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1 INTRODUCTION 

In the future, the energy production will aim at more sustainable methods, saving the 

environment and fuels. Fuel cell technology is a key alternative to the existing 

technology burning fossil fuels because of its low content of harmful emissions. Its 

popularity in distributed energy systems comes from high efficiency, low risk to the 

environment, fast dynamic response, and its reliability and durability in different 

applications (Ohenoja and Leiviskä 2010).The proton exchange membrane (PEM) 

fuel cell has been found suitable for both residential and mobile applications because 

it can operate at relatively low temperatures, it has relatively high power density and 

its maintenance is simple (Wu and Pai 2009). However, it requires a reliable source of 

pure hydrogen. In addition to liquid hydrocarbons such as methanol and ethanol, fuel 

cells burn hydrogen produced from renewable sources like biomasses. 

 

The fuel cell system can include several unit processes, but usually it consists of units 

for hydrogen production and cleaning and the fuel cell. There are several papers on 

modelling, optimisation and control of these separate processes, but only few 

concerning the whole productions system (Pukrushpan et al. 2006, Perna 2007, Wu 

and Pai 2009). The starting point of this study is the Master’s thesis (Uusitalo 2010), 

where a modular dynamic model was constructed and tested for the fuel cell system 

consisting of ethanol reforming, hydrogen purification in a membrane WGS reactor 

and a PEM fuel cell. The whole system is controlled by a simple PI controller. This 

work extends the study to Model Predictive Control (MPC) and optimising its 

operation point using Differential Evolution (DE) algorithm.  

 

This report is organised as follows: First, process description is given and routes of 

fuel processing presented. Next, modelling principles and the simulation environment 

are shown, together with the integrated model of a fuel cell system. The model is then 

utilised in process identification and control development comparing PI control with 

MPC and DE. Finally, results of the control simulations are briefly discussed. 
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2 PROCESS ROUTES FOR FUEL CELL SYSTEMS 

Pukrushpan et al. (2006) show different process routes for fuel cell systems using 

different fuels (Figure 1). They start from the simple system, where hydrogen is taken 

from a container to the fuel cell. The next solution is the steam reforming of methanol 

which is based on vaporising methanol and feeding it to the reforming unit. The 

produced syngas is cleaned (carbon dioxide removed) at the low temperature in WGS 

reactor and preferential oxidation. Additionally, Pukrushpan et al. (2006) give process 

routes for partial oxidation of gasoline and natural gas. Gasoline process starts with 

vaporisation and partial oxidation followed by high and low temperature WGS 

reactors together with preferential oxidation. Using natural gas resembles the previous 

process, but it has desulphuriser instead of vaporisation. 

  

 
Figure 1. Different process routes in fuel cell systems (Pukrushpan et al. 2006) 

 

Tosti (2006) shows several process routes for ethanol reforming and membrane 

reactors. The simplest way is to use a common steam reformer followed by membrane 

separation (Figure 2). This may lead to unnecessary CO emissions. Another option is 

to carry out both reforming and separation in one membrane reactor. The third variant 

shown in Figure 2 is the reformer followed by a membrane WGS reactor. This is the 

alternative simulated in this work. 
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Figure 2. Process alternatives in combining steam reforming and membrane reactors 

(Tosti 2008). 

 

Perna (2007) presents a stationary process model for a fuel cell system consisting of 

steam reforming of ethanol, WGS reactor, preferential oxidation and a PEM fuel cell 

(Figure 3). In this case, the anodic exhaust is recycled to the reformer unit to heat the 

reformer.  

 

 
Figure 3. Combining a steam reformer and a PEM fuel cell. (Perna 2007) 

 

The time delay from the hydrogen feed to the fuel cell forms the main control problem 

in the fuel cell systems. To avoid the stack H2 starvation, a rapid and robust response 

after the setpoint changes in the stack current is required (Pukruspan et al. 2006). 

 3



 
 

Otherwise the stack might be permanently damaged. As noted in the same reference, 

the oversupply of hydrogen easily leads to fuel losses. Compensation for this delay 

requires model-based control techniques. However, PI controllers, both SISO and 

MIMO, have been mainly used (Lauzze and Chmielewski 2006, Woo and Benzinger 

2007, Methekar et al. 2007. Uusitalo 2010). Also some model-based controller 

designs have been reported (Zhang 2008, Wu et al. 2009). 

 

Pukruspan et al (2006) present a control-oriented model of the fuel cell system shown 

in Figure 4. They solve the resulting two-input two-output (TITO) problem using 

Bristol’s Relative Gain Array (RGA) method. Their paper shows a low order (10 

states) mechanistic model in Simulink® that has been calibrated with a high order (300 

states) model developed in Dymola (Eborn et al. 2003). They have defined the control 

problem as H2-on-demand problem with three targets: to protect the stack from 

damage caused by H2 starvation, to protect CPOX from overheating and to keep the 

overall efficiency of the system high.   

 

 
 

Figure 4. Fuel cell system from Pukrushpan et al. (2006). 

 

Wu & Pai (2009) report on multivariable fuzzy logic control of fuel cell system with 

methanol reforming. They introduce a model for methanol reformer, heat exchanger, 

WGS reactor and preferential oxidation reactor. Ballard 5 kW stack with 35 cells in 

series is also modelled. The best results were achieved by using two incremental 

fuzzy controllers – one controlling the stack temperature and the other the hydrogen 

pressure of the anode using the water flow to the heat exchanger and the methanol 

flow. The system has been tested in Matlab® Simulink®. Other applications of fuzzy 

logic have also been reported (Shen et al. 2002, Schumacher 2004). 
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3 INTEGRATED MODEL OF A FUEL CELL SYSTEM 

This study concerns with modelling of a fuel cell system consisting of steam 

reforming of ethanol followed by WGS separation and PEM fuel cell. Following 

chapters consider control and optimisation of the system.  

 

The starting point of the reformer model is the earlier simple model (Ohenoja 2008) 

that included only the main reforming reaction 

 

2 5 2 2 23 0 2 6C H OH H CO H+ ⎯⎯→ +        (r1) 

 

The model is based mainly on kinetic model by Mas et al. (2008) which is validated 

with literature data 
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     (1) 

 

where rethanol,j is the ethanol conversion in reaction j, (mol/min·mg), 

 k0, j is a kinetic constant for reaction j (mol/min/mg/atmα), 

 Ea, j is activation energy for reaction j (J/mol), 

 α,j is a stoichiometric constant for reaction j and 

 Pethanol  is the partial pressure of ethanol. 

 

Parameters are given in Mas et al. (2008). Index j refers to reaction r1 and reaction r2 

that produces also carbon monoxide 

 

.       (r2) 3 2 2 0 2 4CH CH OH H CO H+ ⎯⎯→ +

 

The reforming reactor is modelled as a continuous stirred-tank reactor (CSTR) in 

Matlab® Simulink®. The model includes five components: ethanol, water, hydrogen, 

carbon dioxide and carbon monoxide. Some assumptions are done: 

• reaction is assumed isothermal and 

• reactor volume and pressure are constants. 
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The material balance for the consumptions of ethanol and water is written as 

 

, ,
i

i in i out cat i
dN N N m
dt

= − − r

2

        (2) 

 

where Ni,in and Ni,out are molar flows of a component in and out of the 

reactor 

 mkat is the mass of the catalyst and 

 ri is the reaction rate (mol/min/mg). 

 

Products are produced according to stoichiometric constants. Simulink® models are 

shown in Uusitalo (2010). 

 

Hydrogen purification takes place in WGS membrane reactor that has been modelled 

in Simulink® with a series of CSTRs. The water gas shift reaction is reversible and 

exothermal 

 

2 2

41,4 /
CO H O CO H

H kJ mol
+ ←⎯→ +

Λ =
        (r3) 

 

Model itself is based on Huang et al. (2005). The purification targets to less than 10 

ppm concentration of CO simultaneously recovering most of hydrogen for the fuel 

cell. WGS membrane reactor modelled is a hollow-fibre membrane module with 

catalyst particles packed inside the fibres. Following assumptions are originally made 

(Huang et al. 2005): 

 

(1) the hollow-fibres are CO2-selective 

(2) CO2 and H2 are able to permeate through the membrane 

(3) membrane permeability is fixed and does not change with temperature 

(4) there is no temperature variations in the radial direction inside a hollow fibre 

(5) the module is adiabatic and operates at the steady state 

(6) there is no axial mixing 

(7) the pressure drops on both lumen and shell sides are negligible. 
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In this case, however, an isothermal system is assumed. The model assumes a 

commercial Cu/ZnO/Al2O3 catalyst, from which lot of data is available, 

 

Following reactions take place in the fuel cell: 

 

Anode: 2 2 2H H + −⎯⎯→ + e

2O

        (r4) 

Cathode:       (r5) 
2½ 2 2O H e H+ −+ + ⎯⎯→

Cell:      (r6)
 

2 2 2½ electricity heatH O H O+ ⎯⎯→ + +

 

There are several models for 5kW Ballard V fuel cell that is chosen in the literature 

(Amphlett et al. (1996), Khan & Iqbal (2005b), Corréa et al. (2004)).  The model used 

here is from Ohenoja & Leiviskä (2008) that in addition to electro-chemical and flow 

models includes also the concentration overpotential.  

 

The heart of the fuel cell model is, however, the electro-chemical model that is 

usually written as follows (Ohenoja and Leiviskä 2010) 
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   (3) 

 

In Equation 3 Vact, Vohm and Vconc describe different losses ENernst is the 

thermodynamic potential. The constant 1,229 represents the reference potential at 

standard state, T is the temperature and PH2 and PO2 are the partial pressures of 

hydrogen and oxygen. The activation overpotential is calculated using an 

experimental equation. Parameters ξ1 … ξ4 are experimentally defined constants. In 

the expression for Vohm, i denotes the current, RM is the equivalent membrane 

resistance to proton conduction and RC is the equivalent contact resistance to electron 

conduction. RM depends on membrane resistivity, membrane thickness and active cell 
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area. On the other hand, the membrane resistivity depends on the parameter λ. In the 

expression for Vconc, B is a parameter depending on the cell type and its state and imax 

is the maximum current density. 

 

All three models are connected as an integrated model in Uusitalo (2010). The overall 

model includes also a simple PI controller that controls hydrogen production with 

water/ethanol ratio. Figure 5 shows the system’s ability to follow step and ramp 

changes in the hydrogen demand. PI controller can follow the step change with a 

delay, but cannot follow the ramp change. Increasing the I-term in the last case makes 

the system a little faster, but simultaneously it makes the response oscillatory. 
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Figure 5. Systems ability to follow step and ramp changes in the current demand. PI 

controller is used. 
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4 CONTROL AND OPTIMISATION STRUCTURES 

Control of the integrated fuel cell system presented in the previous chapter is further 

studied under load and input disturbances. For this, simulations with the system model 

with several MPC realisations will be performed. In addition, optimisation 

possibilities of the ethanol reforming process in order to minimise raw material 

consumption are investigated by integrating a higher level optimisation algorithm 

with MPC framework. This study focuses on the hydrogen production in the 

beginning of the process chain. Preliminary process simulations have revealed that at 

least in this case the reformer and WGS reactor play a major role in fuel cell dynamics 

and economy. 

4.1 Control framework 

The simulated fuel cell process exhibits large delays from inputs to outputs mainly 

due to the slow purification stage at WGS reactor. From the control point of view, it 

then forms a stiff system having a reactor with slower dynamics compared to the other 

two process stages. When the control target is to stabilise the power output of the fuel 

cell and enable a fast response to load changes, the control development should focus 

on compensating for the large delay time with predictive model-based methods. 

 

Model predictive controller utilises an identified process model to predict and 

optimise the behaviour of the controlled system according to some cost function (see 

for details Qin & Badgwell 2003). In Figure 6, the proceeding of a SISO (single input 

–single output) MPC calculation is presented. The controller acts at sampling instants 

k to provide a control signal to the system. At each time instant the future behaviour is 

estimated by the model within the range of the prediction horizon P. The estimated 

outputs at the range of the control horizon are due to an input sequence calculated by 

the optimisation algorithm. The first control move from the best input sequence 

passing the constraints (ymax, ymin, xmax, xmin) and minimising the cost function is then 

chosen to be realised. The above cycle is repeated indefinitely utilising the latest 

measurement information and recalculating the control sequences. 
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Figure 6. Principle of the model predictive control method. (Matlab 1) 

 

In this study, the control framework includes MPC and additionally a higher level 

optimiser (Figure 7). In the figure, ‘process model’ is the integrated model of the fuel 

cell system described in Section 3, whereas ‘control models’ include the 

approximations of the simulated true system as shown in the next Chapter.  

 

Process model

Control models
- Linear dynamic models
- Neural networks

Parameter 
identification

Model Predictive 
Controller

Process optimisation 
(Differential Evolution)

Disturbances
Set-points

 
Figure 7. A control framework for the simulated fuel cell process. 

 

The simulated process is additionally introduced with an input disturbance in the form 

of band-limited white noise. Resulting signal behaviour is also modelled and utilised 

in MPC compensating for the effects of this type of a noise source. 
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4.2 Optimisation structure 

Economic and energy issues have an effect on the applicability of the above described 

fuel cell process. In order to maintain cost effective production of hydrogen, raw 

material consumption and energy usage must be kept as low as possible. Then, the 

conversion efficiency of the reformer unit has an impact on both values. This case 

study concentrates on the maximisation of the conversion efficiency with respect to 

the required level of hydrogen production and constraints. 

 

A hierarchical optimisation approach is adopted for the maximisation of the 

conversion efficiency in the reformer unit. Therefore, a higher level optimiser is 

implemented to provide optimal settings for the steady state, namely the setpoint for 

the lower lever controller (Figure 7). MPC is then utilised for dynamic control 

purposes to drive the process to its new setpoint calculated by the optimiser. In this 

way, the constraints and detailed dynamics can be accounted for in the form of MPC, 

while its setpoint calculated by the optimiser should equal to preferable process 

conditions that minimise energy and raw materials usage. (see for example Qin & 

Badgwell 2003) 

 

Differential evolution (DE) algorithm was chosen for the optimisation task due to its 

preferable properties (see for DE details for example Price et al. 2005). Firstly, it 

belongs to the category of global optimisers that are capable of avoiding local 

minima, at least with a proper configuration. Secondly, the algorithm operates with 

real values allowing simple and fast optimisation. Thirdly, the number of design 

parameters is low – initially there are eight parameters to be set that are related to the 

population size, minimum and maximum allowed, initial values of the population 

members and crossover probability. The principal optimisation framework is depicted 

as MATLAB® Simulink® diagram in Figure 8. 
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Figure 8. Optimisation framework. 

 

Two manipulated variables, namely the water-ethanol ratio and total flow are selected 

to study the optimisation framework. Also two outputs, the conversion efficiency and 

hydrogen flow rate after the WGS reactor are included in analysis. The general form 

of the cost function to be minimised in this case is written as 

 

{ })_()()(()_(100(min 2423121 2
statesteadyHrhkuhkuhstatesteadyconversionh H −++−+− , 

 

where h1-4 constants are tuning parameters, conversion(steady_state) is the steady 

state value of the conversion efficiency after an input change, u1-2(k) are manipulated 

water-ethanol ratio and the total molar flow rate respectively, rH2 is the required 

hydrogen flow rate, and H2(steady_state) is the hydrogen flow rate at the 

corresponding time instance.  

 

The steady state equals to estimated future value after 200 seconds. The cost function 

is designed to penalise deviations from the setpoint and to favour high conversion. In 

addition, the low total flow and high water-ethanol ratio are preferable and minimise 

the cost function. The optimiser is launched every time when the hydrogen setpoint 

changes and a new steady state has been reached. After the optimisation routine, the 

maximum conversion efficiency found is introduced as a new setpoint to the model 

predictive controller. 
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4.3 Applied model structures for control 

The proper model for designing MPC is needed to describe process dynamics and 

relations between important variables. In this study, empirical modelling approach is 

applied. It includes the following, partly iterative steps: 

• data collection, 

• data preprocessing, 

• model structure selection, 

• identification of model parameters, and 

• validation and testing the models. 

 

It is assumed here that dynamics and input-output relations of the process can be 

modelled applying a linear model. This assumption simplifies the prediction and 

optimisation stages since the number of free parameters in the model can be kept low. 

Also, the maintenance of the model is straightforward. Of course, the assumption of 

the model goodness must hold. A general structure for linear models is defined here as 

 

A(q)y(t) = B(q)u(t) + C(q)e(t),       (4) 

 

where A(q) is the parameters of q-1 output y(t) delays, B(q) is the same for inputs u(t) 

and C(q) for the approximated unmeasured disturbance e(t). Input disturbance model 

in this case is formulated as an integrator driven by the white noise. This includes a 

state-space model that approximates random step-type innovations of process noise 

when applied to simulation in the form of unmeasured disturbances (Figure 9). 

Input disturbance model
White noise Unmeasured 

disturbance

Input disturbance model
White noise Unmeasured 

disturbance  
Figure 9. Input disturbance model for the MPC driven by band-limited white noise. 

 

The empirical models are constructed utilising simulated process data. Therefore, 

simulations with the process model in open loop are performed. Data for modelling is 

acquired introducing random input changes to the process resulting in output 

variation. During the simulation campaign, variables having the strongest effect on 

output changes are pointed out in order to be chosen to manipulated variables. 
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5 RESULTS AND DISCUSSION 

5.1 Single input-single output MPC for regulation of H2 flow rate 

The control concept is first tested in the presence of a step change to the required 

hydrogen flow rate. This includes a disturbance addition to the total feed of the water-

ethanol solution into the reformer. The magnitude of the band-limited white noise 

source is set to maximum ±10% of the total feed. 

5.1.1 Model identification for control 

An autoregressive moving average model with exogenous input (ARMAX) is chosen 

to the model structure for approximating the hydrogen flow rate. The model input is 

the water-ethanol feed ratio into the reformer having here a strong effect on hydrogen 

production, similarly as in (De Falco 2011). At first, the mean is removed from the 

model variables to synchronise their magnitudes. Then, identification of the model 

parameters is performed utilising a prediction error method. Identification results are 

presented in Figure 10. The following parameter values of the best performed model 

are achieved using the separate training data depicted in figure: 

 

B(q) = -0.005027 q^-158 - 0.0002274 q^-159,  (5) 

 

showing that the model has no poles and it includes two delay terms at time lags of 

158 and 159 seconds. Thus, according to the model it seems that the simulated 

process exhibits large dead time and delay from input to output. The modelling 

performance is measured with the index describing the percentage of the output 

variations that is reproduced by the model. For the identified model it is 57.13. 

Discrete state-space presentation is needed for control simulations and results in 202 

states. The input disturbance model (state-space model with one input and output, 

altogether 3 free parameters) is identified separately and integrated to the controller 

model at the MPC block in MATLAB® Simulink® environment. The same integration 

is done with the linear ARMAX model. 
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Figure 10. Modelling results of the ARMAX-model for the water-ethanol ratio as 

input and the hydrogen flow rate as modelled output. Solid line: modelled hydrogen 

flow rate, dotted line: simulated true output. Mean removed. 

 

Another model candidate for the control purposes is an autoregressive model with 

exogenous input (ARX). It is constructed to have two inputs, namely water-ethanol 

ratio and the total flow of the ethanol solution. In this case, parameter identification 

results in a model with one pole (one lagged output as an input), together with two 

other inputs both with delays of 220 seconds. The parameters of the model are 

presented as 

 

A(q) = 1 - 0.996 q^-1, 

B1(q) = -3.546e-005 q^-220,  (6) 

B2(q) = -0.008549 q^-220, 

 

where B1 and B2 are parameters for the water-ethanol ratio and total feed flow, A(q) 

is the parameter for one second output delay, respectively. The results of the model 

identification are presented in Figure 11. 
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Figure 11. Identification results of the ARX-model with two inputs: water-ethanol 

ratio and total feed to the reformer unit. Solid line: modelled hydrogen flow rate, 

dotted line: simulated true output. Mean removed. 

 

It can be seen from the figure that the ARX-model smoothly follows the simulated 

true output. This is because of one output term in the inputs and inclusion of the total 

feed variable to the model. The fit index calculated over the training and testing data 

ranges is somewhat better than with ARMAX model, namely 67.67. However, the 

resulted model structure requires more calculation power and the dynamics of the 

process is not fully captured. Instead, in preliminary testing the process dynamics is 

modelled too slow resulting in unstable controller behaviour. It can be concluded from 

the modelling task that the most critical parameter in this case for the successful 

modelling is the capture of the process dynamics. The simpler ARMAX-model seems 

to fulfil this requirement better. 

5.1.2 Simulated control tests 

As a reference for control comparison, PI controller developed formerly (see Section 

3) was also utilised to control the hydrogen flow rate under described input 

disturbances and step change. Controller uses hydrogen consumption as a setpoint and 

controls the water-ethanol ratio according to the measured hydrogen flow from the 

WGS reactor output (Figure 12). 
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Figure 12. Simulated PI control of the hydrogen flow rate. 

 

Next, realisation of the MPC controller is put in Simulink® format utilising MPC 

controller block (Figure 13) and tested with several different parameter combinations. 

This includes the tuning of the following parameters heuristically in order to achieve 

the best control performance. Optimal value for each of the tuned parameter is shown 

in parentheses: 

• control interval (1), 

• prediction horizon (400), 

• control horizon (1), 

• input rate weight (0.05), 

• output weight (1), 

• magnitude gain of the input disturbance model (0.001). 
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Figure 13. Simulated MPC for controlling the hydrogen flow rate. 

 

Input and output constraints of the MPC controller are set so that any non-ideal 

behaviour of the controller could be observed without restriction by the optimiser 
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algorithm. For simulation, the mean value removed in model identification, 0.04 

kmol/min, is added for scaling the control model to output absolute values. The 

prediction horizon and input disturbance model have the strongest influence on the 

control performance. 

 

Both PI and MPC controller are run with the same random seed of the noise source 

and the step-type increase of hydrogen consumption from 0.0365 kmol/min to 0.041 

kmol/min (a 12% increase) at the time instance of 2500 seconds. The time of the step 

change is chosen right after simulations with the both controllers have reached the 

steady state. The results are presented in Figure14. 
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Figure 14. Simulated control results of the MPC and PI controller during a step 

change in the required hydrogen flow rate. 

 

PI controller drives the process to the new setpoint approximately in 900 seconds 

(settling time) with steady state variation of ±0.0015 kmol/min, i.e. 4%. In 

comparison, open loop response varied at the range of ±0.0015 kmol/min during the 

steady state process conditions.  

 

On the other hand, MPC controller is capable to settling time of 200 seconds with the 

variation range ±0.001 kmol/min of hydrogen output, it means within 2.4% of the 
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setpoint value. The reduction of process variation by applying MPC is thus some 

30%.  

 

The rise time of the PI controller was about 300 seconds compared to that of MPC 

controller’s 150 seconds, respectively. The results indicate that PI controller has to 

react slowly in order to maintain its stability. Still, oscillating behaviour of the 

hydrogen signal can be seen in case of PI control. This seems to be due to long delays 

exhibiting in the process. According to the simulations, the variation of the hydrogen 

flow rate has a fast effect on the fuel cell output in the form of current and voltage 

changes. 

5.2 Multivariable control and optimisation 

5.2.1 Process modelling for optimisation 

Process model is needed for the MPC controller and also for cost function calculation 

during optimisation. It is identified and tested without the disturbance signal to have 

observable conversion values, which else adopt remarkable low signal-to-noise ratio 

within the simulations. 

 

Data for model parameter identification is recorded from the simulations where two 

manipulated variables are randomly changed in turns. Again, the best results are 

achieved by removing the mean values of the model variables and ARX-model 

structure with 8 free parameters and 100 second delays performs best in this case.  

 

The fit index for the modelled hydrogen flow rate with training and testing data is 

53.4 and for conversion 21.2. The modelling results are presented in Figure 15. The 

model underestimates the conversion values, although the bias is almost constant. 

However, the direction and magnitude of change provide a feasible estimate for the 

prediction and optimisation purposes. 

5.2.2 MPC with Differential Evolution optimiser 

The optimisation capability of the presented method is tested with simulation run by 

introducing a step change to the hydrogen flow rate. Then DE is utilised to calculate 

of the new conversion efficiency. This value is further applied to the MPC as a 
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setpoint. The simulation results are presented in Figure 16, where the values of the 

hydrogen flow rate and conversion efficiency have been scaled to the same 

magnitude.  
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Figure 15. Simulated model outputs of multiple-input multiple-output ARX-model. 

Left: hydrogen flow rate, right: conversion efficiency. Solid line: model outputs, 

dotted line: simulated true value. 

 

Setpoint for hydrogen flow is changed at 1100 seconds to 4. The new conversion 

value is set at time instance 1400 seconds. This results MPC to raise the water-ethanol 

ratio that in turn increases the conversion efficiency. At the same time the hydrogen 

flow rate is kept within the limits of ±1.25% from the setpoint. The total molar flow 

rate remains constant in this case. The optimisation routine results in 2% increase in 

the conversion efficiency. However, a spike can be observed due to fast process 

dynamics related to conversion calculation in the process model. Temperature and 

pressure of the reformer unit were constant during simulation. 

 

The same simulation is also run without the optimiser in Figure 17. The values are 

scaled to the same magnitude. The result indicates a slight decrease in the conversion 

efficiency after the step change. Also a somewhat higher ethanol flow remains in this 

simulation case. 
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Figure 16. Simulated setpoint change in conversion, calculated with DE algorithm. 

Solid line: conversion (scaled), dotted line: hydrogen flow rate. Step change to 

hydrogen flow at 1100 seconds. New optimised conversion value introduced to MPC 

at 1400 seconds. 
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Figure 17. Simulated setpoint change of hydrogen flow without optimised conversion 

efficiency. 
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6 SUMMARY 

Simulations with the integrated system consisting of ethanol reformer, WGS reactor 

and PEM fuel cell model were performed for process identification and control. For 

this, empirical models were developed from the acquired simulation data and utilised 

in a model-based control approach. 

 

In this case, an optimal model type among tested candidates for describing the effect 

of changes in the water-ethanol ratio to the hydrogen flow rate was argued to have 

ARMAX-model structure. With this model, delay dynamics of the process was 

captured. It was also indicated during process identification that the dynamics of the 

fuel cell system varied within the processing stages. This kind of a stiff system 

motivated the application of MPC method. 

 

Model predictive controller outperformed traditional PI controller in the simulations 

describing a step change to the setpoint of the hydrogen flow rate, namely a load 

disturbance. Also an unmeasured input disturbance was present in the simulations. 

This type of process noise was compensated further by identifying a disturbance 

model and utilising it in MPC. In this way, the reduction of about 30% in process 

variation was achieved in comparison to open loop response. The settling time was 

200 seconds compared to that of 900 seconds with the PI controller. 

 

The most critical part of the simulated process chain, namely production of hydrogen 

in the reformer was further optimised by studying differential evolution algorithm 

connected to MPC. A case example was presented, where the optimisation framework 

was applied to maximisation of conversion efficiency in the reformer. In the 

simulations, the optimised conversion was 2% higher without violating the required 

hydrogen flow rate. The hierarchical control system, where the higher level optimiser 

calculated the setpoint to a model predictive controller was indicated to have potential 

to reduce the consumption of raw material, namely the ethanol feed to the reactor. 
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The following conclusions based on simulation results can be drawn: 

 

• the reformer and WGS reactor play a major role in fuel cell dynamics, in 

comparison to fast dynamics of the PEM fuel cell, suggesting that this is the 

critical process part from the control point of view. 

 

• long settling time after load changes is present in the hydrogen flow. This 

property limits the applicability of the fuel cell process described in these 

simulations. 

 

• It is possible to describe the simulated hydrogen production with empirical 

linear models, at least in the tested operating range of the process. It may then 

simplify and increase robustness of a model-based control system. 

 

• Differential Evolution optimisation principle connected hierarchically with 

MPC has a potential to affect economy of the hydrogen production and at the 

same time to the regulation of the flow rate. On the other hand, the needed 

control work to achieve the increase in conversion efficiency is small in 

comparison to the control effect. 

 

Control simulations and optimisation of the reformer unit were done with the 

manipulated variables that most influenced on process outputs. It should be noted that 

the results are based on the simulation model that has a limited range for operating 

conditions and possibilities to vary other model parameters as described in this paper. 

This may have effect on the straight utilisation of the results and conclusions. 
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