h1

h2

h3

h4

d1
M.  Castaño Arranz, W.  Birk / Journ

larger value of the H2 norm identify the input–output channels
which are able to exchange larger amounts of energy.

 It has been shown in [7] that the squared Hilbert-Schmidt norm
of a system increases with the presence of time-delays. The same
fact can also be shown for the Hankel norm (see A). This means
that the larger the time delay in an input–output channel, the
larger the channel significance quantified by these two  operators.
This is an inconvenient property for a norm quantifying the chan-
nel significance, since previous simulation work in [22] indicate
that the presence of a time delay by itself is not a reason enough to
say that a particular input–output pair should be included in the
controller when a decentralized controller structure is desired.
It was therefore decided that the H2 norm is a more convenient
measure for the channel significance due to its insensitivity to
channel delays.

.2. Normalizations used to compare the significance of the
rocess interconnections

We will further use the row normalization ˙�(A) and the col-
mn  normalization ˙�(A) on a matrix A ∈ R

m×n:

[˙�(A)]ij �

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 , if
n∑

l=1

Ail = 0

Aij∑n
l=1Ail

, otherwise

[˙�(A)]ij �

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 , if
m∑

k=1

Akj = 0

Aij∑m
k=1Akj

, otherwise

ote that these normalizations involve that the rows of ˙�(A)
ither add up to 1 or all the elements of the row are 0, whereas
he columns of ˙�(A) either add up to 1 or all the elements of the
olumn are 0.

We will denote by [|Gij(jω)|2] to the result of collecting in a
atrix the squared magnitude of each of the elementary trans-

er functions of a multivariable system Gm×n. The normalizations
�([|Gij(jω)|2]) and ˙�([|Gij(jω)|2]) will be used to obtain a rela-

ive measure of the significance of the process interconnections in
he frequency domain.

We will denote as [||Gij||22] to the real valued matrix result of col-
ecting the squared H2 norm of each of the elementary subsystems
f the multivariable system Gm×n. The normalizations ˙�([||Gij||22])
nd ˙�([||Gij||22]), and will be used to obtain an overall measure of
he relative significance of the process interconnections.

This means that ˙�([|Gij(jω)|2]) compares the elements of the
ame row of [|Gij(jω)|2] in frequency domain, whilst ˙�([||Gij||22])
ompares the squared H2 norm of the elements in the same row
f G. In a similar way the comparisons of ˙�([|Gij(jω)|2]) and
�([||Gij||22]) are performed through the columns.

. Methods for structural and functional analysis
ormulated from a visualization representation

In this section, first an explanation of the difference between
tructural and functional analysis is given in Section 6.1,  and then

he structural and functional methods introduced in [23] are formu-
ated from a visualization representation of the system in Section
.2 and Section 6.3 respectively. Finally, in Section 6.4 the advan-
ages of using the new formulation are enumerated.
h4 1 0 0 1 0 0 0 0

Fig. 2. Structural matrix for the quadruple tank process in Fig. 1.

6.1. Structural properties vs. functional properties

6.1.1. Structural
The word structure in analysis of systems is related to the

concept of causality. When a model of each of the process inter-
connections (one on one interconnections) between the considered
inputs, outputs and internal states is described, then the represen-
tation of the process is a structural realization. That is, a structural
realization of the quadruple tanks process in Fig. 1 would be the
one described in equation (3),  where each of the internal one on one
interconnections represented in the figure by a red edge is modeled
as a transfer function.

When a matrix relating process variables is filled with boolean
elements representing whether there is a causal dependence of the
variables or not, it is named structural matrix [24]. The structural
matrix for the quadruple tank process is represented in Fig. 2.

Structural matrices have been used in [24] as a tool to determine
feasible control structures based on the concept of controllability
and observability. Visualization of the cause/effect relationship of
the process was also provided by associating structural matrices
to digraphs. Further work on structural matrices and digraphs is
discussed in [25] and [26].

Structural matrices are used as a first stage tool to extract infor-
mation of the plant which helps to take decision on the control
structure. In Section 6.2 we aim to substitute the boolean types
in the structural matrices by either a frequency domain descrip-
tion of the relative effect between variables or a real valued weight
describing this effect in order to associate the structural matrix with
a weighted digraph like the one depicted in Fig. 3.
d2

Fig. 3. Structural graph describing the quadruple tank process. The graph was gen-
erated with the method SET. ProMoVis screenshot.
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 (normalized). ProMoVis screenshot.

ealization directly expresses the input–output relationships. A
unctional realization is therefore representing the total dynamic
ehavior connecting each of process inputs with each of the process
utputs. Each of these input/output connections can be represented
y a transfer function which doesn’t reflect the process structure,
ut is instead the combined contribution of all the internal one on
ne connections including the possible feedback paths. A functional
ealization of the quadruple tank would be the one in Eq. (4).  Ana-
yzing such a realization would be performing a functional analysis
f the process. An example of such an analysis can be observed in
ig. 5(right), where the functional effect of independent variations
n the process inputs is analyzed.

.2. Structural methods

.2.1. Structural energy transfer (SET)
SET was introduced in [23] as a normalization on a matrix which

ollects the squared H2 norm of each of the transfer functions rep-
esenting all the structural interconnections of the process. From a
isualization of a system Q = (�, �), in which all the self-references
ave been hidden, SET can be expressed as:

ET � ˙�([||[�|�]ij||22])

he element SETij describes the direct coupling (in terms of energy
ransmission rate) between the past values of the variable repre-
ented in column j into the future values of xi compared to the
oupling of the rest of the variables which are directly affect-

ng xi. SET is a real valued matrix, and can be associated with

 weighted directed graph which expresses the process causal
elationships.

u1

u2

h1

h2

h3

h4

d1

d2

FETr

Fig. 5. Graphs associated with FETr (left) and FETc (right) fo
rocess Control 22 (2012) 280– 295

Example 2. Consider the visualization of the quadruple tank
described in Eq. (3).  Applying SET to its scaling invariant repre-
sentation yields

S ET =

u1 u2 d2 d2 h1 h2 h3 h4
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

0.9244 0.075600000 0 h1
0.93420 0.065800000 h2
0.98980 0.0102 00000 h3

0.9902 0.009800 0000 h4

(8)

which determines the weights of the directed graph in Fig. 3. Note
that the operation performed is a normalization from the point of
view of the sinks of the effect, implying that the weight of all the
edges entering a node add up to 1.

SET and its associated graph provide a structural description of
the process, allowing to visualize qualitative and quantitative infor-
mation about the cause/effect relationship in the plant. Inspecting
the graph in Fig. 3 it can be concluded that:

- Pump 1 is directly affecting only to the level of Tanks 1 and 4.
- Pump 2 is directly affecting only to the level of Tanks 2 and 3.
- The variation of level in Tank 3 is only affecting to the variation

of level in Tank 1.
- The variation of level in Tank 4 is only affecting to the variation

of level in Tank 2.
- Process disturbance d1 is directly affecting only to the level of

Tank 3, although this effect is insignificant in comparison with
the direct effect from Pump 2.

- Process disturbance d2 is directly affecting only to the level of
Tank 4, although this effect is insignificant in comparison with
the direct effect from Pump 1.

6.2.2. Structural dynamic power transfer (SDPT)
When a frequency domain description of the cause/effect rela-

tionships represented by SET is required, then the method SDPT can
be applied. Having a visualization of a system Q = (�, �), SDPT can
be expressed as:

SDPT(ω) � ˙�([|[(I − �(jω))|�(jω)]ij|2])

The element SDPTij represents the influence of the past values of
the variable represented in column j into the future values of xi
compared to the influence of the rest of the variables which are
i i(i+n) i
itself represents the own dynamics of the variable xi, that is, how
the past values of xi couple to the future ones compared to the
coupling from the other variables which are directly affecting to xi.

FETc

u1

u2

h1

h2

h3

h4

d1

d2

r the quadruple tank process. ProMoVis screenshot.
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xample 3. Applying SDPT to the quadruple tank process results
n Fig. 4.

SET in Eq. (8) and its associated graph in Fig. 3 provide a struc-
ural description of the process, allowing to visualize qualitative
nd quantitative information about the cause/effect relationship in
he plant. When information is required in frequency domain, the

atrix SDPT in Fig. 4 can be inspected. The conclusions drawn in
he previous example can also be obtained from Fig. 4. The disad-
antage of SDPT over SET is that a graph representation is more
ntuitive, and the advantage is that the effects are compared in
he frequency domain, and therefore additional conclusions can
e extracted. An additional conclusion is for example that at high
requencies it becomes hard to influence the level of the tanks. This
act is in concordance with the concept of system bandwidth.

Hence by applying SET and FDPT the structure of the plant is
escribed and direct effects compared, giving a first intuitive anal-
sis of the process.

.3. Functional methods

The previous methods are based on the direct causality of the
lant, however, they give limited information about the following
uestions:

how is the effect in one of the inputs propagated through the rest
of the process?
how is an internal or controlled variable affected by the process
inputs?

he functional methods described in [23] can be used to obtain a
umerical analysis and visual representation of these effects.

.3.1. Functional energy transfer (FET)
The name FET was introduced in [23] to designate two  differ-

nt methods for the analysis of functional relationships between
rocess inputs and outputs. Both methods are normalizations on a
atrix which collects the squared H2 norm of each of the transfer

unctions representing all the input–output functional relation-
hips. From a visualization of a system Q = (�, �), with input–output
atrix � the methods FETr and FETc can be formulated as:

ETr � ˙�([||�ij||22]); FETc � ˙�([||�ij||22])

Each of the columns of FETc is associated with a process input,
hich in the case of an open loop process, can be a manipulated

ariable or a process disturbance. Each of the columns of FETc asso-
iated with a manipulated variable represents the relative effect of
he manipulated variable onto the rest of the process, each of the
olumns associated with a process disturbance represents how the
rocess disturbance is propagated through the rest of the process.

Each of the rows of FETr is associated to an internal or output
ariable, and represents the relative effect of the process inputs
manipulated variables and process disturbances in open loop case)
nto the corresponding internal or output variable.

In both cases, the effect is quantified in terms of energy transfer
ate by using the squared H2 norm.

xample 4. The methods SET and SDPT were used in the previous
ection to describe the structure of the plant and compare the direct

ffects. Nevertheless, it can be noticed for example that Pump 1 also
ffects the level of Tank 2, or that the process disturbance d2 also
ffects to the level of Tank 2. The questions at the starting of Section
.3 then arise.
rocess Control 22 (2012) 280– 295 287

Applying FETc to the quadruple tank results in

which can be translated in the weighted graph in Fig. 5 (right). Each
of the columns describes how the energy at the process inputs is
propagated through the rest of the process. It can then be concluded
that:

- Manipulating u1 creates an impact in h1, h2 and h4. The impact
on h1 being very low compared with the two other.

- Manipulating u2 creates an impact in h1, h2 and h3. The impact
on h2 being very low compared with the two other.

- A variation in d1 creates similar impacts in h1 and h3. The impact
on h3 being slightly more significant.

- A variation in d2 creates similar impacts in h2 and h4. The impact
on h4 being slightly more significant.

Applying FETr to the quadruple tank results in

(9)

which can be translated in the weighted graph in Fig. 5 (left). Each
of the rows of FETr describes the relative effect into an internal or
output variable from the process inputs. It can then be concluded
that:

- h1 is mainly affected by the pump action u2 with a slight effect
from u1. The effect from the process disturbance d1 is very low
and can be neglected in comparison with the one from u2.

- h2 is mainly affected by the pump action u1 with a slight effect
from u2. The effect from the process disturbance d2 is very low
and can be neglected in comparison with the one from u1.

- h3 is affected by the pump action u2, and by the process distur-
bance d1. The effect of d1 is insignificant compared with the effect
from u2.

- h4 is affected by the pump action u1, and by the process distur-
bance d2. The effect of d2 is insignificant compared with the effect
from u1.

6.3.2. Functional dynamic power transfer (FDPT)
When a frequency domain description of these effects is

required, the method Functional Dynamic Power Transfer (FDPT)
can be used.

FDPTr(ω) = ˙�
([

|�ij(jω)|2
])

; FDPTc(ω) = ˙�
([

|�ij(jω)|2
])

Example 5. The result of applying FDPT to the quadruple tank is
depicted in Fig. 6.

Deeper insight is then obtained in the functional analysis of
the quadruple tank process. It can be observed in the first row of
FDPTr that, as noticed before, the main effect on h1 comes from u2,

nevertheless, this effect is dominating at low frequencies. At high
frequencies (above the cross-over frequency) there is a higher con-
tribution on h1 from u1 than from u2. In a similar way, for h2 it is
u1 dominating at low frequencies and u2 at high frequencies.
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ig. 6. FDPTr (left) and FDPTc (right) for the quadruple tank process for frequencie
etween 0 and 1 (normalized). The dashed lines in FDPTr represent the largest band
andwidth of all the channels in the same column. ProMoVis screenshots.

.4. Advantages of the new formulation

 Simpler and more general. The new formulation uses a much more
general representation of the process. The previous formulation
required a representation of the process in an obscure realization
which is sometimes hard to formulate.

 Based on signal flow graphs theory. This allowed a simpler and
more versatile implementation in the software tool ProMoVis
[15], where the process models are defined by the user through
a visual interface which allows to introduce dynamic models
(edges) connecting the process variables (nodes) like in Fig. 1.
When the structural or functional methods are applied, the result
can be translated into weighted graphs like the ones in Fig. 3 or
Fig. 5.

 Operations are defined for hiding nodes. This allows hiding the
nodes representing variables which are not of interest in the anal-
ysis.

 Process disturbances can be driven through filters. It is assumed that
the process disturbances in this representation are white noise.
Nevertheless, it is easy to describe colored noise, for example,
by creating an internal variable which is defined as the white
noise driven through a filter describing the frequency content of
the colored noise. This internal variable (node) can afterwards be
hidden, since it will not be a relevant variable in the analysis.

 Analysis at a selected range of frequencies for the actuators excita-
tion. Sometimes it is of interest to obtain graphs which describe
the relative contribution of the manipulated inputs at a cer-
tain range of frequencies, for example, at frequencies around the
crossover frequency, since it is the frequencies at which control
is active. This can easily be done (like in the case of filtering the
process disturbances) by pre-multiplying the process inputs by
a filter which passes the frequencies of interest and then apply-
ing the described methods to the resulting representation of the
process.

 Allows open loop and closed loop analysis. The high versatility of
the formulation allows easy computation of open loop analysis,
but also of closed loop analysis as it is described in Section 9.
This is a clear improvement, since the original methods were only
described for open loop analysis.

 The use of the operator z instead of s can be used to represent
discrete time systems with a given sample time. This is a clear
improvement from the initial formulation, since the methods
where originally introduced only for continuous time systems.

. Interpretation of the methods and applications in open

oop analysis

When a linear model of the process is available, the structural
nalysis of the plant described in Section 6.2 gives a qualitative
een 10−3 rad/s and 100 rad/s (logarithmic scales). The ordinates axes are ranged
 of all the channels in the same row. The dashed lines in FDPTc represent the largest

and quantitative description of the cause/effect relationships of the
process around the working point.

If the propagation of the effects from the manipulated variables
and process disturbances is to be analyzed, the methods in Section
6.3 are applied. The columns of FDPTc and FETc show the distribu-
tion of the effects of a manipulated input or process disturbance
in the process. The rows of FDPTr and FETr compare the effects on
a certain internal or output variable from the manipulated inputs
and process disturbances.

7.1. Applications in control structure selection

The method FETr combined with its counterpart in the frequency
domain FDPTr, have been previously used to successfully design
control structures by considering only the input–output connec-
tions which were found to be significant [23,15].

Using FETr, a controlled variable should be associated with
the minimum number of actuators that result in a large enough
value of the sum of their contributions (edge widths). In gen-
eral, there is no theory stating which is the minimum sum
of contributions which will define a control structure able to
derive in an acceptable performance. However, based on the
experience from [15] and with similar interaction measures
[7], we will consider that a value larger than 0.7 should be
achieved to be on the safe side. Besides, it is of interest that
the structural matrix obtained by considering only the channels
between the manipulated inputs and the controlled variables found
to be significant, represents a structurally controllable system
[27].

Process disturbances can be neglected as long as their contri-
bution is minor in relation to the contribution of the manipulated
variables, which is a well-known fact. Thus, control structure selec-
tion should combine interconnections to achieve this requirement.
If process disturbances are measurable then a large contribution
could be circumvented by the incorporation of a feed-forward
action. Clearly, the achievable performance is limited when large
contributions are neglected. In this framework, the presence
of process disturbances can be considered as additional input
variables which are contributing to the dynamics of each of the
process output variables. When using a row of FETr to select which
input variables will be associated to a controlled variable, only
the columns corresponding to the manipulated variables can be
selected. The columns related to process disturbances will be con-
sidered as a contribution on the dynamics of the controlled variable

which is not possible to use in the control structure. Therefore,
the rules for the selection of the control structure remain valid,
however, it might be possible that more actuator-sensor channels
have to be considered in a perturbed process in order to be able to
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enerate a combined contribution which is sufficient for satisfac-
ory rejecting the process disturbances whilst presenting low loop
nteraction.

This approach can be combined with the method FDPTr to
nalyze the effect on the controlled variables in the frequency
omain. The decision on the control structure selection can
hen be validated at the frequency rage in which control is
ctive.

xample 6. A decentralized control structure will be designed for
he quadruple tank process. The objective is therefore to pair each
f the controlled variables (h1 and h2) with an actuator (u1 and u2).
t is clear from the graph obtained with FETr in Fig. 5 (left), that
he preferred decentralized pairing is u1 − h2, u2 − h1. This struc-
ure is likely to derive in a good rejection of process disturbances,
ince it has previously been revealed, that the effect of the process
isturbances in the controlled variables is insignificant compared
ith that of the process inputs. A numerical quantification of these

ffects can be observed in Eq. (9),  where it is confirmed that the
hannels u1 − h2 and u2 − h1 are weighted with values larger than
.7. Inspecting FDPTr in Fig. 6 (left) it can be observed for the decen-
ralized pairing selected that, at low frequencies, there will be a low
mount of interaction between the control loops. This interaction
ffect starts to increase at frequencies around the crossover fre-
uency, where a large control effort is expected. The fact that the
ominating decentralized pairing switches at high frequencies is
ot relevant, since these frequencies are larger than the crossover

requency.

The Relative Gain Array (RGA), which is probably the most
idely used IM will now be used as a comparison with the
ethodology here proposed. The RGA was introduced in [2],  and

or a multivariable process with matrix transfer function G, it is
efined as RGA(G) = G(0) ⊗ G(0)−T, where ⊗ represents element by
lement multiplication, and G(0)−T is the transpose of the inverse
f the DC-gain matrix G(0). The RGA can only be used for the
esign of decentralized control structures, being the preferred
arings those with RGA values close to 1. Negative values of the
GA should not be selected for pairing due to potential instability

ssues. The RGA for the subsystem formed by the inputs u1, u2 and
he outputs y1, y2 in is:

u1 u2
−0.22 5 1.225 y1

RGA = 1.225 −0.225 y2 (10)

This suggests the same decentralized pairing than the one
elected using FETr. By evaluating the value of the RGA in the fre-
uency domain, the decisions on the decentralized controller can
e evaluated at any desired range of frequencies. This generaliza-
ion of the RGA in frequency domain is known as Dynamic RGA
DRGA) [28], and was used in [20] to determine a decentralized
ontrol structure for the quadruple tank system. The magnitude of
he DRGA for the quadruple tank system is depicted in Fig. 7. In this
xample, similar conclusions can be obtained from the FDPTr and
he DRGA: at low frequencies there exists a moderated amount
f interaction between the control loops since the diagonal ele-
ents of the DRGA are at the order of 0.225, the interaction starts

o increase around the crossover frequency, and at high frequencies
he preferred decentralized pairing switches.

The differences of FETr and FDPTr with the DRGA are:
The RGA can only be used for designing decentralized control
structures. FETr and FDPTr can be used to design sparse control
structures.
Fig. 7. DRGA for the quadruple tank process.

- The DRGA can only be evaluated as a function of the frequency.
FETr compresses the information in the frequency domain into a
real number by the use of the H2 norm.

- The RGA in combination with the Niederlinski Index [29] can be
used to assess the feasibility of designing a stable decentralized
controller with a certain structure. FETr and FDPTr only give infor-
mation about the energy transfer in the process interconnections,
no conclusions about the stability of the closed loop system can
be derived.

- The RGA is not able to analyze the effect of the process distur-
bances. FETr and FDPTr can quantify the importance of the impact
of the process disturbances and have the potential to be able to
identify cases in which additional interconnections in the con-
troller structure will significantly increase the performance on
disturbance rejection.

Example 7. Assume that, in the previous example, the allowed
variation of the process disturbance d1 is multiplied by a factor of
6. The row in FETr associated to h1 is now:

u1 u2 d1 d2
[FETr]h1 = 0.1742 0.6036 0.22 22 0 h1 (11)

The decentralized control structure selected in the previous exam-
ple would only reflect around 60% of the dynamic contribution to
the controlled variable h1. It is now unlikely to achieve a good
performance with the selected structure while keeping the con-
trol action u2 within an expected variation of ±10%. It is therefore
advised to consider the input–output channel u1 − h1 in the control
structure to obtain a dynamic contribution of around 78% on the
controlled variable h1. A second option is to increase the expected
variation on the control action u2 to ±15%, this will be reflected in
using a variance for u2 of 152 in Eq. (5a), and the resulting value of
the row in FETr associated to h1 is now:

u1 u2 d1 d2
[FETr]h1 = 0.0993 0.7741 0.126 6 0 h1 (12)

And therefore if the allowed expected variation of u2 is increased to
±15% the original decentralized control structure considers around
77% of the dynamic contribution on h1 and the achievable perfor-
mance is very likely to be satisfactory.

8. Scaling sensitivity

An approach for obtaining a scaling independent representation

of a system has been introduced in Section 3. This approach has
been applied to create a scaling independent representation of the
quadruple tank system in Section 4. The introduced methods for
the structural and functional analysis of complex processes have
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uccessfully been applied to the scaling invariant representation of
he quadruple tank system in Section 6.

However, it is of interest to study the scaling sensitivity of the
roposed methods in order to consider the cases in which other
raditional scaling techniques are used.

emma  2. Let Dx and Du be the diagonal scaling matrices of a linear
ime-invariant MIMO  system �m×n. Let T be an operator on a SISO sys-
em subsystem �ij such that T(K · �ij) = K · T(�ij), with K ∈ R. Denoting
T(�ij)2] the matrix resulting of squaring T(�ij) for each of the SISO

ubsystems of �,  then ˙�
(

[T(�ij)
2]

)
is invariant to output scaling of

,  and the operation ˙�
(

[T(�ij)
2]

)
is invariant to input scaling of �.

roof. Both statements are proved with the following identities:

�([T([D−1
x �Du]ij)

2]) = T([D−1
x �Du]ij)

2∑n
l=1T([D−1

x �Du]il)
2

=
[Dx]−2

ii T(�ij)
2[D∑n

l=1[Dx]−2
ii T(�il)

�
([

T([D−1
x �Du]ij)

2]) = T([D−1
x �Du]ij)

2∑m
k=1T([D−1

x �Du]kj)
2

=
[Dx]−2

ii T(�ij)∑m
k=1[Dx]−2

kk T(�

orollary 1. Note that both operators on linear systems || · ||2 and |
| have the same property described for T( · ). Therefore, from Eq. (13)
nd Eq. (14) it can be concluded that:

 FETr and FDPTr are insensitive to output scaling (scaling of vector x).
FETc and FDPTc are insensitive to input scaling (scaling of vector u).
xample 8. The stock preparation plant is a subprocess present
n a paper mill mainly for the refining treatment of chemical and
emichemical pulps. The case study included here is an extension
bbola AB, Sweden. ProMoVis screenshot, Source: [15].

]2
ll

=
T(�ij)

2[Du]2
jj∑n

l=1T(�kj)
2[Du]2

ll

= ˙�([T([�Du]ij)
2]) (13)

]2
jj

[Du]2
jj

= [Dx]−2
ii T(�ij)

2∑m
k=1[Dx]−2

kk T(�kj)
2

= ˙�
([

T([D−1
x �]ij)

2]) (14)

of the analysis of the refining section of the stock preparation plant
in SCA Obbola AB, Sweden previously published in [15].

In conventional refining, the pulp is pumped through the gap
between two  grooved discs. A moving disc can be rotated and dis-
placed in the axial direction, and the friction of the fibers with
the discs and with each other creates the refining effects. Refin-
ing creates major changes in pulp properties. External fibrillation
is the most desired of the effects, improving the fibre bonds at
the forming section. Refining also creates undesirable effects on
the pulp, i.e. internal fibrillation, which has a large impact in the
dewatering capacity of the paper web, the shortening of the fibre
flocs, which may  have a negative impact in the paper forming, and

the formation of a large amount of fines, which has to be avoided
since the fines have to be retained by the paper web  at the wire
section.

For the refining section of the stock preparation plant in SCA
Obbola AB, Sweden, the process and the existing controller are

depicted in Fig. 8. First the pulp is pumped from a storage tank
and the flow bifurcates towards two  parallel refiners. Note that a
fraction of the pulp is recirculated again for an additional refining.
This recirculation increases the complexity of the process, requiring
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Table 3
Considered sensors and actuators in the refining section.

Tag Name Description Units

Actuators
PA Pump Actuator Pumps the flow through the refiners %
VA1 Valve Actuator 1 Valve after refiner 1 %
VA2  Valve Actuator 2 Valve after refiner 2 %
VA3 Valve Actuator 3 Valve at the recirculation from refiner 2 %
VA4  Valve Actuator 4 Valve at the recirculation from refiner 1 %

Sensors
PI  Pressure Indicator Pressure before the flow bifurcation kPa
FI1 Flow Indicator 1 Pulp flow though refiner 1 l/s
FI2  Flow Indicator 2 Pulp flow through refiner 2 l/s
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FI3 Flow Indicator 3 Pulp flow recirculated from refiner 2 l/s
FI4  Flow Indicator 4 Pulp flow recirculated from refiner 1 l/s

 deep analysis of the process interconnections in order to under-
tand the process and to design a control structure.

The set of considered sensors and actuators is summarized in
able 3.

The refiners have internal controllers to track a setpoint for the
nergy delivered to the pulp. Safety, quality, and production depend
n well maintained setpoints for the considered flows and the pres-
ure at the entrance of the refiners. In the current control of the
rocess, four independent scalar PID controllers are used to main-
ain the flows at the desired setpoints. The centrifugal pump is then
sed as actuator in another control loop to keep the pressure before
he refiners constant.

In order to collect significant process data for the modeling
ask, the process was excited during normal operation by per-
urbing the actuators with additive white nose. In a first modeling
tep, a model structure was created by identifying which actuators
enerate an observable impact on which measured variables. The
ctuator-sensor relationships corresponding to this model struc-
ure were modeled as dynamic models using system identification
echniques. Each of the obtained actuator-sensor models is repre-
ented by an arrow in Fig. 8.

The resulting graph from applying FETr to the obtained models
s depicted in Fig. 9. An optional threshold of 0.1 on the signifi-
ance of the edges determines their visibility; whilst simplifying
he graphical representation and analysis.

From inspection of Fig. 9, it is clear that pairing each of the
easured variables with the actuator connected with the most

ignificant edge derives in the best decentralized control struc-
ure. This structure is the one already in use in the process, and
t is expected to achieve a satisfactory performance. It is also clear
t first sight that both recirculation branches can be assumed to

ehave as independent scalar subprocesses, and simple PID con-
rollers can be independently designed for them in the presence
f low loop interaction. Nevertheless, it is suspected that there is

ig. 9. Connectivity matrix and related graph obtained by applying FETr to the stock
reparation plant. ProMoVis screenshot, Source: [15].
rocess Control 22 (2012) 280– 295 291

a potential of improving the control performance by considering
the dynamic connection from VA2 to PI in the control system, since
this will increase the sum of contributions on PI from about 0.72 to
0.97.

To obtain a deeper insight on the effects on PI, FDPTr is applied,
and the result is depicted in Fig. 10.  It can be observed that
the contribution from VA2 has an important impact at frequen-
cies around the maximum crossover frequency of the considered
channels, causing interaction between the control loops which
may  be translated into oscillations. This conclusion is supported
by the fact that the centrifugal pump has rotor dynamics which
are slower than the dynamics of the valve, and by the obser-
vations of the plant operators and engineers, which confirm the
existence of the mentioned oscillations. A potential of improv-
ing the existing control structure has therefore been identified.
The suggestion is to consider the actuator-sensor connection
from VA2 to PI in the control structure, e.g. with a feed-forward
action.

The indicators obtained by applying some of the traditional IMs
to the stock preparation plant are:

PA VA 1 VA2 VA3 VA5

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

1 0 0 0 0 PI
0 1.0515 −0.0515 0 0 FI1

RGA = 0 −0.0515 1.0515 0 0 FI2
0 0 0 1.0170 −0.0170 FI3
0 0 0 −0.0170 1.0170 FI4

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

0.7244 0.011 0 0.0288 0 0 PI
0 0.0876 0.0061 0 0 FI1

PM = 0 0.0046 0.1337 0 0 FI2
0 0 0 0.0023 1.45 e − 005 FI3
0 0 0 6.7003e − 00 5 0.0015 FI4

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

0.4076 0.0525 0.0851 0 0 PI
0 0.1485 0.0392 0 0 FI1

Σ2 = 0 0.0341 0.1835 0 0 FI2
0 0 0 0.0240 0.0019 FI3
0 0 0 0.0041 0.0195 FI4 (15)

It can be observed in Eq. (15) that the RGA suggests the same
decentralized pairing as the one selected with FETr, however this
example illustrates the potential of FETr and FDPTr for suggesting
sparse control structures in interacting systems.

This example also shows the advantage of the FETr over two
gramian based IMs: the PM and the ˙2. The advantage resides in
its insensitivity to output scaling. The inputs to the process are all
scaled in % of actuator effect, which is the usual scaling present in
the logged signals of industrial process, and which will be consid-
ered to be an adequate scaling. The process outputs are not properly
scaled, since besides of being pressure and flow measurements
combined, the flows at the recirculation (FI3 and FI4) are only a frac-
tion of the primary flows (FI1 and FI2), and therefore they should
be represented at different scales. While FETr was able to suggest a
sparse control structure, the PM and ˙2 could show inappropriate
indications due to its sensitivity to output scaling. From Eq. (15) it
can be observed that both the PM and the ˙2 give a large weight
to the channels associated to the variable PI, whilst the channels
associated with the recirculation flows FI3 and FI4  receive a rather
low weight. This problem is not present in FETr and FDPTr, since
only the input–output channels associated with the same output
variable are compared, being the sum of all the contributions on an
output variable equal to 1. Despite the inappropriate output scaling,

both the PM and the ˙2 are able to suggest the same decentralized
paring than the one previously chosen, being the sum of all the con-
tributions for the decentralized pairing equal to 0.95 for the PM and
to 0.64 for the ˙2.
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ig. 10. The tool FDPTr describes the contributions on PI from the actuators in the 

hannels is marked by a dashed line. ProMoVis screenshot, Source: [15].

. Closed loop analysis

After control structure design and controller synthesis, the
esulting interaction between the control loops can be analyzed
y using the functional methods described in this paper. An usual
equirement for a multivariable control system is the decoupling
f the control loops, which means that when a reference is modi-
ed, the effect should be mainly on the measured variable which
orresponds to that reference, whilst the effect on the rest of the
easured variables corresponding to other control loops should be

ept low.
As it will be shown in this section, the introduced functional

ethods can also help to comprehend the effect of changing the
eferences onto the control actions.

Assume an open loop process represented by a visualization of
he form:

 = �x + (�u | �w)

(
u
w

)
here the vector x collects measured variables, estimated variables,

nd internal variables, vector u collects the manipulated variables,
nd w collects the process disturbances.

Assume that the loop is closed with control action

 = Cr · r − Cx · x + CFF · w

his control action allows a 2-DOF structure with Feed Forward
ction for the process disturbances.

The closed loop system can then be expressed by a visualization
f the form:

x
u

)
=

(
� �u

−Cx 0

)  (
x
u

)
+

(
0 �w

Cr CFF

)  (
r
w

)

xample 9. Consider an open loop system represented by the
ollowing MIMO transfer function:

 =

⎛
⎝ 1

10s  + 1
0.6

10s  + 1−0.6
s + 1

1
10s  + 1

⎞
⎠

hich can be represented by the open loop visualization:

 = 0 · y + G · u
The system is controlled with a 1-DOF decentralized controller
ith PI controllers on the diagonal. Both PI controllers have kc = 4

nd Ti = 2.
ncy domain. The largest crossover frequency of all the considered actuator-sensor

The closed loop system can now be represented by the visual-
ization, QCL = (�CL, �CL):(

y
u

)
︸ ︷︷  ︸

z

=
(

0 G
−C 0

)
︸ ︷︷  ︸

�CL

·
(

y
u

)
︸ ︷︷  ︸

z

+
(

0
C

)
︸ ︷︷  ︸

�CL

· r; �CL = (I − �CL)−1�CL

where:

C =

⎛
⎝ kc(1 + Ti · s)

Ti · s
0

0
kc(1 + Ti · s)

Ti · s

⎞
⎠

Using the matrix Ey for performing a hiding operation on QCL
hides the manipulated variables u, and using the matrix Eu hides
the controlled variables y.

Ey =
(

1 0 0 0
0 1 0 0

)
, Eu =

(
0 0 1 0
0 0 0 1

)
To analyze the effect of the references on the controlled variables
(y), the functional methods described in 6.3 are applied to the closed
loop visualization QCL after hiding the nodes which correspond to
the manipulated variables (u).

FET r(Ey · ΩCL ) =
r1 r2

0.9240 0.0760⎞ y1⎛
⎝

⎛
⎝

0.8228 0.1772⎠

⎞
⎠

y2 ,

FET c(Ey · ΩCL ) =
r1 r2

0.1772 0.0760 y1
0.8228 0.9240 y2 (16)

By observing the first column of FETc(Ey · �CL) in Eq. (16), it can
be concluded that a change in r1 creates a perturbation on y2 which
is more significant than the influence on y1. FDPTc(Ey · �CL) in Fig. 11
(right) describes these effects in the frequency domain. By inspect-
ing the first column of FDPTc(Ey · �CL) it can be concluded that the
perturbation from the first control loop into y2 only exists at high
frequencies. Since the interaction does not exist at DC and low fre-
quencies, then a step in any of the references will be tracked at
steady state, as it is expected since the decentralized controllers
have integral action. Nevertheless, the existing interaction at high
frequencies means that a step in the reference r1 will largely disturb
y2 during the transient.

By inspecting the second column of FETc(Ey · �CL) in Eq. (16),

it can be concluded that there is also an impact in y1 when the
reference of the second control loop is manipulated. Nevertheless,
this impact is very low (0.076) compared with the effect on y2
(0.924), and it is also existing only at high frequencies as it can
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Fig. 11. FDPTr(Ey · �CL) (left) and FDPTc(Ey · �CL) (right) for frequencies between 10−3 rad/s and 102 rad/s (logarithmic scales). The ordinates axes are ranged between 0 and
1  (normalized). ProMoVis screenshot.
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Fig. 12. Responses to setpoint chang

e appreciated in the second column of FDPTc(Ey · �CL) in Fig. 11
right).

The same conclusions were obtained in [30] using loop decom-
osition, and they were validated by examining the responses to

ndependent setpoint changes in both control loops. These step
esponses are depicted in Fig. 12.

Furthermore, we will continue the analysis by inspecting
ETr(Ey · �CL) in Eq. (16). Each of the rows of FETr expresses the
elative contribution on an output variable obtained by changing
he references. It can be concluded that for equivalent changes in
oth references, y1 is mainly affected by the change in r1, being the

nteraction from manipulating on r2 very low. Nevertheless, the
econd row of FETr suggests that when both references are subject
f equivalent changes, y2 receives higher impact from r1 than from
2. These contributions can be analyzed in frequency domain by
nspecting FDPTr(Ey · �CL), which is depicted in Fig. 11 (left). There
t can be observed that even if y2 is highly affected by r1, this contri-
ution is dominating at high frequencies, whilst at low frequencies
nd DC it is clear that y2 is mainly affected by r2.

Therefore, this analysis suggests that, for a simultaneous step
hange in r1 and r2, the response of y1 will not be much different
rom that one of only making a step change in r1, whilst the response
f y2 will be highly perturbed compared with the response from
nly making a step change in r2.

These conclusions were validated with the simulations depicted
n Fig. 13.

At this point, the effect of setpoint changes on the control actions

ill be analyzed. Since the resulting closed loop transfer functions

rom the references to the control actions have the same number
f poles and zeros, the H2 norm of these interconnections is not
efined. Nevertheless, a filter can be used in order to restrict the
Fig. 13. Analysis of the loop interaction of the closed loop in Example 8 by comparing
the response obtained when one reference is changed with that of changing both
references simultaneously. ProMoVis screenshot.

analysis to a range of frequencies which are of interest. For this
purpose, a second order Butterworth filter with passband between
10−1.9 rad/s and 100.7 rad/s is used. This frequency range has been
selected to include the crossover frequency of the open loop and
closed loop processes, since that is the range of frequencies at
which the majority of the control action is expected. Denoting the
obtained filter as F, FETc can be computed as:
FETc(F · Eu · ΩCL) =
r1 r2

⎛ ⎞
⎝ ⎠
0.3895 0.0323 u1
0.6105 0.9677 u2
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ig. 14. FDPTc(Eu · �CL) for the closed loop system in Example 8 for frequencies
etween 10−3 rad/s and 102 rad/s (logarithmic scales). The ordinates axes are ranged
etween 0 and 1 (normalized). ProMoVis screenshot.

his indicator suggests that a change either in r1 or r2 will produce
 larger control effort in u2 than in u1. This effect can be analyzed
n frequency domain by inspecting FDPTc in Fig. 14.  By inspect-
ng the first column in the figure we can conclude that a setpoint
hange in r1 will require a larger dc variation in the control action
f u1 than the variation in u2, however, there is a peak dominating
he effect on u2 around the crossover frequency, which means that
arger variations on the control action of u2 are expected during the
ransient. It also means that, during steady operation of the plant
round a working point, possible perturbations in y1 will require a
arger control action from u2.

xample 10. The second loop is now tuned in order to reduce
he perturbation caused by the first loop due to loop interaction.
he new controller parameters of the second loop are kc2 = 12 and
i2 = 2.

Comparing the new value of FETc in Eq. (17a) with the previous
ne from Eq. (16), it can be concluded that the loop interaction
s reduced but still large. Using a bandpass filter which selects
he frequencies between the open loop and closed loop crossover

requencies results in Eq. (17b). FDPTc is depicted in Fig. 15.
he bandpass filter is represented in Eq. (17a) by F2 and it is a

 × 2 transfer function with Butterworth filters of order 2 with
 bandpass of [0.0998 rad/s, 2.0052 rad/s] for the channels in the

FDPT c(Ey ΩCL)
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ig. 15. FDPTc(Ey · �CL) for the closed loop system in Example 9 for frequencies
etween 10−3 rad/s and 102 rad/s (logarithmic scales). The ordinates axes are ranged
etween 0 and 1 (normalized). The dashed lines delimite designed ranges of frequen-
ies for each column which are including the crossover frequencies of the open loop
nd  the closed loop systems. These range of frequencies corresponds with the used
or  designing the filter F2 in Eq. (17b). ProMoVis screenshot.
rocess Control 22 (2012) 280– 295

first column and a bandpass of [0.0998 rad/s, 2.5909 rad/s] for the
channels in the second column, and ⊗ represents element by ele-
ment multiplication. It can therefore be concluded that like in the
previous controller, the loop interaction will be significant during
the transient response in case of a setpoint change, or during steady
state in case of the presence of significant process disturbances.

FETc(Ey · ΩCL) =
r1 r2

⎛ ⎞
⎝ ⎠
0.310 3 0.1304 y1
0.689 7 0.8696 y2 (17a)

FETc F2 ⊗(Ey · ΩCL)) =

r1 r2
⎛ ⎞
⎝ ⎠
0.4714 0.1062 y1
0.5286 0.8938 y2 (17b)

10. Conclusions

The methods presented in [23] to describe the flow of energy in
time-invariant processes linearized around a working point have
been reformulated in a more general and flexible notation. The new
notation is based in signal flow graphs and provides with the addi-
tional advantages which include: same formulation for continuous
time and discrete systems, possibility of hiding process variables
which are not of interest for the analysis, possibility of applying
filters in order to restrict the analysis into a desired range of fre-
quencies, and possibility of performing closed loop analysis,. This
notation also allowed a more efficient implementation of the meth-
ods in the software tool ProMoVis: a tool for Process Modeling and
Visualization [15].

An important fact is that the scaling of the signals affects the
interpretation of the results [23]. This issue has been solved in
this paper by proposing an alternative computation of the methods
based on a scaling invariant representation of the linear system.

The validity and usefulness of these methods is reinforced with
new examples which successfully determine feasible control struc-
tures, and evaluate closed loop behavior.

Applications of the methods in control structure selection have
been demonstrated by designing a decentralized control structure
for a 2 × 2 system, and a sparse control structure for a 5 × 5 sys-
tem. In both cases, the method FETr with its associated graph,
and its counterpart in the frequency domain FDPTr provided useful
information for the selection of the control structure. From these
analyzed examples and previous experience with similar interac-
tion measures, rules for control structure design using FETr and
FDPTr have been derived.

Using examples, the suggested methods for control structure
selection have been compared with other traditional methods
including the RGA, and two gramian based IMs: the PM and the ˙2.
A clear advantage of FETr and SDPTr over the gramian based inter-
action measures is the insensitivity to output scaling. This is a clear
benefit due to the different nature of the process variables which is
usually present in industrial processes. This difference involves that
the system needs to be properly scaled for the traditional gramian
based interaction measures in order to provide trustworthy results.
The variables related to the actuators are usually expressed in % of
actuator action, and can in most cases be considered an appropriate
scaling.

An additional advantage over the existing interaction measures
is that the suggested methods have the potential of being able to
analyze if the selected control structure is likely to yield a good
rejection of process disturbances. This is done independently for
each controlled variable by selecting a set of actuators whose joint

contribution on the controlled variable is much larger than the
contribution of the process disturbances. However, this proposi-
tion still has to be validated with simulations in future research
work.
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Once that the controller is designed, the proposed methods can
e used to test the performance of the closed loop system. The pre-
ented tools can evaluate the effect of changing the references in the
ontrolled variables. A usual requirement for multivariable control
ystems is the decoupling of the control loops, meaning that for a
ell designed and well tuned controller, the loop interaction should

emain low. This implies that a change in a reference should mainly
nfluence in the response of the controlled variable associated with
hat reference, being the effect on the other controlled variables
ow. The tools were also able to identify which of the actuators will
equire a larger control action to track a change in the reference.

The examples analyzed in this paper are 2 × 2 and 5 × 5 systems.
he application of these methods to large scale systems still needs
o be explored. There are several problems which might arise while
ncreasing the number of process variables. A first limitation is a
esource limitation, since the methods are model based, and creat-
ng models for a process is a time consuming task which increases
n complexity when the number of process variables increases. A
econd limitation is in the visualization of the results, since cre-
ting understandable graphs becomes more complicated with the
ncrease in the number of nodes and edges representing the pro-
ess variables and interconnections. A third limitation is an analysis
imitation coming from the fact that many large scale processes
sually include transport delays. The insensitivity to time delays of
he methods here discussed means that it is not possible with these

ethods to analyze the influence of time delays on the decision of
he control structure to be used. These limitations are subject of
uture research.
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ppendix A. Sensitivity of the Hankel norm to time delays

Assume that a stable SISO system G(s) is excited with an input
(t) up to t = 0, and the output u(t) is measured for t > 0. The Hankel
orm is then obtained by finding the input u(t) which maximizes:

|G(s)||H � max
u(t)

√∫ ∞
0

||y(�)||22d�√∫ 0
−∞ ||u(�)||22d�

heorem 1. The Hankel norm of the time delayed system

d(s) = G(s) · e−td is higher or equal than that of G(s).

roof. For the same input sequence u(t), G(s) will present an out-
ut y(t) and Gd(s) will present as output y(t − td). And therefore:

|Gd(s)||H � max
u(t)

√∫ ∞
0

||y(� − td)||22d�√∫ 0
−∞ ||u(�)||22d�

= max
u(t)

√∫ 0
−td

||y(�)||22d� +
∫ ∞

0
||y(�)||22d�√∫ 0

−∞ ||u(�)||22d�√∫ ∞ 2
≤ max
u(t)

0
||y(�)||2d�√∫ 0

−∞ ||u(�)||22d�

�
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