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1 Introduction 
 

Bio-HyPP  project aims to develop a full scale technology demonstrator of a hybrid power plant, in 

order to reach the goals of improving the efficiency of CHP systems while simultaneously widening 

the biomass feedstock base as well as increasing operational flexibility. 

This report concerns with the description of real-time software models that can be used to simulate 

the real behaviour of a gas turbine SOFC hybrid system, and how to integrate such models with 

physical emulator plants. 

The report is subdivided into six Chapters.  

In Chapter 2 different commercial software for dynamic simulations are analysed. In addition, a 

description of existing emulator plants is provided. 

Chapter 3 describes the real-time modelling of SOFC systems, introducing the approach followed 

for the model development. Moreover, one background application is described in order to show the 

results that can be achieved.  

Chapter 4 shows the existing real-time model library. It is composed of modular models that 

simulate different components of the plant. In this chapter all the possibilities to set up and connect 

different modules are also described. 

Chapter 5 shows the top efficiency and the top economic layout emulators, describing also the 

connections between the physical emulator with the real-time models.  

Conclusions are drawn in Chapter 6. 

Finally, In appendix A and B the communication protocol between the plants and the models is 

described in detail.  
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extend the field of application to micro turbine cycles and SOFC hybrid systems. For this purpose, 

two main characteristics were necessary: modularity and flexibility. The modular structure allows 

any type of system to be built and run,  while the flexibility means that the same models can be used 

for different applications: from a stationary micro turbine to a complete hybrid fuel cell system. 

Now, TRANSEO is currently providing the user with more than 30 modules. Validation has been 

extensively performed, also in applications other than SOFC hybrid systems [3].  

During the last years TPG, developed a real time library of components for supporting the 

development of control systems of the micro-turbine test rig and also to emulate some expensive 

components such as the fuel cell. 

Several approaches are present in open literature [4, 5, 6], aimed at achieving more than real-time 

performance from the simulation tools by linearising, either automatically or analytically, the 

component models. Such an approach is effective for studying operating conditions close to the 

linearization point (central point), but it is affected by significant loss in accuracy as far as the 

operating conditions differ from those of the central point. For such a reason, a new approach for 

effective time-dependent calculations was investigated, with the objective of reducing calculation 

time but retaining most of the non-linearities of the actual cycle. 

Starting from existing TRANSEO, original C-based models have been translated into embedded 

Matlab functions for direct use into Matlab-Simulink. Calculation time has been dramatically 

improved, still retaining acceptable accuracy of the results, as demonstrated by comparison with 

original TRANSEO model and experimental validation. 

To reach the real-time performance, the TRANSEO model components have been modified 

avoiding time consuming sub-functions or iterative methods. 

In general, the C-based function of TRANSEO have been translated into Embedded Matlab 

functions. An Embedded Matlab function is meant to include Matlab code into models, generating 

embeddable user-defined C code: an Embedded Matlab Function block lets you compose a Matlab 

function. Such a function is first compiled, code is generated for a Real-Time Workshop target [7], 

and eventually executed.  

The Embedded Matlab function block supports a subset of the Matlab language for which it can 

generate efficient embeddable code. Embedded Matlab function blocks support calls to Matlab 

functions for simulation only, if these calls do not directly affect any of the Simulink inputs or 

outputs, they are eliminated from the code when generating code with Real-Time Workshop.  

 

2.1  Overview of existing emulator plants coupled to real-time models 
 

After 2000, microturbines (mGT) have been particularly attractive for integration in innovative 

cycles, such as hybrid systems [8], humid cycles [9,10] and externally fired cycles [11, 12]. 

Furthermore, microturbines are a promising technology for distributed power generation and co-

generation. However, when the microturbine standard cycle, to increase efficiency performance, is 

modified introducing innovative components, such as fuel cells, saturators or new concept heat 

exchangers, at least two challenging main problems have to be faced: 
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• preventing the machine from dangerous conditions at both steady-state and transient 

conditions, including start-up and shut-down operations; 

• ensuring the proper feeding conditions to the cycle components. 

Furthermore, additional components generate new variables to be monitored, new risky conditions 

to be avoided and require additional control devices and control systems. While microturbine based 

innovative cycles are currently under investigation with theoretical modelling [13, 14, 15] ofboth 

steady-state and transient conditions, the experimental support is essential for a complete 

investigation of the operative conditions, for the validation of theoretical models and to prevent 

risky conditions. 

innovative cycle test rigs are very expensive because of high-technology new components, such as 

fuel cells.Therefore, experimental data can better be obtained from the development of more simple 

experimental plants, named emulators. Emulators are designed to generate the same effects of the 

real systems, in terms of pressures, temperatures and mass flow rates, without the expensive 

components. This experimental approach, generating reliable results as a complete test rig, allows to 

investigate risky situations with more flexibility, without possible serious and expensive damage to 

the equipment. F 

In an emulator, the missing components (e.g. fuel cell) may be represented by a real-time model, 

which is run in parallel to the plant, exchanging input/output information on the operational 

performance of the missing components as well as the impact on the actual plant behaviour. 

 

2.1.1 The Hybrid Performance (HyPer) facility at NETL and connection to real-time 

model 

 

The Hybrid Performance (HyPer) facility, located in the U.S. Department of Energy, National 

Energy Technology Laboratory (NETL), is a unique facility designed to evaluate high speed 

dynamic phenomena in hybrid systems [16]. The facility matches hardware and virtual components 

to take advantages from model flexibility and experimental accuracy. 

An important experimental study with emulators and real-time models was developed at U.S. DOE-

NETL laboratories of Morgantown (WV-USA), where a physical simulator of SOFC hybrid system 

cathode side has been producing a large number of data in order to examine fundamental issues 

related to component integration, operative procedures and control strategies. This rig, fully 

designed at NETL, is composed of a microturbine (a 120 kW APU) coupled with with two 

recuperators in parallel (primary surface, counter-flow heat exchangers), and with two vessels used 

to generate the volume capacity effect of a 250 kW SOFC and the post-combustor (or off gas 

burner). The thermal effect of the SOFC is generated with a natural gas-fed combustor, controlled 

by a real-time fuel cell model. The absence of an actual fuel cell stack allowed the system to run 

into surge several times without serious (and very expensive) damages to the equipment, which was 

properly designed. This test rig has been used for a wide validation of theoretical models at both 

steady-state and transient conditions. 

The Solid Oxide Fuel Cell (SOFC) is emulated with a cyber-physical approach. In such an approach 

the hardware components of the HyPer facility are coupled with a numerical real-time model of a 
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SOFC, which drives the only heat source of the system. The hardware components of the fuel cell 

emulator include a natural gas combustor to simulate the heat from the fuel cell and two pressurized 

vessels to emulate the volumes of the fuel cell system. These hardware components are physically 

connected with a recuperated gas turbine and virtually coupled to the SOFC model.   

A schematic representation of the plant is presented in Figure 2.1, where all the dash lines represent 

the numerical model.  

 

 
 

Figure 2.1: Hyper facility schematic diagram 

 

The compressed air is preheated by the turbine exhaust into two parallel, counter-flow heat 

exchangers, before feeding the cathode and air manifold volumes emulator, which consists of a 

pressurized vessel. Here the pressure dynamics of the fuel cell and residence time effects are 

simulated. After the volume, a natural gas combustor generates the amount of heat calculated by the 

fuel cell model, which is used to drive a 120 kW turbine. A second vessel is located after the 

combustor to simulate the volume of the post-combustor in the real fuel cell system.  

Three bypass valves are used for control purposes: a bleed air valve, which blows compressed air 

into the atmosphere, a cold air bypass, which diverts air from the compressor outlet to the post-

combustor volume, and a hot air bypass, which is located at the heat exchangers outlet and bypasses 

the fuel cell emulator. 

The one-dimensional real-time SOFC system model simulates a planar, co-flow, anode-supported 

SOFC. It employs a finite difference approach to solve the thermal equations and a finite volume 

approach for the electrochemistry. Data are fed every 80 ms into the model from sensors embedded 

in the physical system, which provide cathode inlet flow characteristics: mass flow rate F, pressure 
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A further level of flexibility is assured by a heat exchanger located downstream the recuperator 

outlet (hot side) for hot water production. It allows to study mGT systems with co-generative 

applications improving their performance and analyzing their behaviour during both electrical and 

thermal load variations [20]. This system is also useful to develop the control system for these kind 

of cycles. Different machine control strategies can be easily tested and, simply changing the valve 

opening laws, it is possible to test different start-up approach for the heating up of fuel cells or other 

additional components. 

 

 

Figure 2.2: TPG hybrid system emulator schematic diagram 

 

The hybrid system emulator in the Figure 2.2 is mainly composed of a modular cathode vessel, 

located between the recuperator outlet and the combustion chamber inlet (to study potentially 

different fuel cell sizes and technologies), and an anodic circuit (based on a single stage ejector and 

an anodic vessel). The turbo-machine is a Turbec T100 PHS Series 3 (nominal rotational speed: 

70000 rpm) and is equipped to operate in stand-alone configuration or connected to the electrical 

grid. In this test rig, the machine is operated using its commercial control system. It works at 

constant rotational speed when the machine is in stand-alone mode. In this mode, the control system 

changes the fuel mass flow rate to maintain the speed at 67550 rpm. In grid-connected mode, the 

machine controller works at constant TOT. In this second mode, therefore, the control system 

changes the fuel mass flow rate to maintain the machine at 645°C (918.15 K). In both modes, 
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