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In this work, a conventional plant wide control of a hydrogen production process from

bioethanol is analyzed. The objective is to determine if the carbon monoxide (CO), in the

produced hydrogen, exceeds the Proton Exchange Membrane Fuel Cell quality requirement

of 10 ppm. Commercial sensors that meet those process conditions at high temperature are

not easily available. Then, the development of two soft sensors, based on neural network,

for online estimation of CO concentration in the H2 stream is presented. Higher CO con-

centration than allowed is detected in the fuel cell feeding. Strong interaction effects

among the control loops around the last reactor, are found. Based on this, two model

predictive control technologies are tested and compared in this interacted zone, in order to

improve the disturbance rejection and satisfy the H2 expected quality. An exigent distur-

bance profile was used for simulating dynamically the complete process behavior.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

The increasing reduction of fossil fuel reserves and the envi-

ronmental degradation derived from their combustion have

becomemajor concerns of the current global energeticmatrix.

The progressive transition to all-electric vehicles powered by

some combination of fuel cells and batteries is essential to

begin solving the problems derived from the fossil fuel

dependence [1]. Proton Exchange Membrane Fuel Cell (PEM-

FC), fed by hydrogen, is considered the best option for mobile

applications due to its compactness, modularity, low tem-

perature working point, higher conversion efficiencies and
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low emissions of pollutants and noise [2]. Hydrogen is not an

expensive substance, but it is extremely dangerous to trans-

port and store. Therefore an onboard processing system to

produce this gas from liquid renewablematerials, such as bio-

ethanol, is a great replacement, given that it is much safer to

manipulate, and the current refueling infrastructure is able to

handle it [3]. The most typical raw materials used to produce

bioethanol can be either primary crops (usually corn or soy) or

residuals materials (lignocellulosic or sugar industry). The

ethanol produced from agricultural products has a better en-

ergy balance, nevertheless this option competes with feed-

oriented crops and encourages chemical intensive mono-

culture, with dangerous consequences for people [4,5]. There
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Fig. 1 e Load stack current profile (from UDDS).

Table 1 e Variables in soft sensor 1.

Variable Description

y7 (Input) LTS exit temperature

u9 (Input) LTS exit flowcy9 ðPredictedÞ CO-PrOx CO inlet concentration
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aremanyways to obtain hydrogen fromhydrocarbons, among

them the steam reforming is considered because high con-

centrations of hydrogen can be obtained [6]. The Bio-ethanol

processor system (BPS) consists of an ethanol steam

reformer (ESR), followed by a purification unit in order to

reduce the CO concentration of the output stream below

10 ppm before feeding the PEM-FC. This is a critical issue to

maintain high levels of efficiency on the system. The pseudo

dynamic rigorous model of the BPS to produce hydrogen for

the PEM-FC presented by Nieto Degliuomini et al. [7] is used in

this work. It wasmodeled by using mass and energy balances,

chemical equilibrium, thermodynamic models and feasible

heat transfer conditions.

It has been shown that even relatively low levels of CO

concentration in the H2 rich stream can lead to significant

performance degradation and eventually spontaneous oscil-

lations in cell potential due to anode catalyst poisoning [8].

Therefore, an on-line measurement is essential for feedback

control and safety purposes. There existmany commercial CO

sensors, however, none of them is able to meet the
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Fig. 2 e Load Stack current profile e Disturbance.
requirements of a PEM-FC based systems. Serious failings like

cross-sensitivities, instability in high concentrations of

hydrogen, high cost, limited temperature ranges or slow time

responses make them unfeasible [9,10]. Research advances

aimed at finding a solution to these problems are showed in

Ref. [11].

Soft sensors (SS) provide an accurate alternative to hard-

ware measurement equipments for on-line prediction of

process variables which can be only determined with low

sampling rates or through off-line analysis. Artificial neural

networks (ANNs) have been shown to be an adequate

modeling choice in order to deal with nonlinear systems and

real-time operation [12]. Therefore they become an ideal

choice for the predictingmodel of a CO soft sensor. This paper

proposes the development of two ANN based soft sensors for

the estimation of CO concentration in a H2 rich stream. The

first one is used in the estimation of oxygen to carbon mon-

oxide ratio (O2/CO) at the inlet of the oxidation unit since it is

critical tomaintain a good performance. The other is intended

to monitor CO traces in the feeding of the PEM-FC. There are

many studies in prediction, monitoring and control of process

variables using ANN based soft sensors [13,14]. However, the

use of them in monitoring CO concentration in PEM-FC based

systems is non-existent. Soft sensors implementation allows

the monitoring of important quality and security variables.

However a proper definition of the control structure is

essential to keep the overall system at the wanted operating

point of high efficiency even in the presence of disturbances

and satisfy the PEM quality hydrogen production (CO con-

centration <10 ppm).

This paper is based in the work presented by Nieto

Degliuomini et al. [15]. They proposed a decentralized PI

control structure with six loops through the implementation

of a generalized methodology for plant-wide control [16e19].

All the control loops present a suitable dynamic behavior.

Nevertheless, the transient response of the CO concentration

at the feeding of the PEM-FC is not considered. The goal of this

work is to propose two model predictive control (MPC) stra-

tegies replacing only the critical loops in order to improve the

dynamic performances and satisfy the quality restriction in

the H2 stream. Based on the study of the relative gain array

(RGA), the most interactive loops in the plant are identified

and become candidates for substitution with an advanced

SISO (Single InputeSingle Output) or MIMO (Multiple
Table 2 e Variables in soft sensors 2.

Variable Descriptioncy9 ðInputÞ CO-PrOx inlet CO concentration

u9 (Input) LTS exit flow

y8 (Input) CO-PrOx exit temperature

y9 (Input) Molar ratio O2/CO

y11 (Predicted) CO-PrOx CO outlet concentration
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Fig. 3 e SS1 Training data e Input profiles.
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InputeMultiple Output) control strategy. The linear model

predictive control (LMPC) and predictive functional control

(PFC) are the proposed advanced control algorithms to be

tested.

The PFC technique was developed by Richalet [20] and has

not been applied in many works in the available literature.

Some applications can be found for the chemical industry [21],

insulin dosage for a diabetes patient [22], heat exchangers [23]

and parallel robot control [24].On the other hand, numerous

studies have applied different LMPC approaches in fuel cell

systems obtaining significant improvements in transient

response and disturbance rejection [25e28]. Many researchers

presented the controllability analysis with steady state in-

formation and the design of control structures for the BPS

[29,30]. Garcı́a et al. presented in Ref. [31] an ethanol steam

reformer dynamic model based on energy and mass balances

but without the purification unit, and designed a decentral-

ized 2� 2 structure. They conclude thatmore complex control

structures would be required to exploit the coupled multi-

variable character of the system. Recio Garrido et al. proposed

in Ref. [32] three optimization-based control configurations, a
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Fig. 4 e SS1 Training data e Output profile: CO-PrOx CO

inlet concentration ðcy9Þ.
LMPC, a linear quadratic regulator with output error integral

action and a cascade control combining the two previous

configurations. These structures are applied in an isothermal

model of a complete ethanol steam reformer and compared

with a decentralized PI. However, none of the referred works

designs the control structure and analyzes the dynamic

behavior for the highly integrated process BPS þ PEM-FC.

The paper is structured as follows: the next section pre-

sents a brief description of the bioethanol processor system.

Section 3 presents the design and implementation of the

proposed soft sensors. Section 4 presents an introduction to

the model predictive control approaches, including the con-

trol objectives and tuning process. Section 5 presents the

simulation results, including an analysis and comparison of

the dynamic behavior and the operation costs of the proposed

control structures. Finally, in Section 6 the conclusions are

exposed.
2. System description

A simplify scheme of the BPS with PEM-FC is displayed in

Fig. 17(a). The main reactor, where most of the conversion of

ethanol to H2 is made, is the ESR. The CO concentration in the

output stream is above PEM-FC accepted levels, so a cleaning
Table 3 e Soft Sensor 1 design parameters.

Parameter Value

Hidden layers transfer function ‘tansig’

Output layer transfer function ‘purelin’

Training algorithm LeverbergeMarquardt

(‘trainlm’)

Performance function ‘msereg’

Performance ratio (l) 0.7

Maximum number of epochs to train 1000

Performance goal 0.00001

Learning rate 0.001

Learning rate increase 10

Learning rate decrease 0.1

Maximum learning rate 1e þ 010
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system must be included. Three reactors configure this stage;

two Water Gas Shift, one of high temperature (HTS) and the

other of low temperature (LTS), that favors the equilibrium of

the reaction to higher conversion rates of CO; and a prefer-

ential oxidation of carbonmonoxide (CO-PrOx) reactor, where

oxidation of CO into CO2 is made. Furthermore, the undesired

oxidation of H2 occurs, so the selection of a highly selective

catalyst, the reactor design and the definition of the operation

point are essential aspects. This operating point, which is

critical in obtaining a good CO conversion, is defined by the

catalyst temperature and the molar ratio O2/CO. The pseudo

dynamic model of this highly integrated system is presented

in detail in Ref. [7]. The integration of the BPS and PEM-FCwith

an entire vehicle and the energy management strategy is

made in Ref. [15]. To evaluate performance the Urban Dyna-

mometer Driving Schedule (UDDS) is utilized. The resulting

load profile demanded to the PEM-FC is plotted in Fig. 1.
Fig. 6 e SS1 e Single hidden l
3. Soft sensors

A soft sensor is a device where the output (predicted variable)

can be modeled using other parameters or variables. There-

fore, these devices consist in the association of an available

process variable measurement (inputs), with an estimation

algorithm (software) in order to infer unmeasurable variables

(outputs). Artificial neural networks have been demonstrated

to be a good option in industry to construct efficient models

for estimating the temporal evolution of specific variables of

the process. Hence, in the next subsection a brief review is

given to explain the main steps to develop a soft sensor based

on artificial neural network.
3.1. Brief review of artificial neural networks

Artificial neural networks are widely accepted as a technology

to deal with complex and ill-defined problems, mainly

because: they can learn from examples, are fault tolerant in

the sense that they are able to handle noisy and incomplete

data, are able to deal with nonlinear problems and, once

trained, can perform prediction and generalization at high

speed [13].

There are different types of neural networks. In function

approximation and prediction application, one of the most

commonly used neural network structure is the feedforward

[33,34]. Neural networks consist of multiple layers of neurons,

that apply nonlinear transfer functions between inputs and

outputs. These characteristic allows them to learn and

duplicate nonlinear relationships among variables. One of the

first and most important steps in the developing of an ANN

model is the definition of input and output variables and data

preparation [35]. Output variable is obvious because it is the

predicted, but input variables definition requires a deep

knowledge of the process. If the considered variables have

different units, it is very useful to pre-process all the data. In

this paper a pre-processing step by normalization to zero

mean and unit variance is proposed.
ayer network prediction.
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Fig. 7 e SS2 Training data e Input profiles.
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3.1.1. ANNs training, topology selection and validation
Once theANNmodel architecture isdefined, inputsandoutputs

established and data collected, the network is then trained to

recognize the relationshipsbetween inputandoutputvariables.

For this purpose, the back-propagation algorithm with the
Fig. 8 e SS2 Training data e Output profile: CO-PrOx CO

outlet concentration (y11).
MarquardteLevenberg modification is used [36]. This is an

iterative process where the weights associated with each

connection are self-adjusting. The adjustment of the weights

stops when an optimum value is obtained by maximizing or

minimizing a performance function.

A typical problem that occurs during ANN training is called

overfitting. It means that the network has memorized the

training examples, but it has not learned to generalize. To

avoid this drawback, the regularization method proposed by
Table 4 e Soft sensor 2 design parameters.

Parameter Value

Hidden layers transfer function ‘tansig’, ‘poslin’

Output layer transfer function ‘purelin’

Training algorithm LeverbergeMarquardt

(‘trainlm’)

Performance function ‘msereg’

Performance ratio (l) 0.8

Maximum number of epochs to train 1000

Performance goal 0.00001

Learning rate 0.001

Learning rate increase 10

Learning rate decrease 0.1

Maximum learning rate 1e þ 010
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Tikhonov [37] and implemented in the MatLab Neural

Network Toolbox is applied [38]. The performance function

results:

msereg ¼ lmseþ ð1� lÞmsw ¼ l
1
N

XN
i¼1

ðeiÞ2 þ ð1� lÞ 1
n

Xn

j¼1

�
wj

�2
(1)

where N is the total training samples, ti are the target samples

and ai the network outputs, l is the performance ratio and wj

are the weights. With this modification on the performance

function, the network response is forced to be smoother, and

the overfitting is less likely. The performance ratio value is

adjusted by trial and error.

One of the most critical decision in the design process of

a feedforward Neural Network is choosing the number of

hidden layers and the number of neurons in each one. Un-

fortunately there is no universal method to determine the

optimum network topology. A possibility can be train

different topologies and select the one with best validation

performance. The validation is the process where networks

are tested in order to judge its performance and to deter-

mine whether the predicted results confirm with the actual

results. Typically, a performance index is calculated from

actual and predicted variables for comparison purposes.

Mean Relative Error (MRE), Root Mean Squared Error (RMSE)

and FIT coefficient are mostly used.

MRE ¼ 1
n

Xn
i¼1

��� byi � yi

�����yi

�� (2)
Table 5 e Soft sensor 2 e validation results.

n1 n2 RMSE [ppm]

1 15 3.474

1 3 3.477

1 7 3.490

1 11 3.499

1 10 3.547

Fig. 9 e SS2 e 2 hidden laye
RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

�byi � yi

�2
s

(3)

FIT ¼
0@1�

��� byi � yi

������ byi � y
���
1A� 100% (4)

where by is the vector of n predictions, y is the vector of n real

values and y is the mean value of y.
3.2. Soft sensor design

The data set used for training the soft sensors is obtained by

simulation of the rigorousmodel when the disturbance profile

presented in Fig. 2 is applied. As it can be seen in the figure, the

operative range of the PEM-FC is almost fully covered. Then,

the most representative measurements for each predicted

variables are used as inputs of the ANNs. Tables 1 and 2 in-

dicates the inputs andpredicted variables of Soft Sensor 1 (SS1)

and Soft Sensor 2 (SS2). For validation purpose is used the

disturbance profile of Fig. 1. For design, training and validation

purpose, the MatLab Neural Network Toolbox is applied.

3.2.1. Soft sensor 1
Soft sensor 1 is in charge of the prediction of the CO-PrOx CO

inlet concentration. Following the methodology stated in

section 3.2, the LTS exit temperature (y7) and flow (u9) are the

chosen input variables. The training data profiles are showed

in Figs. 3 and 4. The data is preprocessed as is stated in section

3.1.1. The design parameters are shown in Table 3. Then, the

number of neurons in the hidden layer must be selected. The

different topologies resulting from varying the number of

neurons from n¼ 1 to n¼ 15 are validated and theMRE index is

calculated. This is a relative criteria, so the error is equally

weighted throughout the entire range. As can be seen in Fig. 5,

the best result is obtained for a network with 2 neurons in the

hidden layer, resulting a MRE value of 0.010524 and a FIT of

96.359%. In Fig. 6 the dynamic response is shown. A steady

state error of around 10 ppm is observed in Fig. 6(b). This

means an acceptable performance.
rs network prediction.
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Table 6 e Variables in the BPS D FC process.

Measured Manipulated Disturbances

y1 ESR exit temperature u1 Water to ESR inlet d1 Ethanol purity

y2 Jacket exit gases temperature u2 Exchanged heat Q d2 Stack current

y3 Burner exit temperature u3 Ethanol to Burner

y4 Burner entering molar flow u4 Oxygen to Burner

y5 Molar ratio H2O/Ethanol u5 Oxygen to CO-PrOx

y6 HTS exit temperature u6 CM voltage

y7 LTS exit temperature u7 ESR exit flow (*)

y8 CO-PrOx exit temperature u8 HTS exit flow (*)

y9 Molar ratio O2/CO u9 LTS exit flow (*)

y10 Burner exit molar flow u10 CO-PrOx exit flow (*)

y11 CO-PrOx CO outlet concentration u11 Bio-ethanol flow (*)

y12 Net Power

y13 Oxygen excess

y14 Stack voltage

y15 ESR pressure (*)

y16 HTS pressure (*)

y17 LTS pressure (*)

y18 CO-PrOx pressure (*)

y19 H2 production rate (*)
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3.2.2. Soft sensor 2
Soft Sensor 2 predicts the CO-PrOx CO outlet concentration.

Four variables are selected like inputs of the network: CO-PrOx

CO inlet concentration ðcy9Þ, LTS exit flow (u9), CO-PrOx exit

temperature (y8), Molar ratio O2/CO (y9), while CO-PrOx CO

outlet concentration (y11) is the predicted variable. Training

data profiles are showed in Figs. 7 and 8. The same network

architecture, training algorithm and performance function

applied at SS1 is used here. The design parameters are shown

in Table 4. In this case the single hidden layer network to-

pology did not obtain acceptable results, hence only the ones

with 2 hidden layers are presented. The output variable can

only assume positive values. Due to this feature a linear

transfer function with a saturation in zero is proposed in the

second hidden layer, instead of a the classical sigmoid

function.

Since this sensor is proposed mainly for monitoring pur-

pose, the prime goal is to detect CO concentration traces above

10 ppm. Therefore, the validation criteria must assure a good

performance in low range. The number of neurons in hidden

layer 1 (n1) and hidden layer 2 (n2) are varied from 1 to 15 and

the selection is made by an absolute index value, like RMSE,

evaluated below a threshold of 100 ppm. The topologies with

best performances are listed in Table 5. The network with

n1 ¼ 1 and n2 ¼ 15 has the lower RMSE value, however a

network with 3 neurons in the second layer reaches very

similar values. As is said in section 3.1.1, the overfitting is a

recurrent issue in ANN training, so the network with less
Table 7 e RGA for the BPS D FC process.

u1 u2 u3

y1 0.0001 0.9908 0.0074

y3 0.0242 0.0012 0.8882

y8 0.3953 0.0011 0.0143

y9 0.5776 0.0005 0.0004

y10 0.0031 0.0064 0.0897

y13 �0.0003 0.0000 0.0000

Bold values represent RGA values of the selected control loops.
number of neurons (n1 ¼ 1, n2 ¼ 3) is selected. It presents a

RMSE value of 3.477 ppm below 100 ppm and a FIT of 71.25%

calculated over the entire range. The prediction profile is

shown in Fig. 9. A general good performance is seen, where

most of the variable peaks above the critical value of 10 ppm

are detected. Along the entire validation profile only a small

amount of values above 10 ppm are not detected, and are

presented in Fig. 9(b).
4. Control strategies

In this section the main control objectives of the system are

listed. Furthermore, based on the decentralized control

structure presented in Refs. [15], two advanced control stra-

tegies are proposed to maintain the CO levels within the

desired range and to improve general dynamic behavior. The

stack current profile presented in section 2 is used. This profile

provides a great challenge to control structures.
4.1. Decentralized PI

The main control objectives of the BPS are:

� Maintain adequate H2 levels on the anode of the PEM-FC,

because starvation can cause permanent damage and

overfeeding will lead to hydrogen waste.
u4 u5 u6

0.0014 0.0004 0.0000

0.0844 0.0020 0.0000

0.0108 0.5796 �0.0011

0.0027 0.4187 0.0000

0.9008 0.0000 0.0000

�0.0000 �0.0007 1.0011
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Table 8 e Operating point for internal model.

Variable Description Nominal point Unit

d2 Stack current 200.00 [A]

u1 Water to ESR inlet 0.06001 [mole/s]

u5 Oxygen to CO-PrOx 0.00143 [mole/s]

y8 CO-PrOx temperature 530.00 [K]

y9 Molar ratio O2/CO 2.00
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� The CO concentration in the PEM-FC anode streammust be

kept under 10 ppm.

� Keeping the temperatures of the reactors set and PEM-FC at

their operational range.

� Maintain system efficiency.

The set of available variables in the BPS are listed in Table

6, and with (*) are indicated the stabilizing control loops. As

can be seen, six manipulated variables (MVs) are available

(u1eu6). The plant wide control design methodology applied

in Ref. [15] proposes the optimal controlled variables (CVs)

selection and based on the well-known RGA approach [39], a

decentralized control structure is implemented. The RGA

allows to define the inputeoutput pairing by using steady-

state information. The values are showed in Table 7, and

the six control loops are: 1, y9eu1; 2, y1eu2; 3, y3eu3; 4,

y10eu4; 5, y8eu5 and 6, y13eu6. These are implemented via

conventional SISO PI controllers and tuning based on in-

ternal model control (IMC) strategy. A detailed description of

the methodology and tuning process and values can be seen

in Refs. [15,40]. The resulting control structure is shown in

Fig. 17(b). A good dynamic performance is achieved with the

proposed policy. However, through the implementation of

the soft sensor 2, large transient values can be seen in the

CO-PrOx CO outlet concentration (y11). An improvement on

disturbance rejection in loop 5 and mainly in loop 1 could

avoid the rise of y11 beyond the required limits. In the next

section, model predictive control is applied in order to

satisfy this request.
Fig. 10 e Manipulated varia
4.2. Model predictive control

Model predictive control are a family of algorithms that utilize

an explicit process model to predict the future response of a

plant. Then, the optimization of an open-loop performance

objective over a future time horizon is solved resulting in a

sequence of manipulated variable movements. At each con-

trol interval only the first item in the optimal sequence is

applied and the rest is discarded. The entire calculation is

repeated at subsequent control intervals with the process

measurements used to update the optimization problem.

Different control companies implement MPC by adopting

specific characteristics to attend awide range of real problems

in industry. In this section two different technologies are

evaluated to improve the achievable performance of a con-

ventional decentralized PI control, both of them are very well

known in chemical industries and linear based strategies.

Hence, the most popular linear model predictive control and

the predictive functional control are considered. A thorough

review of different industrial model predictive control tech-

nology is presented in Ref. [41]. However, there is no enough

information about available criteria to decide the MPC

implementation. One natural rule is consider that if the

interaction degree is very important to deteriorate the dy-

namic performance, is convenient to evaluate the real

contribution to be expected from this kind of advanced con-

trol. In this context, the following subsection describes the

characteristics of the Relative Gain Matrix analysis to deter-

mine the interaction degree related to specific pairing be-

tween inputeoutput variables.

4.2.1. Interaction relative gain array analysis
The study of the RGA provides two important elements: a

recommendation of an effective pairing of controlled and

manipulated variables, and ameasure of process interactions.

In the implementation of a decentralized structure only the

first item is considered when the pairing is defined. However,

the degree of interaction between control loops may degrade

the performance of controlled variables. A RGAmatrix with all
bles identification data.
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Fig. 11 e Disturbance identification data e Load stack

current.
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ones in the diagonal elements (lij with i ¼ j) is always desir-

able, because it means that system loops are not interacted

and a decentralized control structure with PI loops could be

implemented. Moreover, when the elements lij have values

near 0.5, the loops could be considered highly interacted

[42,43]. As can be seen in the case study RGAmatrix presented

in Table 7, l31, l41, l35 and l45 has all values near 0.5 so loop 1

and loop 5 present interaction effects. The resulting 2 � 2

subsystemwith CVs (y8, y9) andMVs (u1, u5) is therefore a good

multivariable control strategy candidate.

4.2.2. Linear model predictive control
Generally, the LMPC is formulated in the state space form. The

system to be controlled is described by a linear discrete time

model.

xðkþ 1Þ ¼ bAxðkÞ þ bBðutðkÞÞbyðkÞ ¼ bCxðkÞ (5)
Fig. 12 e Controlled vari
where ut ¼ [u, d]T is the model input vector with the

manipulated input vector u and the measured disturbance

vector d. x is the state space vector and by is the output

vector [44]. The model defined by ut ¼ [u1, u5, d2]
T andby ¼ ½y8; y9�T is identified around the operating point shown in

Table 8. Inputs are simultaneously perturbed with random

steps from their nominal values. Then, adopting a sampling

time Ts ¼ 0.05 s, 4000 samples are collected. Values are

normalized to zero mean and unit variance, and using the

n4sid method from the System Identification Toolbox of

MATLAB, and a 10th order model is obtained. Identification

data are shown in Figs. 10 and 11, and results in Fig. 12.

Having the internal model, the future control moves vector

Du(k) is the solution of a quadratic optimization problem of

the form:

minDuðkÞJ ¼
XP

i¼1

eðkþ iÞtQeðkþ iÞ þ
XM
i¼1

uðkþ iÞtSuðkþ iÞ

þ Duðkþ i� 1ÞtRDuðkþ i� 1Þ (6)

subject to

bymin � byðkþ iÞ � bymax
(7)

umin � uðkþ iÞ � umax (8)

Dumin � Duðkþ iÞ � Dumax (9)

The value e(k þ i) is the predicted error at time k þ i,

eðkþ iÞ ¼ yspðkþ iÞ � byðkþ iÞ (10)

where ysp is the output set-point. P denotes the length of the

prediction horizon, and M denotes the length of the control

horizon. The matrices Q, R and S are the penalty matrices of

outputs, inputs and rate of change of inputs, and are

assumed to be symmetric positive definite. The tuning of the

different parameters of LMPC is still an open issue. An

interesting review of several tuning methods can be found in

Ref. [45]. In this work, the tuning approach proposed by

Shridhar and Cooper in Ref. [46] is applied. The values of

different LMPC parameters are shown in Table 9. Constraints
ables model fitting.
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Table 9 e LMPC tunning parameters.

Symbol Description Value

P Prediction horizon (samples) 100

M Control horizon (samples) 5

qy8 Output weight (y8) 1

qy9 Output weight (y9) 10

su1 Input weight (u1) 0

su5 Input weight (u5) 0

ru1 Input rate weight (Du1) 8.7

ru5 Input rate weight (Du5) 2.5

Table 10 e PFC tunning parameters.

Symbol Description Value Unit

TrbfH Closed loop time response e Hight 100 [sec]

TrbfL Closed loop time response e Low 2 [sec]

D Transition zone 0.2 [%]

H Number of coincidence points 1

H1 Initial coincidence horizon 0.4 [sec]

H2 Final coincidence horizon 0.4 [sec]

Ts Sampling time 0.05 [sec]

Kmi Model Gain 265.6

Tmi Model time constant 0.65112 [sec]

qmi Model time delay 0 [sec]

Kdi Disturbance Gain �0.07431

Tdi Disturbance time constant 0.60892 [sec]

qdi Disturbance time delay 0 [sec]
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are established only in manipulated variables, in order to

maintain them positive. Finally, the resulting control scheme

is shown in Fig. 17(c) and implemented with the MPC toolbox

of MATLAB.

4.2.3. Predictive functional control
The PFC option is recommended to be considered when the

plant wide control works well but one loop presents trou-

bles which affect the overall behavior. The H2 production

plant analyzed here seems to indicate this kind of problem

around the CO-PrOx reactor. In particular, the most relaxed

version of PFC was specially proposed to be used in reactors

and it was presented as PCR which means Predictive Con-

trol of Reactors. The main PFC controller elements are: in-

ternal process dynamic model, a reference trajectory yr(n)

that can be interpreted as the desired closed loop behavior,

a self-compensation of the predicted error and a specific

structure for the manipulated variable. Based on the pre-

diction of the internal model, the future error with respect

to the desired trajectory is calculated over the coincidence

horizon (H1, H2). The actual measured data is used in the

compensation of the plant-model mismatch. The model

prediction could be improved using extrapolation to esti-

mate the future error at the coincidence horizon. An

important feature of PFC is that feed-forward and feedback

control actions can be jointly designed and constraints are

taken into account in a very natural way. Calling the inputs

of the manipulated variable u(n) and the perturbation d(n),

the first order model response at the coincidence point

(n þ H) becomes:
ymðnþHÞ ¼ aH
mxmiðnÞ þ aH

d xmdðnÞ þ
XH�1

aH�1�j
m Kmið1� amÞuðjþ nÞ
j¼0

þ
XH�1

j¼0

a
H�1�j
d Kdið1� adÞdðjþ nÞ

(11)

uðnÞ ¼ K0bεðnÞ þ K1ymiðnÞ þ.þ K2ymdðnÞ þ K3dðnÞ þ K4ymðnÞ
(12)

K0 ¼
�
1� lH

�
Kmi

�
1� aH

m

� (13)

K1 ¼ �aH
m

Kmi

�
1� aH

m

� (14)

K2 ¼ �aH
d

Kmi

�
1� aH

m

� (15)

K3 ¼
�Kdi

�
1� aH

d

�
Kmi

�
1� aH

m

� (16)

K4 ¼ 1

Kmi

�
1� aH

m

� (17)

When only one coincidence point is used PFC becomes on

PCR and presents the important advantage of requiring less

computation time. In addition it results more intuitive for

the users. It was demonstrated that the controller transfer

function has an implicit integrator which guarantees zero

tracking error for step inputs. The name ”functional” is

related to the use of base functions for defining the manip-

ulated variable. Typically these functions are steps B1(i) ¼ 1;

ramps B2(i) ¼ i or parabolas B3(i) ¼ i2. The choice of the basis

functions defines the input profile and can assure a pre-

determined behavior. The reference trajectory, which is the

path to the future set point, is resetted at every instant and

is given by:

Cðnþ jÞ � yrðnþ jÞ ¼ lj
�
CðnÞ � ypðnÞ

�
;0 � j � H (18)

l ¼ e
�3Ts
CLTR (19)

where C(n) is the set-point, yp(n) the real process output and l

is a parameter that represents the exponential convergence of

the algorithm, and thus fixes the closed-loop behavior. Ts is

the sampling time and was considered as 0.05 s.

The parameters to be tuned for the PFC are: number of

coincidence points (H), closed loop time response (CLTR) of

the reference trajectory, the control zone considered so that

CLTR moves linearly between two extremes values recog-

nized as CLTR_L (low) and CLTR_H (high), the transition zone

[%] that set the allowed zone for the controlled variable

expressed as �Delta [%] with respect to the set point value

and constraints to the manipulated variable are also

included by fixing maximum (Umax), minimum (Umin) and

variations for it [(dU/dt)max]. For more details about the

implementation of PFC, the reader should see Ref. [47]. As it

was said before, the control loop with the greatest influence
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Fig. 13 e Controlled variables (CVs) dynamic response for proposed control structures.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 8 6 3 5e8 6 4 9 8645
to this variable is loop 5. Therefore, the implementation of

the PFC algorithm instead of PI based loop is tested. The

resulting control configuration is shown in Fig. 17(d). For the

development of the first order transfer functions used, a

step test is applied to the plant and pem function of System

Identification Toolbox of MATLAB is used. The detailed

parameter values are shown in Table 10.
5. Simulations results

In this section dynamic simulation results and index perfor-

mance values are presented. The control strategies developed

are tested for disturbance rejection and contrasted with the

decentralized PI-IMC policy. It can be seen in Figs. 13 and 14

the controlled variables response, while manipulated vari-

ables profile are shown in Fig. 16. In Fig. 15 the dynamic

response of the CO-PrOx CO outlet concentration is shown.

Finally, the performance index values of themain outputs and

the control energy of inputs are presented and compared. For

CVs performance evaluation the integral absolute error (IAE) is

used. Then, in order to compare between control structures,

the error improvement percent (EIP) is applied.
IAE ¼
X
k

jrðkÞ � yðkÞj (20)

where r(k) represent set point and y(k) the controlled variable.

EIP ¼ IAEbase � IAEnew

IAEbase
� 100% (21)

where base refers to the decentralized control strategy pro-

posed as reference, and new denotes the MPC designs devel-

oped in this work. The EIP index can be obtained for each CV.

The new control strategy is better than the base one if the EIP

index is positive.

Simulation results of y8 are shown in Fig. 13(a). As can be

seen, the LMPC structure presents better dynamic response

than the other strategies, with overshoots of�2.5 K, while PFC

and PI-IMC presents �5 K and �6.3 K respectively. This

improvement can also be seen in performance index values

showed in Table 11, where PFC presents an EIP of 0.59% with

respect to PI-IMC, while LMPC shows an EIP of 44.21%.

In Fig. 13(c) the dynamic responses of y9 are shown. This

variable shows one of the most significant improvements of

the proposed control strategies with respect to the PI-IMC. A

reduction in overshoots in the order of 95% is obtained with

either model predictive approaches. PI-IMC presents over-

shoots above set-point of 1.2 while PFC shows values of 0.05

http://dx.doi.org/10.1016/j.ijhydene.2013.12.069
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Fig. 14 e Controlled variables (CVs) dynamic response for PI-IMC loops.
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and in LMPC they are limited to 0.03. For overshoots below set-

point, PI-IMC shows values of 0.6 while PFC 0.1 and LMPC 0.03.

This is a very important issue, since a significant reduction in

O2/CO ratio produces an increment in CO-PrOx CO outlet

concentration. For the same variable the performance index

values show a reduction in the PFC IAE value of 94.86% (EIP)

with respect to the PI-IMC, while the LMPC strategy presents a

reduction of 97.17%. Furthermore, the rest of the controlled

variables remains unchanged as can be seen in Fig. 14 and in

EIP values.
Fig. 15 e CO-PrOx CO outlet concentration re
Table 12 shows the control energy values of manipulated

variables for each control approach. These are a measure of

the operational costs. As can be seen, there are no significant

differences between structures. If u1 values are analyzed, it

can be seen an increment in control energy, regarding to PI-

IMC, of 0.84% in the case of LMPC and a 0.91% with PFC.

Moreover, small differences can be seen in the dynamic

behavior of the manipulated variables u1 and u5 showed in

Fig. 16(b) and (d), but these are enough to produce the im-

provements showed before.
sponse for proposed control structures.
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Table 11 e Dynamic performance of CVs e UDDS disturbance profile.

CV Description PI-IMC
IAE

LMPC PFC

IAE EIPPI [%] IAE EIPPI [%]

y1 ESR exit temperature 1999.3 2034.7 �1.769 2050 �2.537

y3 Burner exit temperature 3665.7 3740.8 �2.0475 3805.1 �3.8037

y8 CO-PrOx exit temperature 32425 18088 44.216 32232 0.5964

y9 Molar ratio O2/CO 7967 225.48 97.17 409.47 94.86

y10 Burner exit molar flow 22.241 21.148 4.915 21.302 4.2229

y11 CO-PrOx CO

outlet concentration

1.847 � 106 1.6911 � 104 99.085 2.3902 � 104 98.706

y12 Net Power 240.86 � 106 240.86 � 106 0 240.86 � 106 0

y13 Oxygen excess 509.64 509.64 0 509.64 0

y19 H2 production rate 4.5986 � 10�3 4.6574 � 10�3 �1.2776 4.7387 � 10�3 �3.0465

Bold values are performance index values referred in “Simulation results” section.

Table 12 e Control energy e UDDS conditions.

MVs Description PI-IMC LMPC PFC

u1 Water to ESR inlet 109.6318 110.5526 110.6228

u2 Exchanged heat Q 36.3042 36.4473 36.4473

u3 Ethanol to Burner 7.8160 7.8441 7.8441

u4 Oxygen to Burner 1576.4 1572.0 1571.6

u5 Oxygen to CO-PrOx 0.096683 0.097174 0.097003

u6 CM voltage 9.8054 � 1011 9.8054 � 1011 9.8054 � 1011

u11 Bio-ethanol flow 9.1797 9.1531 9.1514

Fig. 16 e Manipulated variables (MVs) dynamic response for proposed control structures.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 8 6 3 5e8 6 4 9 8647

http://dx.doi.org/10.1016/j.ijhydene.2013.12.069
http://dx.doi.org/10.1016/j.ijhydene.2013.12.069


Fig. 17 e BPS D PEM-FC Control structures.
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LMPC and PFC strategies generate control movements

more aggressive than PI-IMC,mainly because they can predict

the influence of the measured disturbance in the controlled

variable and produce a manipulated variable accordingly,

instead of PI-IMC that begins to act once produced the effect

on output. The possibility of interactions handling of the

LMPC approach provides improvements with respect to PFC,

but not really significant.

These important advances in dynamic behavior of CO-PrOx

variables result in a significant improvement in CO-PrOx CO

outlet concentration. In Fig. 15 can be seen a CO concentration

satisfyingthePEMqualityrequirement(<10ppm)withbothMPC

approaches at almost all the tested range, except for short-time

peaksof20ppmwhenPFCisused.ForPI-IMCstrategypeaksthat

reach the 2200 ppm during 30 s appear and must be taken into

account in order to preserve the performance of the stack.

Finally, another important issue to analyze is the influence

in system efficiency. It is directly affected by Net Power (y12)

and inversely by ethanol consumption (u1, u11). These vari-

ables remain the same for the PI-IMC and model predictive

control schemes, so the efficiency does not seem affected.
6. Conclusions

This work proposes the implementation of model predictive

control techniques in order to improve the disturbance

rejection of a bioethanol processor system to satisfy the PEM-

FC quality restriction in the hydrogen-rich stream. The study

of the RGA matrix demonstrates that CO-PrOx is the most

interacted zone of the system, therefore it represents a good

candidate to be controlled with MPC. Significant improve-

ments are obtained with both structures, LMPC and PFC, in

regard to the decentralized PI control. The large number of

tuning parameters involved on MPC techniques adds
flexibility to the tuning procedure, but simultaneously, it

makes proper tuning more difficult to be found. However, it is

considered that PFC strategy is more intuitive than LMPC for

selecting the parameters and can give reasonable results.

Hence, PFC, or more specifically PCR, is the best candidate to

be implemented in this plant. In addition, PCR demonstrated

to be able of keeping the carbon monoxide concentration for

feeding the fuel cell below 10 ppm almost for the entire

disturbance profile. The use of virtual sensors for testing

efficiently the carbon monoxide concentration was helpful to

ensure safety conditions for the PEM operation. Therefore, the

two soft sensors presented here represent an interesting op-

tion since this kind of commercial sensors are not easily

available. In this context, the use of advanced control only for

one problematic loop and the virtual sensor for checking on

line a very important variable represent a real improvement to

the existent plant wide control.
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