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ABSTRACT 

The air supply system is considered to have a major impact, subject to overall efficiency, noise emissions and costs 
on fuel cell systems. These properties are determined not only by the system hardware, but also by the chosen 
control strategy. 
In functional viewpoint, the air supply system must provide the total mass flow necessary to the power module at the 
pressure level required, while limiting electrical power consumed. The air supply system also has to ensure the good 
distribution of the mass flow in the circuit of the cathode and anode, and to maintain the optimal conditions of the 
fuel cell system. 
This paper focuses on the fuel cell air supply system rather than the complete fuel cell stack. The air circuit 
(cathode) of the fuel cell can be seen as a single control volume where some pressure drops occur. The air supply 
system is composed by a three-lobe compressor and a counter pressure electric-driven butterfly valve. The 
simulation and experimental results show that a simple control strategy based on two proportional-integral (PI) 
controllers can satisfy the fuel cell system air requirements: whatever the mass flow, the pressure can be maintained 
constant. 

1. INTRODUCTION 

Fuel cell systems emerge as a new technology, which is expected to play important role in future automotive 
applications. To enable this technology’s penetration into the market, new developments to improve robustness, 
efficiency, cost and maintainability are necessary.
The increasing power demand of the air compressor to meet higher pressure negatively impacts the overall system 
efficiency (Blunier, et al., 2010). One solution to this problem is found in the optimization of the system pressure 
with regard to system efficiency (Swan, et al., 1994).With the knowledge of the fuel cell efficiency and the power 
consumption of the auxiliary components (mainly from the air compressor, but also from valves and other electronic 
devices) an optimal pressure control strategy can be derived. Model-based controllers are expected to show 
improved dynamic responses. In this paper a PI control optimized by Zeigler Nichols method is proposed. 
The section 2 describes the air supply system model and the components used to control the pressure, when the 
section 3 describes the test bench built in order to validate the control strategy. The section 4 gives some simulation 
and experimental results to validate the chosen control strategy. 
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2. MODEL OF TRE AIR SUPPLY SYSTEM 

The air supply system is built from the model of the three-lobe compressor presented in (M'BOUA, et al., 2010) and 
(M'BOUA, et al., 2010), the manifold inlet, a control volume representing the fuel cell cathode, and an electrical 
butterfly valve at the cathode outlet allowing the control the pressure (Figure 1).  
The dynamic of each component will be given to design the proper controller of the fuel cell air supply system. The 
quantities to be controlled are the air mass flow depending on the load demand and the cathode pressure which has 
to remain constant. The actuators used are, a variable speed three-lobe compressor at the cathode inlet which mainly 
controls the air mass flow, and an electric-driven butterfly valve at the cathode outlet allowing the pressure control. 

 2.1 Model of three-lobe compressor 
To model the compressor, the test bench has been automated with a Dspace system using Matlab/Simulink and a 
Phyton script. The data tests have been save for several compressor speeds and valve positions, recording for each 
operating point in steady state, the average pipe pressure, and the mass flow. The nonlinear relationship between 
mass flow, pressure, and speed, the compressor behavior has been obtained using neural networks based on 
simulated and experimental data given in (M'BOUA, et al., 2010). Thus, the compressor model in this paper is 
described using 3D-maps based on neural networks as shown in Figure 2. From the compressor map, the compressor 
mass flow  is given for each speed and pressure . 

The compressor mass flow is determined on the basis of the compressor flow map, which is dependent on the 
compressor speed and the pressure ratio. The mass flow and pressure are strongly coupled quantities, consequently 
the system can be considered as a nonlinear MIMO (Multiple Input Multiple Output) system. 

2.2 Model of the manifold 
The pressure transient response is based on the mass conservation principle. (Qureshi, et al., 1994): 

Where  is the molecular mass of the air, the ideal gas constant,  the temperature,  the manifold volume, 
the pressure,  and  are respectively the inlet and outlet mass flows. 

                                                             Figure 1: The compressor, control volume, valve
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Figure 2: Characteristic map of the three-lobe compressor

2.3 Model of the valve 
The nozzle flow equation is used to model the behavior of the mass flow between two volumes. For an upstream 
pressure,  and downstream pressure,  of the valve, the characteristic is divided into two regions by the critical 

pressure ratio 

The parameter  is the discharge coefficient of the nozzle,  the effective nozzle area, the constant of the 
ideal gas,  is the ratio of the specific heat capacities,  and  are respectively the temperature the pressure in the 
manifold, and  the pressure ratio.  
The valve may be modeled with the linear subsonic equation in the case where the pressure difference across the 
nozzle is small. 

Where  is the linear flow coefficient. 
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3. TEST BENCH 

The test bench shown in Figure 3 has been used to validate the model of the compressor presented in the reference 
(M'BOUA, et al., 2010). it has been built to be able to integrate easily different kinds of compressors. The test bench 
contains the following components: 

• A three-lobe compressor coupled with an electrical machine assuming the variation of the speed; 
• An electric-driven butterfly valve coupled with a chopper to control the valve opening angle; 
• A conditioning and control dSpace board; 
• A computer with a developed Graphic-User Interface coupled to a python script for tests automation; 
• A power supply for all sensors and actuators (temperature sensor, mass flow sensor, torque meter, butterfly 

valve ). 
The mass flow and pressure are regulated by means of the lobe compressor and the butterfly valve.  

4. CONTROLLER SYSTEM 

The objective of air supply system is the control of the air mass flow and the pressure. 
Functionally, the mass flow through the system is controlled by the rotational speed of the compressor, and the 
control of the pressure by the opening angle of the valve. However the mass flow and pressures interact with each 
other (e.g. an increase in mass flow implies into a higher pressure if the valve position is kept unchanged). So this 
interaction between inputs allows confirming that the system can be considered as a nonlinear MIMO (Multiple 
Input Multiple Output) system. The aim of the work is to propose control methods able to manage the system from 
two independent closed-loop control systems for mass flow and pressure. 
The control loop of mass flow allows to adjust at all time the speed of the compressor, following the requirement of 
the load. While the control loop of the pressure is to maintain the air pressure at the constant reference value 

Figure 3: Photo of test bench
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(variation of pressure should be less 300 mbar) during all process and despite the change of mass flow. Without the 
control loop the increase of the pressure could drag damages of the stack of fuel cell system. 

4.1 PI Control 
In the industry, most widely used controllers are P (proportional), PI (proportional-integral) and PID (proportional 
integral-derivative) controllers. This is due to its simple structure and ease of use in addition to robustness and wide 
range of applicability.  
In this paper the PI controller based on Ziegler Nichols rules has been used to control the air supply system. Some 
systems have interactions, and those interactions may be of various strengths and any interaction affects tuning of an 
individual PI. There may be a need for a loop to be tuned if it responds slowly, or if it oscillates too much, or if it has 
a steady-state error; and most definitely if it is unstable. 
The Ziegler-Nichols method is a heuristic method of tuning PID controller. It is performed by setting  (integral 
gain) and  (derivative gain) to zero, while increasing the proportional gain from zero until it reaches the 
critical ultimate gain ku, at which the output of the loop begins to oscillate (limit pumping). 
To obtain the limit pumping, we use only the proportional gain in the closed-loop and we increase slowly the gain of 
the regulator until to get the self-sustained oscillations (pumping phenomena). 
We call the gain which brings the system at its limit of stability, and   the oscillations period obtained.   
The Ziegler-Nichols tuning formula is based on the empirical knowledge of the ultimate gain  and ultimate period 

 , as shown in Table 1

 PID PI 
Proportional gain
Integral time
Derivative time

  
Table 1:Ziegler-Nichols tuning formula

The PID controller is usually implemented as follows: 

The controller output, process output and set-point are ,  and , respectively. 
A PID controller in the form of this equation avoids “derivative kick” and provides noise filtering (DESHPANDE, 
et al., 1981). The noise filtering constant N is usually in the range of 3-10. Without loss of generality, N= 10 is used 
throughout this study. 

4.3 Simulation and experimental results 
Figure 4, Figure 5, Figure 6, Figure 7 show the comparison between the experiments and simulated results for 
different pressure references when the mass flow varies around 3 g/s to 20 g/s. It can be seen that the PI control 
based on Zeigler Nichols method is satisfactory in both cases. 
It can be conclude that the control strategy is working both in simulation and experimentation for different pressure 
references. 
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Figure 4: Experiment result for the reference pressure of p=1.5 bar. 

Figure 5: Simulated result for reference pressure   p=1.5 bar. 
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Figure 6: Experiment result for the reference pressure of p=1.6 bar. 

Figure 7: Simulated result for the reference pressure of p=1.6 bar. 

4. CONCLUSION

A variable pressure strategy is a promising tool to increase the system efficiency of fuel cell systems. Indeed, the air 
compressor presents the major source of power losses in fuel cell systems. Especially in the low power output region 
the effect on the system efficiency is significant. However, a variable pressure strategy requires a fast and accurate 
control of mass flow and pressure. Two independent control loops with PI controller based on Zeigler Nichols 
method are used to control the mass flow and the pressure. The simulated and experimental results show a good 
agreement and show the goodness of the chosen control strategy. 
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