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Abstract 
 

This thesis describes a procedure to measure the transient effects in a fuel cell air 

delivery system.  These methods were applied to model the 20 kW automotive fuel cell 

system that was used in Animul H2, a fuel cell-battery hybrid sedan developed by a group 

of engineering students at Virginia Tech.  The air delivery system included the air 

compressor, the drive motor for the compressor, the motor controller, and any plumbing 

between the fuel cell inlet and the compressor outlet.   

The procedure was to collect data from a series of tests of the air delivery system 

with no load (zero outlet pressure) and at several loads.  The air compressor speed, outlet 

pressure, and motor controller current were measured in response to a variety of speed 

requests.  This data was fit to transfer functions relating the compressor speed, outlet 

pressure, or motor controller current to the speed request.  The fits were found using a 

least squares optimization technique. 

After the experimental model was developed, it was augmented with an analytical 

model of the rest of the fuel cell system.  The mass flow of the air was determined from 

the air compressor speed and outlet pressure with the compressor map.  The fuel cell 

current was found by assuming a constant stoichiometric ratio.  The power out of the fuel 

cell was calculated from the fuel cell current and the pressure with the polarization curve.   

The model of the fuel cell system was implemented in Matlab/Simulink.  Several 

open and closed loop simulations were run to test the functionality of the fuel cell system 

model.  The gross and net powers of the fuel cell system were found as a function of the 

compressor operating speed.  The time it took for the system to come up to power as a 

function of idle speed was also found.  A PID controller was implemented to allow the 

system to track a reference power request. 

The key contributions of this work were to develop a method to test the air 

delivery system to determine the dynamics of the system, to develop a model based on 

these tests and some analytical knowledge of fuel cells, and to use the model to simulate 

the operation and control of a fuel cell system.
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Chapter 1 
Introduction 
 
 

Fuel cells could potentially replace the internal combustion engine and many 

other energy generation devices used today.  Reduced emissions of greenhouse gases and 

increased efficiency are two of the major reasons that fuel cells are being seriously 

researched as a replacement to the internal combustion engine.  These sections present an 

overview of fuel cell systems, their applications, their benefits and challenges, an 

explanation of the need for a transient analysis of fuel cell systems, and an overview of 

the relevant background literature. 

1.1 Fuel Cell Systems 

Fuel cells are direct energy conversion devices that convert a fuel, usually 

hydrogen, and an oxidant, usually oxygen into electricity, water, and heat.  The reaction 

is electrochemical and generally catalytic in nature.  Figure 1-1 shows a basic schematic 

of a fuel cell.  The half reactions that occur in the fuel cell are [1] 

Oxidation half reaction 2H2   →  4H+  +  4e- 
Reduction half reaction O2  +  4H+  →  2H2O 
Cell reaction   2H2  +  O2  →  2H2O 
 
 
There are six basic types of fuel cells: proton exchange membrane (PEM), alkaline, 

phosphoric acid, molten carbonate, solid oxide, and direct methanol.  They are generally 

characterized by the electrolyte they use.  This research focuses on systems developed for 

PEM fuel cells.  PEM fuel cells have the advantages of operating at a low temperature, 

which reduces the material costs, and having a quick start-up time [1].  Because of these 

advantages PEM fuel cells are the leading choice for automotive applications.   
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Figure 1-1.  Basic Schematic of a Fuel Cell [2] 
 

Because a single fuel cell is generally not useful in most applications, fuels cells 

are put together into fuel cell stacks.  A fuel cell stack is an assembly of multiple fuel 

cells that is wired in series and receives the reactants (hydrogen and oxygen) in parallel.  

This fuel cell configuration increases the voltage that can be applied to a load.  For 

example, in a PEM fuel cell the open circuit voltage of a single cell is between 1.0 and 

1.1 V and the full load voltage for a single cell is about 0.5 V.  A PEM fuel cell stack 

often contains over 100 cells and thus can have a voltage range of about 50 to 110 V.  

The terms fuel cell and fuel cell stack are generally used interchangeably.  Figure 1-2 

shows a simplified illustration of how fuel cell stacks are wired and plumbed. 
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Figure 1-2.     How a fuel cell stack is plumbed and wired.  The reactants (air and 

hydrogen) are plumbed in parallel.  The individual fuel cells are wired in 
series to increase the overall voltage.  It is common for fuel cell stacks to 
have over 100 cells. 

 
Fuel cells require hydrogen (the fuel) and oxygen (the oxidant) to produce 

electricity.  To acquire hydrogen and oxygen, most fuel cell stacks need several 

subsystems to operate.  These subsystems include an air delivery system, a fuel storage 

and delivery system, a heat rejection system, and an electrical power conditioning 

system.  Figure 1-3 shows a basic schematic of the fuel cell subsystems.   

+- 
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+- +- +- 

2.0 – 4.4 V 
- +

Reactants 

Cell 2 Cell 3 Cell 4 Cell 1 

0.5 – 1.1V 0.5 – 1.1V 0.5 – 1.1V 
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Figure 1-3.  Main components of the subsystems in a typical PEM fuel cell system. 
 
 

How the reactants are delivered strongly influences fuel cell performance.  As the 

reactant pressures increase, the fuel cell’s thermal efficiency increases.  To increase the 

reactant pressures, an air compressor is included in the air delivery system and the 

hydrogen is often stored as a compressed gas.  The humidification systems are included 

because lower reactant humidity can degrade the fuel cell and cause permanent damage.  

Fuel cell performance is also lowered by the material limits.  Increasing the operating 

temperature of the fuel cell increases the thermal efficiency.  However, the materials used 

in PEM fuel cells limit the temperature to about 80 0C.  The heat rejection system keeps 

the fuel cell from exceeding this temperature.   
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1.2 Applications of Fuel Cells 

Fuel cells were first discovered in 1839, but it wasn’t until the late 1950s and the 

early 1960s before any significant development was done.  The first applications of fuel 

cells were to generate power during space flights.  Up until the last fifteen years, fuel 

cells have been primarily used in the space program [3].  With the potential to increase 

efficiency and reduce emissions, industries are looking to use fuel cells in a number of 

new applications.   

These applications all involve replacing existing power generation or storage 

devices.  For instance, automotive manufacturers are using fuel cells to replace internal 

combustion engines in a wide range of vehicles.  The fuel cells produce the power to run 

electric motors.  Most of the major automotive manufacturers are predicting that they will 

have fuel cell vehicles in limited production by 2004.  This is the application that this 

research focuses on.  Fuel cells are also being used to generate stationary power for both 

electric utilities and individual residences.  Several of these systems are already in place 

on a trial basis; among these systems are some 7 kW PEM fuel cell systems that are being 

used to power homes in New York [1].  Smaller fuel cells can replace batteries in 

portable appliances like laptop computers and cell phones.  These smaller fuel cell 

systems are a little more than twice the size of conventional batteries and roughly the 

same weight.  With improvements in the power density of the fuel cells, the systems 

could be the same size as the batteries.  These fuel cell systems could potentially operate 

up to ten times as long as batteries. 

1.3 Benefits and Challenges of Fuel Cells 

The primary benefits of fuel cells are the potential for increased system 

efficiencies and reduced greenhouse gas emissions.  Because fuel cells are direct energy 

conversion devices, they are not limited by Carnot efficiencies as heat engines are [1].  

Heat engines include internal combustion engines and power plants. Figure 1-4 shows a 

comparison of the efficiencies of fuel cell systems and some other common power 
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generation systems [3].  It is possible for fuel cell efficiencies to exceed the Carnot limit 

even at relatively low temperatures.  Most PEM fuel cells have no direct emissions other 

than water, which means that all of the emissions are from the offsite processing of 

hydrogen from a hydrocarbon.  These fuel production emissions are significantly lower 

than the emissions from an internal combustion engine or most fossil fuel burning power 

plants.  There is also the benefit that the main source of hydrogen is natural gas – using 

natural gas as an energy source reduces our dependency on foreign oil. 

 
 
Figure 1-4.  Efficiencies of various power generation methods [3]. 
 
 

The benefits of fuel cells do not come without challenges.  Systems must be 

developed that can achieve these benefits.  Air compressors, pumps, fans, and other parts 

required to run the system are parasitic loads that use some of the power generated by the 

fuel cell.  If the parasitic loads are large enough, they can negate the higher energy-

conversion efficiencies from the fuel cell.   

Another challenge is controlling the fuel cell subsystems.  The reactants need to 

be delivered at the right pressures and flows.  To get a higher system efficiency, the 

parasitic loads need to be minimized.  The largest parasitic load in a fuel cell system is 

the air compressor that delivers the pressurized air to the fuel cell.  The required air flow 

through the fuel cell is proportional to the power.  Reducing the operating speed of the 
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compressor and thus the mass flow of air reduces the amount of power required by the air 

compressor.  Load following is a control strategy that changes the operating speed of the 

compressor such that the air flow from the compressor matches the required air flow 

through the fuel cell.  This control strategy significantly reduces the parasitic loads on the 

fuel cell and thus improves the system efficiency. 

1.4 Transient Analysis of Fuel Cell Systems 

Among the challenges of working with fuel cells is developing a control strategy 

that can run a system that can generate power from the fuel cell at the rate required by the 

load.  This is a particular challenge with automotive systems because the load from the 

vehicle energy requirements can change rapidly because of hard accelerations and steep 

grades.  One of the control systems of interest is load following.  With load following, the 

air compressor speed would be set to get the flow required to make the power out of the 

fuel cell.  Previous modeling work with a quasi-steady state model of the fuel cell system 

used for this thesis suggested that load following could improve the fuel economy of the 

vehicle by 40 % on a city cycle [4].  To develop a load following control strategy or most 

any other control strategy, it is necessary to understand the transient effects in the fuel 

cell system.   

Transient effects are usually measured in terms of time constants.  A time 

constant is the amount of time an output of the system takes to reach 63 % of the final 

value.  In the case of a decaying response, a time constant is the amount of time to decay 

to 37 % of the original value.  The first case is shown in Figure 1-5 for a first order 

system y = 1-e-t.  The response time of a system increases as the time constant gets larger.  

Time constants can be approximated with analytical models, but are often measured 

experimentally.   
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Figure 1-5.  Time constant for a first order system.  The time constant is the time at 
which the response is 63% of the final value.  In this case the time 
constant is 1 s. 

 
 

In automotive fuel cell systems, the largest time constants are most likely in the 

air delivery system.  The major contribution to the large time constants is the system to 

compress the air that is not present in the hydrogen delivery system.  The response time 

for the air delivery system will likely be the limiting factor in how fast the amount of 

power out of the fuel cell can be changed.  For this reason, the transients in the air 

delivery system are modeled in this work.  The air delivery system includes three main 

parts to be modeled.  These parts are the air compressor, the motor and motor controller, 

and the plumbing between the air compressor and fuel cell.  The humidification system is 

included in the plumbing portion of the model. 
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1.5 Literature Review 

Animul H2 and the Hybrid Electric Vehicle Team 
 

The Hybrid Electric Vehicle Team at Virginia Tech (HEVT) was founded in 1994 

to develop alternative fuel vehicles that reduce greenhouse gas emissions and improve 

vehicle fuel economy.  Animul H2 was a five-passenger fuel cell–electric series hybrid 

sedan developed as part of the FutureCar Challenges of 1998 and 1999.  Animul H2 

featured a 20 kW PEM fuel cell was sized to provide the average power demand and a 26 

Amp-hour lead acid battery pack (336 V nominal) that supplied the transient peak power.  

The air supply system modeled in this research is based on the air system from this 

vehicle.  The air delivery system included a twin-screw air compressor driven by a 

brushless DC motor, the motor controller, and plumbing between the air compressor 

outlet and the fuel cell inlet.  The air compression system ran strictly at full speed.  There 

was no control of the speed or pressure of the air flow.  As a result, the parasitic losses 

due to compressing the air were quite high.  The desire to develop a load following 

control strategy to improve the system efficiency by reducing the air compression power 

demands was a major reason to develop a dynamic model of the air delivery system.  

More information about HEVT is available on their website at http://futrcar.me.vt.edu/.  

Information about the design of Animul H2 is available in the SAE Technical paper by 

Michael Ogburn, Dr. Douglas Nelson, William Luttrell, Brian King, Scott Postle and 

Robert Fahrenkrog [5]. 

Component Modeling 
 

The main components in the air delivery system are generally modeled with 

maps.  The one component that has a transient model is the air compressor drive motor.  

A transient model for an electric motor is shown in Figure 1-6.  This model is used to 

analyze the air compressor drive motor.  Table 1-1 summarizes the parameters for the 

Uniq Mobility brushless DC motor used to drive the Opcon twin-screw air compressor.   
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Figure 1-6.     Dynamic model of an electric motor [7].  Ra is the armature resistance, La 

is the armature inductance, Kt is the torque constant for the motor, B is the 
mechanical damping, J is the inertia, Ka, is the armature voltage constant, 
V is the voltage input, and RPM is the motor speed in RPM. 

 
 

Table 1-1 
Parameters of the Uniq Mobility Motor [8] 

 
Parameter Value 

Ra 36 Ω 
La 25 µH 
Kt 0.191 N-m/A 
Ka 20 V/kRPM 
Jr 0.014 kg-m2 
B Not specified 

 
The transfer function relating the motor speed to the voltage is 
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where Ra is the armature resistance, La is the armature inductance, Kt is the torque 

constant for the motor, B is the mechanical damping, Jr is the inertia of the rotor, Js is the 

inertia of the compressor screw coupled to the motor, Ka, is the armature voltage 

constant, V is the voltage input, and RPM is the motor speed in RPM.  The inertia of the 

screw is estimated to be 0.02 kg-m2. 
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There are two poles for this model.  Poles are roots of the denominator of a 

transfer function; the time constants are equal to the inverse of the poles.  The magnitude 

of the pole determines the speed at which the system will respond to an input.  One of the 

poles is dominated by the electrical terms and is very fast.  This pole is at -1.44 X 106.  

The second pole is largely a function of the mechanical properties of the system.  Since 

the inertia and damping of the motor/compressor system are not known, the exact 

location of this pole is uncertain.  It, however, is much slower than the electrical pole and 

is estimated to be near –10 to –40.  This mechanical pole will be found experimentally. 

The majority of the remaining components are not typically modeled 

dynamically.  Air compressors are often modeled with maps.  These maps relate the 

pressure and mass flow to the overall compressor efficiency, temperature rise, 

compressor speed, and volumetric efficiency.  The compressor map for the Opcon 1032 

twin-screw air compressor that was used in this system is shown in Figure 1-7. 
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Figure 1-7.  Opcon 1032 compressor map. 

 

Several transient models for air compressors exist, but they generally are 

inadequate for the system level model.  Most of these models are like the Greitzer model 

where the time constants for the model are “knobs” that are adjusted to get the model to 

fit the data [9].  The majority of the remaining models are actually steady state models 

with time varying operating conditions, like the Bausa and Tsatsaronis model [10].  

Neither model gives an estimate of what the time constants for an air compressor should 

be. 

Fluid systems like the plumbing between the fuel cell and the air compressor are 

often modeled in a lumped parameter model.  One lumped parameter model is to consider 

the fluid properties and components as electrical equivalents.  This method is commonly 

used with bond graphs.  Pressure is analogous to voltage and volume flow rate is 
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analogous to current.  A restriction in the flow is akin to a resistor.  Accumulators are 

similar to capacitors.  The inertia in a system is modeled as an inductor.  Thus with these 

relationships a fluid system can be modeled as an equivalent electrical circuit [11].  This 

model has the benefit of being linear.  However, to model fluid systems as equivalent 

electrical circuits requires several assumptions about the fluid system.  Often the flows 

are assumed to be incompressible.  This assumption works well with a hydraulic system, 

but with fluid flows like air it is inaccurate.  Overall, this method does not work well with 

a working fluid of air. 

Generally, the dynamics of the electrochemistry of the fuel cell are significantly 

faster than the dynamics of the rest of the fuel cell system.  The kinetics of the fuel cell 

reactions with the catalysts are several orders of magnitude faster than the dynamics of 

the air compression system [6].  The kinetics of the fuel cell reaction are assumed to be 

enough faster than the rest of the system that they are neglected.  The fuel cell is 

generally represented as a polarization curve in most models.  A polarization curve 

relates the current (or current density) to the fuel cell voltage.  The voltage is also a 

function of the partial pressure of the oxygen in air and the stack temperature.  Figure 1-8 

shows a typical polarization curve for a single cell fuel cell.  The equation for the fuel cell 

voltage is often approximated with the GC Tool equation [12].  The GC Tool equation for 

fuel cell voltage is 

)log(055.0)10493.20604.1()1000log(055.005.1 ,2
3

inOcellcell PJTJV +×−−−= −  (1-2) 

Where Vcell is the cell voltage, J is current density, Tcell is the fuel cell temperature, and 

PO2,in is the partial pressure of oxygen at the fuel cell inlet. 
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Figure 1-8.  A typical polarization curve for a single cell fuel cell [12]. 
 

1.6 Contributions 

The goal of this research is to develop a model of a fuel cell system that could be 

used for control of the system and, to a lesser extent, evaluate the system from a dynamic 

standpoint.  The major contributions of this work towards this goal are: 

• A method to test a fuel cell air delivery system and develop an empirical 

dynamic fuel cell system model was developed. 

• Several ways to use the model to simulate the fuel cell system were 

demonstrated. 

• Simulations of control of the system and design of a controller were 

demonstrated.
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Chapter 2 
Measurement of the Time Constants in the Air Delivery 
System  
 
 

This research develops a model of the transients in the fuel cell air delivery 

subsystem.  The transients in the air delivery system are modeled, because they are the 

slowest in a pure hydrogen fuel cell system.  The air delivery system supplies air at an 

elevated pressure and humidity to the fuel cell inlet.  The major components include the 

air compressor, the air compressor motor drive and motor controller, and the plumbing 

between the compressor outlet and the fuel cell inlet.  To determine the transient effects, 

the time constants of these major components were measured. 

2.1 Need for an Experimental Model of the Air Delivery System 

Analytical models of these components were found, but proved to be inadequate 

to fully explain the transients that were observed.  For example, most models of 

compressors are steady state models that do not consider any of the transients.  Most 

dynamic models are also insufficient.  They are either like the Greitzer Model [9] that 

bases the transients on experimental work, rather than theory, or like the Bausa and 

Tsatsaronis Model [10] that is a steady state model operated transiently.  For this reason, 

it was necessary to determine the time constants (measure of the transients) from 

experimental work.  

2.2 Description of the Air Delivery System to be Modeled 

The air delivery system modeled for this research was designed to run a 20 kW 

Proton Exchange Membrane (PEM) fuel cell in a mid-sized sedan.  To provide the 

required air flow and pressure for 20 kW, a twin screw air compressor operated at 7000 
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RPM was used.  The compressor tested is able to deliver about 30 g/s air at a maximum 

pressure of 10 psi gauge.  The drive motor for the air compressor is a brushless DC 

motor.  The motor controller is powered by a battery pack with 15 26 Amp-Hour 12 V 

lead acid batteries.  The state of charge of the battery pack is maintained with an engine-

generator combination.  In order to get the air from the outlet of the air compressor to the 

inlet of the fuel cell, several hoses are included.  To get the desired pressure at the fuel 

cell inlet a restriction is included.  An air chamber with nozzle injection of water is also 

included to condition the air so that it acquires the necessary humidity.  The hoses, 

restriction, and humidification chamber are lumped together as the plumbing in this 

model.  Figure 2-1 shows some of the components of the system.  

 
 

Figure 2-1.   Part of an air delivery system for a mid-sized fuel cell vehicle.  The 
plumbing and motor controller are not shown. 

 
 

2.3 Procedure to Measure the Time Constants 

To measure the time constants of the major components of the air delivery 

system, a relationship between the input and the outputs of the system needed to be 

known.  For this research, the relationships used were transfer functions.  The time 

constants are related to the roots of the denominator of the transfer function (also known 

as poles).  A common transfer function is 



 24 

( )
( ) ( )( )21

1
pspssX

sY
++

=  (2-1) 

where Y is the output of the system, X is the input of the system, s is the Laplace operator 

and p1 and p2 are the poles of the transfer function. Time constants are the inverse of the 

poles of the transfer function.  So, the time constants of the transfer function in Equation 

2-1 are 
1

1
p

 and 
2

1
p

.  

To determine the transfer functions for the air delivery system, the compressor 

speed, the compressor outlet pressure, and the motor controller speed were measured in 

response to a sigmoid input as a speed request.  A sigmoid is often referred to as an “S” 

curve.   A sigmoid was chosen for the speed request because a sigmoid is a smoother and 

more gradual than a step input, but still allows for a fast rise time without damaging the 

motor controller like a step input might.  The equation for the sigmoidal speed request is 

( ) ( )01 ttae
M

tx
−−+

=   V (2-2)  

where x is the speed request in volts, t is time in seconds, M is the magnitude of the 

request, and e is the exponential.  The coefficient a determines how quickly the sigmoid 

rises to to the magnitude M.  The larger the value of a, the faster the sigmoid rises.  t0 is 

used to make the speed request 0.1 % of M when t = 0 seconds.  Figure 2-2 shows an 

example of a speed request. 
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Figure 2-2.  A sample speed request with a=2 and t0=2.30 seconds. 
 
 

There were three phases of tests performed on the air delivery system.  The 

testing was divided into these three phases so that each of the time constants could be 

measured more accurately.  First, the air compressor, motor, and motor controller were 

tested with no load.  With no load, the compressor outlet pressure is zero.  These tests 

identified the time constants associated with the motor, the motor controller, and the 

rotating mass of the two screw rotors in the air compressor.  In the second phase of tests, 

a ball valve was attached to the outlet of the air compressor to create a nonzero outlet 

pressure.  The compressor was tested at a variety of the outlet pressures up to 10 psi (the 

maximum pressure efficient operation of the unmodified Opcon 1032).  For the third 

phase of testing, the plumbing that would typically go between the compressor outlet and 

the fuel cell inlet was added.  Each component of the plumbing was added individually, 

to get the time constant of the component.  The tests in each of these three phases were 

performed with a variety of speed requests.  Both the maximum speed and the rise time 

of the sigmoid were changed. 
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Once a data set has been acquired, a transfer function can be found relating the 

compressor speed, outlet pressure, and motor controller current to the speed request for 

the component tested.  First, a form for the transfer function was assumed.  Several 

different forms for the transfer function were tried to get the best fit to the data.  The 

transfer function forms considered are listed in Table 2-1.  The poles in these transfer 

functions are not constrained to be real.  The gains can be constant or a function of the 

input.  Each additional pole corresponds to an additional order of the system.  The gain 

accounts for the steady state behavior of the system.  Based on the analytical motor 

model in Chapter 1, a model with one or two poles was expected. 

Table 2-1 
Transfer Function Forms Used to Find Time Constants 

 
Description Equation 

Single pole ( )
( ) ( )1ps

K
sX
sY

+
=  

Two poles ( )
( ) ( )( )21 psps

K
sX
sY

++
=  

Two poles, one zero ( )
( ) ( )( )21

1)(
psps

zsK
sX
sY

++
+

=  

Two poles, one at origin ( )
( ) ( )1pss

K
sX
sY

+
=  

Three poles, one at origin ( )
( ) ( )( )21 pspss

K
sX
sY

++
=  

Three poles, one at origin, one zero ( )
( ) ( )( )21

1)(
pspss

zsK
sX
sY

++
+

=  
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The nonzero poles and the gains for the transfer functions were found using least 

squares optimization.  Least squares optimization minimizes the sum of the squared error, 

which is 

2
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i
imid tYtYSSE  (2-3) 

where SSE is the sum of the squared error, n is the number of samples taken in the data 

set, Yd,i is the ith data point, and Ym,i is the output predicted by the model for the ith point.  

The least squares optimization was done with the fminsearch routine in Matlab. 

After the poles are found for the assumed transfer function form with least 

squares optimization, a correlation statistic is calculated to measure the accuracy of the 

model.  The correlation statistic is 
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where R is the correlation statistic, n is the number of samples taken in the data set, Yd,i is 

the ith data point, and Ym,i is the output predicted by the model for the ith point, and Y d is 

the average of the data points [14]. 

The correlation statistic measures the accuracy of the model for a component 

compared to the data.  The closer the correlation statistic is to 1.0 the better the model 

matches the experimental data.  Each of the transfer functions forms in Table 1 are tried.  

The one with the highest correlation statistic is the form used to model a component.  For 

example, if least squares optimized model for a component had a correlation factor of 
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0.98 with ( )
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2.4 Experimental Setup to Measure the Time Constants 

To measure the time constants of each of the major components of the air delivery 

system, the following tests were performed.  The input to all of the tests was a speed 

request signal to the motor controller.  The duration of these speed requests was 20 

seconds.  This allowed enough time for the system to reach steady state and stay there for 

at least 10 seconds for each test.  Each series of tests added another component to the 

system, where possible components with the fastest time constants were tested and added 

first.  A diagram of the system with all components and measurement points is shown in 

Figure 2-3. 

 

 

 

 

 

Figure 2-3.  Air delivery system tested with measurement points. 
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Time Constants of the Motor Drive for the Air Compressor 
 
 

The first time constants considered were for the brushless DC motor that drives 

the air compressor.  Several analytical models suggested that the time constants for the 

motor would be significantly faster than the time constants for the air compressor.  To 

prevent the slower time constants of the air delivery system from obscuring the time 

constants of the brushless DC motor, it was necessary to decouple the motor from the air 

compressor.  Because the response was too fast with no load on the motor, a known mass 

moment of inertia was added.  Figure 2-4 shows the basic setup of the test.  The motor 

was tested with several different mass moments of inertia. 

 

 

 

Figure 2-4.   Setup to measure the time constants of the brushless DC motor.  The load 
on the motor is supported because the motor cannot support a radial load. 

 
 
Time Constants of Air Compressor 
 
 

There were two different sets of time constants for the air compressor—the 

unloaded and loaded time constants.  The time constants for the unloaded compressor are 

largely due to the rotating inertia of the compressor and friction.  The mass moment of 

inertia of the air compressor was determined by comparing the time response of the 

compressor with the time responses of several known mass moments of inertia (the tests 

done to measure the time constants of the brushless DC motor).  To measure the time 

constants of the loaded air compressor, a ball valve was added as a restriction to obtain 

the desired outlet pressures.  The compressor was tested with outlet pressures of 5, 7.5, 
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Motor 
Controller 

Known Mass 
Moment of Inertia 

Motor 
Load 

Support 



 30 

and 10 psi gauge at full speed.  For these tests, the compressor ran at full speed, half 

speed, and quarter speed.   

Time Constants of the Air Delivery System with Plumbing 
 
 

The time constants of each piece of plumbing were measured individually.  The 

various pieces of plumbing were added between the air compressor outlet and the ball 

valve restriction one at a time.  The outlet pressure is measured near the restriction, which 

is about where the inlet to the fuel cell would be.  The response to the input speed request 

for the systems with and without a piece of plumbing were compared to determine the 

time constant for that piece.  The volumes of plumbing tested were about 0.8, 2, 2.8, and 

3.4 liters.  After each piece was tested, the system was tested with the all the plumbing. 

Table 2-2 summarizes the all of the tests performed to measure the time constants.  The 

maximum outlet pressure is the pressure at the maximum speed.  The outlet pressure will 

be less than the maximum at less than the full speed for the test. 
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Table 2-2 
Tests to Measure the Air Delivery System Time Constants 

 
Phase of 
Testing 

Maximum 
Outlet 

Pressures 
(psig) 

Magnitude of 
Speed 

Requests (V) 

Speed Request 
Types 

Measured 
Quantities 

No Load 0 10, 9, 8, 7, 6, 5, 
and 2.5 

Sigmoids with 
a=1,2,4,6,8 and 
10, ramp (10 V 
only) with 
slopes of 10, 5, 
3.3, 2.5, 2, 
1.25, and 1 V/s 

Speed, Motor 
Controller 
Current 

Under Load 5, 7.5, and 10 10, 9, 8, 7, 6, 5, 
and 2.5 

Sigmoids with 
a=1,2,4,6,8 and 
10, ramp (10 V 
only) with 
slopes of 10, 5, 
3.3, 2.5, 2, 
1.25, and 1 V/s 

Speed, Motor 
Controller 
Current, 
Pressure 

With Plumbing 5, 7.5, and 10 10, 9, 8, 7, 6, 5, 
and 2.5 

Sigmoids with 
a=1,2,4,6,8 and 
10, ramp (10 V 
only) with 
slopes of 10, 5, 
3.3, 2.5, 2, 
1.25, and 1 V/s 

Speed, Motor 
Controller 
Current, 
Pressure 

 
 

Time Constants for Pressurizing the Fuel Cell 
 
  

To estimate the time constants for pressurizing the air side of the fuel cell, the fuel 

cell was approximated as a fixed volume of small diameter hose.  For the 20 kW PEM 

fuel cell that this air delivery system ran, the volume of the air channels in the fuel cell 

was 2 liters.  This test was done to approximate how the fuel cell would affect the time it 

takes to bring the air compressor up to speed and pressurize the system.  The tests 

performed were similar to the ones performed for the plumbing. 
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Chapter 3 
Experimental Results 
 
 

Each component of the air delivery system was tested to determine its transient 

effects.  For this work, time constants were the measure of the transient effects.  The 

general procedures for the tests are outlined in Chapter 2.  The testing was completed in 

three phases: testing of the unloaded compressor, testing of the loaded compressor, and 

testing of the loaded compressor with plumbing.  The three variables of interest measured 

for each test were the compressor speed, system outlet pressure, and the motor controller 

current.  For each phase of tests, a transfer function was developed to describe the 

transients of these three variables in response to several speed requests.   

In each phase of tests, the components were tested with a variety of speed 

requests and pressures.  The initial tests were done with no pressure at the compressor 

outlet.  For the rest of the tests, the components were tested at 5, 7.5, and 10 psig.  In the 

final phase of testing, some of the plumbing that is typically installed between the fuel 

cell and the air compressor was added.  Shown in Figure 3-1 are examples of the speed 

requests sent to the motor controller.  A 10 V speed request corresponds to full speed 

(about 7000 RPM).  The rise time is the time it takes for the speed request to reach its 

final value.  In these examples, the rise times are about 4 seconds.  The sigmoid speed 

request (blue dashed line) was used to find the transfer functions and thus time constants 

for each component.  The ramp speed request (green line) was used to verify the model. 
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Figure 3-1.   The two typical speed requests to the motor controller.  The sigmoid 
requests were used to develop the model.  The ramp requests were used to 
verify the model. 

 
 

First the air compressor was tested under no load at a variety of maximum speeds.  

The speed requests for these tests were either a sigmoid (s-curve) or a ramp.  The sigmoid 

speed requests were used to develop the model to describe the system transients.  The 

ramp speed requests were used to verify the models.  The model transfer functions were 

found using the method described in Section 2.3.  The transfer functions were of the form 
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where X is the system input, Y is the system output, K is the gain, z1 is a zero, p1 and p2 

are poles, and s is the Laplace operator.  The gain could be a constant or a function of the 
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input X.  The specific forms tested are in Table 2-1 in Section 2.3.  The poles were not 

constrained to be real. 

 

3.1 Time Constants of the Unloaded Air Compressor 

 
First, the air compressor was tested with no load at a variety of speeds.  This 

testing shows the effects of the rotating inertia of the air compressor and the motor 

controller dynamics on the transient performance of the system.  For these tests, the 

compressor speed and motor controller current were measured.  Figure 3-2 shows a speed 

request and a speed response for a typical no load test.  The steady state error (difference 

between the speed request and speed) exists because the motor cannot track the speed 
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request.  The transfer function gain accounts for this steady state error. 

 
Figure 3-2.  Speed request and response for the air delivery system with no load.  The 

speed request has a maximum of 10 V and a = 6. 
 
Once the data for the no load tests was acquired, a model could be fit to the data.  Below 

is an example of how this was done for a single data set.  The data set used was for a 

sigmoid speed request with a=6 and a maximum of 10 V.  Figure 3-2 shows the data from 

this test.  Later in this section, the way a single model was developed to fully describe 

transient effects seen in this data. 

For each of the proposed model forms the optimum gain, zero, and pole locations 

for each transfer function were found.  The optimum gain, zero, and pole locations were 

found with Matlab code using fminsearch to find the values of these parameters that 

minimized the sum of the squared error.  The Matlab code is included in Appendix II.  

The procedure to find the optimum parameters is described again here.  First, a model 

form was selected; these are the transfer functions listed in Table 2.1 in Section 2.3.  One 

of the possible forms was 

( )
( ) ( )( )21 psps

K
sSR
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++

=  (3-2) 

 
 
where SR is the speed request input, S is the compressor speed, K is the gain, p1 and p2 

are poles, and s is the Laplace operator.  The gain could be a constant or a function of the 

speed request.   

The parameters of the selected model form that minimized the sum of the squared 

error (SSE) were found using fminsearch.  The Matlab function fminsearch iterates to 

find the minimum using Nelder-Mead simplex method.  The model output y(t) was found 

using a lsim simulation (lsim is a linear system simulator in Matlab).  The SSE is 
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Where SSE is the sum of the squared error, N is the number of data points, Sm,i is the ith 
point for the speed model, Sd,i is ith speed data point. 
 

For the input speed request in Figure 3-2, the parameters for the transfer function 

form in Equation 3-2 were 

K = 0.956 
p1 = -2.616 
p2 = -1.2 X 108 
 

The correlation statistic was calculated to compare various model forms.  The 

closer the correlation statistic is to 1 the better the model fits the data.  The correlation 

statistic R is  
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where R is the correlation statistic, N is the number of samples taken in the data set, Sd,i is 

the ith speed data point, and Sm,i is the speed predicted by the model for the ith point, and 

S d is the average of the speed data points. 

 
The correlation statistic R is 0.9901 for the example case and the transfer function 

in Equation 3-2.  Table 3-1 summarizes the results for this case for the different transfer 

function forms considered.  The best transfer function form will have the highest 

correlation statistic.  Transfer function forms that have poles larger than 1000 (which 

correspond to a 1 ms time constant) are not desirable, because the effect of the pole on 

the dynamics will be small and the measurements used are not fast enough to reliably 

measure time constants that fast. 
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Table 3-1 
Correlation Statistic and parameters for the example case. 

 
Transfer Function Form Gain Pole(s) Zero Correlation 

Coefficient 
( )
( ) ( )1ps

K
sSR

sS
+

=  0.956 -2.616 - 0.9901 

( )
( ) ( )( )21 psps

K
sSR

sS
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=  0.956 
-2.616, 

-1.2 X 108 - 0.9901 
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( ) ( )( )21
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zsK
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sS
++

+
=  0.956 -0.72, 2.625 -0.701 0.9897 

( )
( ) ( )1pss

K
sSR

sS
+

=  0.956 
0, 

-2.3 X 1010 - 0.809 

( )
( ) ( )( )21 pspss

K
sSR

sS
++

=  0.956 
0, 

-2.4 X 1010  
-6.3 X 1012 

- 0.806 

 
For this example the best transfer function form was 
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where K is the gain and p1 is the pole.  This form is selected because it has the best fit to 

the data and is the simplest form.  The model form with an additional pole has the same 

correlation, but the additional pole is so fast that it does not contribute to the dynamics of 

the system or model. 

 
 

After performing the optimization on each of the 35 no load trials, several trends 

were identified.  The experimentally determined time constants tended to be slower for 

the fast speed requests.  This difference is likely due to the increased lag between the 

input speed request and output speed with the faster tests (in other words the dynamics 

are more obvious and easier to measure).  The time constant value had more effect on the 

correlation statistic for the faster speed requests.  The gain K varied with the maximum of 

the speed request.  This meant that for the unified model the gain would be a function of 

the speed request (in other words it was not just a constant gain).  For the transfer 
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function forms with zeroes, the zero locations would be very close (± 3 %) to one of the 

pole locations.  This seemed to imply that the zeroes were unnecessary in the model.  

Free integrators (1/s) caused the output of the model to grow without bound.  Since the 

system is stable, it is unlikely that a free integrator would be part of the model.  In 

general, the best form for each of the cases was a single pole. 

 
Consolidating the Tests to Form One Model 
 

Although the optimal transfer function form for each of the models for the no load 

tests was the same, the values for the gain and pole location were not.  Somehow, the 

models for each of the 35 different tests needed to be consolidated into one model that 

represented the dynamics of each case well.  The model for all the tests was found by 

performing the same least squares optimization for the sum of the sum of the squared 

errors for the seven full speed tests.  The sum of the sum of the squared errors is 

1086421SSE ====== +++++=∑ aaaaaa SSESSESSESSESSESSE  (3-6) 
 
where SSE is the sum of the squared error.  The a=1, etc. subscripts indicate the speed 

request that the SSE is calculated for.  For example, a=1 indicated a sigmoid speed 

request with a equal to 1. 

 
Only the full speed tests were used, because the time constants did not vary much 

with speed and that the full speed dynamics were most crucial in the model.  This 

optimization was performed for most of the model transfer function considered (the ones 

with free integrators and zeroes were not) to verify that the best model transfer function 

form for the complete model was the same as the best case for each individual case.  To 

further increase the correlation statistic R, several weighted functions involving the sum 

of the SSE were tried.  The maximum correlation and the minimum squared error were 

not directly related.  The general trend was that the correlation got higher as the squared 

error decreased.  Weighting the sum of the squared errors improved the relationship 
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between the minimum squared error and the maximum correlation.  Since, the faster tests 

had more effect on the placement of the poles of the model they were weighed more 

heavily.  Of the various weighting factors tried for the sum of the squared error, the 

highest correlation statistics were found by minimizing the function 

1086421 222SSE ====== ×+×+×+++=∑ aaaaaa SSESSESSESSESSESSEWeighted  (3-7) 
 
where SSE is the sum of the squared error.  The a=1, etc. subscripts indicate the speed 

request that the SSE is calculated for.   

For the no load case, the model was found to be 
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Where S is the compressor speed, SR is the speed request, and K is the gain, which is a 

function of the speed request.  The equation for the gain K is 

 
K(SR) = -0.0003 SR3 + 0.0088 SR2 - 0.0808 SR + 1.2308 (3-9) 
 

This model had an average correlation statistic of 0.9891 for the full speed case.  

This model also had an average correlation statistic of 0.9874 for all of the cases.  The 

average correlation coefficient for the ramps (the cases used to verify  the model) was 

0.9894.  The gain is not a constant because the bus voltage for the motor controller is not 

a hard 200 V.  This keeps the system from operating at the speeds that are requested, 

especially at higher speeds.  The data and the model for several cases are shown in Figure 

3-3.  This model will be the basis of the system model when additional components and a 

load are added. 

 



 40 

 
Figure 3-3.  Data and Model for the unloaded compressor.  The value of a for both speed 

requests is 6.  One case is for full speed and the other is at half speed. 
 

3.2 Testing with a Known Inertia 

 
Originally, the compressor drive motor was to be tested with a known rotating 

inertia to measure the time constant(s) associated with the brushless DC motor.  This 

planned testing is described in Section 2.4.  An analytical model presented in Section 1.5 

predicted the electrical motor time constant would be 7 X 10-7 seconds.  Since that is 

much faster than the motor/unloaded compressor time constants, the motor time constant 

does not contribute much more to the overall system dynamics than the combined time 

constant.  This is based on the fact that time constants that are more than 10 times away 

from the main time constant are negligible [15].  The obscured motor time constant was 

ultimately deemed unnecessary because of its negligible effects.  The analytical model 

suggested a second pole that would be a function of the mechanical properties of the 

system, including the parts to which the motor is coupled.  For this model that would be 
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the pole at –3.58.  This pole corresponds to a time constant of 0.28 seconds.  The 

analytical model predicted that the mechanical pole would be between –10 and –40.  (The 

range is due to uncertainty in the damping).  The actual pole is likely slower because of 

additional friction in the system and the effects of the turning the second screw with the 

first. 

 

3.3 Loaded Compressor Testing 

 
The next sets of transfer functions measured were for the compressor under load.  

For the air compressor, the load is a restriction on the outlet to cause a pressure rise.  The 

same testing setup that was used for the unloaded compressor testing was used with a ball 

valve added to create a pressure rise at the outlet.  The models developed in this phase of 

testing build off the unloaded compressor testing described in Section 3.1. 

 
Method of Determining the Model 
 

The same method of minimizing the sum of the squared error that was used to 

determine the best model form and model parameters for the unloaded compressor testing 

was used for the loaded compressor testing.  The same set of model transfer function 

forms from earlier testing were multiplied by 

( )
( ) ( )58.3

1
+

=
ssSR

sS
 (3-10) 

 
where S is the compressor speed, SR is the speed request, and 3.58 is the pole found from 

the unloaded compressor testing.  This is done to create the set of model transfer 

functions for the loaded compressor speed.  The models for each of the tests were 

consolidated to one model for each of the outlet pressures tested.  The parameters of the 

model that minimized the sum of the SSE (or a weighted variation of the sum of the SSE) 

were found using the same code as before. 
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The compressor was tested with the same speed requests under load as it was 

without load.  The ball valve was set to get an outlet pressure of 5, 7.5, or 10 psig at full 

speed.  Higher outlet pressures were not tested because 10 psig was the highest outlet 

pressure at which the unmodified Opcon 1032 compressor would run efficiently.  Table 

3-2 summarizes the loaded tests completed.  The maximum outlet pressure is the pressure 

at full speed.  The speed requests are all sigmoids or ramps.  Alpha is the parameter that 

sets the rise time for the sigmoid speed requests.  An alpha of 4 is used on all non full 

speed tests since only the gains are modeled for those tests.  From the first phase of tests, 

it was discovered that the medium speed (alpha=4 or 6) tests characterized the gains well, 

but all of the full speed tests were needed to determine the transfer function form and 

poles.  The ramp tests are used to verify the models found with the sigmoid test. 

 
Table 3-2 

Tests of the loaded air compressor 
 

Phase of 
Testing 

Maximum 
Outlet 

Pressure (psi) 

Speed 
Request Type  

Maximum 
Speed 

Request(s) (V) 

Set of Speed 
Request 

Parameters 
1 10 Sigmoid 10,9,8,7,6,5 

and 2.5 
Alpha=1,2,4,6,8,10 

2 10 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

3 7.5 Sigmoid 10,9,8,7,6,5 
and 2.5 

Alpha=1,2,4,6,8,10 
for 10 V Requests, 

Alpha=4 for all 
others 

4 7.5 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

5 5 Sigmoid 10,9,8,7,6,5 
and 2.5 

Alpha=1,2,4,6,8,10 
for 10 V Requests, 

Alpha=4 for all 
others 

6 5 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

 
For each test the compressor speed, motor controller current, and outlet pressure 

were measured in response to the various sigmoid or ramp speed requests.  Transfer 
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functions relating each of the three measured quantities were developed for each of the 

maximum outlet pressure tested. 

 
Comment on Pressure Data 
 

The pressure data had a substantial noise component.  Considerable effort was 

given to eliminate or at least reduce the noise in the signal.  Unfortunately, even after this 

work there was still significant noise.  To improve the accuracy of the models, this 

pressure data was filtered digitally.  For the data analysis, a Bessel filter was used to 

reduce the noise in the signal.  The Bessel filter had the benefit of having a linear phase 

shift.  A linear phase shift is simply a time delay, which means that the data can easily be 

synched with the input.  The Bessel filter was a low pass third order filter with a cutoff 

frequency of 35 Hz.  The response rate of the pressure sensor was 250 Hz.  Figure 3-4 

shows an example of the pressure data and the filtered pressure data. 

Figure 3-4.  Unfiltered and filtered pressure data.  The data is filtered with a Bessel filter. 
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10 Psi Testing of the Air Delivery System 
 

The ball valve was adjusted to create an outlet pressure of 10 psig at the 

maximum operating speed.  The pressure will be reduced at lower speeds.  For the 

compressor speed model, the best transfer function form added an additional pole to the 

unloaded compressor transfer function.  The form was 

( )
( ) ( )( )2

2

58.3 pss
K

sSR
sS

++
=  (3-11) 

   

where S is the compressor speed in RPM, SR is the compressor speed request voltage, K2 

is the gain, p2 is the pole for the model, and s is the Laplace operator.  K2 is a different 

gain than the gain for the unloaded compressor.  Figure 3-5 shows the typical speed 

request and response for the air compressor under load.   

 
 
Figure 3-5.  Speed request and response for the loaded air compressor. 
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The results of the 10 psig testing were consolidated to a single model by 

minimizing the weighted sum of the sum of the squared errors for all of the tests at an 

outlet pressure of 10 psi.  A weighted sum was used because, the maximum correlation 

and the minimum squared error were not directly related.  The general trend was that the 

correlation got higher as the squared error decreased.  Weighting the sum of the squared 

errors improved the relationship between the minimum squared error and the maximum 

correlation.  Since, the faster tests had more effect on the placement of the poles of the 

model they were weighed more heavily.  Of the various weighting factors tried for the 

sum of the squared error, the weighted sum of the sum of the squared errors that 

maximized the average correlation coefficient was 

Weighted 1086421 555SSE ====== ×+×+×+++=∑ aaaaaa SSESSESSESSESSESSE    (3-12) 
 

where SSE is the sum of the squared error.  The a=1, etc. subscripts indicate the speed 

request that the SSE is calculated for.   

 
The model for the air compressor to come up to speed with a 10 psig outlet 

pressure at full speed is 

( )
( )

( )
( )( )76.858.3

)(2

++
×

=
ss

SRKSRK
sSR

sS
 (3-13) 

 
where S is the compressor speed, SR is the speed request, K is the gain in equation 3-9 
and K2 is the gain, which is a function of the speed request.  The equation for the gain K2 
is 
 
K2(SR) = 0.0009 SR4 - 0.0224 SR3 + 0.1976 SR2 - 0.7638 SR + 9.8129 (3-14) 
 
Figure 3-6 shows the block diagram of the model.  Figure 3-7 shows the data and the 

model for a number of the speed requests tested.  The average correlation statistic for this 

model is 0.979.   
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Figure 3-6.  Speed model for the loaded air compressor. 

 
 
 
Figure 3-7.  Comparison of the data and model for the loaded air compressor results. 
 

The model for the air compressor to come up to speed was the starting point for 

the model for the air compressor to come up to pressure.  The method used to find the 

pressure model was essentially the same as the methods for the speed models.  The 

transfer function forms tested were multiplied by 

( )
( )

( )
( )( )76.858.3

3

++
=

ss
SK

sSR
sP

 (3-15) 
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to create the new forms tested.  In the equation, P is the compressor outlet pressure, SR is 

the speed request, K3(S) is a gain relating pressure to speed, and s is the Laplace operator. 

 

The same optimizations were performed on the filtered pressure data.  The best 

model form was 

( )
( )

( ) ( ) ( )
( )( )( )3

32

76.858.3 psss
SRKSRKSRK

sSR
sP

+++
××

=  (3-16) 

 
where P is the compressor outlet pressure, SR is the speed request, K is the gain in 

equation 3-9, K2 is the gain in equation 3-14, K3 is the gain relating the pressure to the 

speed, p3 is the unknown pole and s is the Laplace operator.   

 
The block diagram for this model is shown in Figure 3-8.   

 
 
 
 
 
 
 
Figure 3-8.  Pressure model for the loaded air compressor. 
 
 

The gain K3 (which is a function of compressor speed request) and the pole p3 

were found be minimizing the weighted sum of the sum of the squared errors.  The 

weighted SSE used is the same as it was for the speed model.  The transfer function 

relating the outlet pressure to the speed request is 
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( )

( ) ( ) ( )
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where P is the compressor outlet pressure, SR is the speed request, K is the gain in 

equation 3-9, K2 is the gain in equation 3-14, K3 is the gain relating the pressure to the 

speed, p3 is the unknown pole and s is the Laplace operator.  The gain K3 is 

 
K3(SR) = -0.0011 SR3 + 0.0288 SR2 - 0.0157 SR + 0.5631 (3-18) 
 

The average correlation statistic for this model is 0.961.  Some of the outlet 

pressure data and the model results for the pressure model are shown in Figure 3-9. 

 

 

Figure 3-9.  Pressure data and model for the loaded air compressor. 
 
 

To account for the parasitic loss due to the air compressor power, a model was 

developed for the motor controller current.  The bus voltage of the motor controller was 

assumed to be constant (the bus voltage actually varied ±10 V from 190 V).  The motor 
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controller current rises faster than the speed request.  This is likely due to the power 

required to overcome friction to start the compressor spinning.  Because the transients 

were so fast, the current was modeled as a gain.  The block diagram for this model is 

shown in Figure 3-10. 

 

 

 

 

 
 
Figure 3-10.  Model of the Motor Controller Current. 

 

For the air compressor with an outlet pressure of 10 psig the gain was       

SR
I  = -0.0003 SR3 + 0.0158 SR2 - 0.0151SR + 0.5932 A/V (3-19) 

where I is the motor controller current and SR is the air compressor speed request.  The 

average correlation statistic for this model was 0.901.  This model represents the steady 

state values and the slew rate of the current well, but fails to capture the initial overshoot.  

The models that accurately characterized the overshoot did not get the right steady state 

values or slew rates and thus had significantly lower correlation statistics.  Figure 3-11 

shows the motor controller current data and model for a number of the tested cases. 
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Figure 3-11.  Motor controller current data and model for the loaded air compressor. 
 
 
7.5 Psi and 5 Psi Testing 

The same procedure used to model the air compressor at 10 psig outlet pressure 

was used when the outlet pressure was set to 7.5 psig and 5 psig.  The best model transfer 

function forms for speed, pressure, and current were the same for 7.5 psig and 5 psig as 

they were for 10 psig models.  The block diagram for the models is the same and is in 

Figure 3-12.   

 

 

 

Figure 3-12.  Model of the air delivery system for outlet pressures of 7.5 and 5 psi. 
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The model forms were 

Compressor Speed: 
 

( )
( )

( )
( )( )2

2

58.3
)(

pss
SRKSRK

sSR
sS

++
×

=  (3-20) 

 
Outlet Pressure: 
 

( )
( )

( ) ( ) ( )
( )( )( )32

32

58.3 pspss
SRKSRKSRK

sSR
sP

+++
××

=  (3-21) 

 
Motor Controller Current: 
 

( )
( ) ( )SRK
sSR

sI
4=  (3-22) 

 
where S is the compressor speed, P is the outlet pressure, I is the motor controller current, 

SR is the speed request signal, K is the gain from the no load tests, K2 is the gain relating 

the speed at no load to the speed at load, K3 is the gain relating the pressure to the speed, 

K4 is the gain relating the current to the speed request, p2 and p3 are the poles to be found 

in testing.  The pole at 3.58 is from the no load testing. 

 
The weighted sums of the sum of the SSEs were minimized to find the parameters 

for the three models.  The transfer functions relating compressor speed to the speed 

request for the two models were 

( )
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( )
( )( )38.1458.3
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=
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 (3-23) 
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where S is the compressor speed, SR is the speed request signal, K is the gain from the no 

load tests (equation 3-9), and K2 is the gain relating the speed at no load to the speed at 

load.  The gain K2 for the 7.5 psi model is 

K2(SR) = 0.0006 SR4 - 0.0135 SR3 + 0.1115 SR2 - 0.4329 SR + 14.996 (3-25) 
 
The gain K2 for the 5 psi model is 
 
K2(SR) = -0.0002 SR4 + 0.008 SR3 - 0.0935 SR2 + 0.4018 SR + 13.607 (3-26) 
 
 

Figure 3-13 shows some of the compressor speed data and the corresponding 

model for the air compressor with a maximum outlet pressure of 7.5 psig.  The average 

correlation statistic for this model is 0.983.  Figure 3-14 shows the data and model for the 

air compressor with a 5 psig maximum outlet pressure.  The average correlation statistic 

for this model is 0.982.   

 

Figure 3-13.  Speed data and model for the compressor with 7.5 psig outlet pressure. 
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Figure 3-14.  Speed data and model for the compressor with 5 psig outlet pressure. 
 
 

The transfer functions relating the outlet pressure to the speed request for the two 

models are 
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( )

( ) ( ) ( )
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where P is the compressor outlet pressure, SR is the speed request signal, K is the gain 

from the no load tests (equation 3-9), K2 is the gain relating the speed at no load to the 

speed at load (equations 3-25 and 3-26).  The gain K3 for the 7.5 psi model is 

K3(SR) = 0.0025 SR3 + - 0.0487 SR2+ 0.468 SR - 0.6228 (3-29) 
 
The gain K3 for the 5 psi model is 
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K3(SR) = -6X10-5 SR3 + 0.0037 SR2 + 0.0734 SR + 0.0753 (3-30) 
 
 

Figure 3-15 shows some of the data and the model for the pressure for a 

maximum outlet pressure of 7.5 psig.  The average correlation for this model is 0.921.  

Some of the data and model for the compressor with a maximum outlet pressure of 5 psig 

is shown in Figure 3-16.  The average correlation for the 5 psi pressure model is 0.940.   

 
 

Figure 3-15.  Pressure data and model for the air compressor with a maximum outlet 
pressure of 7.5 psig. 
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Figure 3-16.  Pressure data and model for the air compressor with a maximum outlet 
pressure of 5 psig. 

 

The gains relating the motor controller current to the speed request for the two 

models are 

( )
( ) ( )SRK
sSR
sI

4
5.7 =  = -0.0015 SR3 + 0.0367 SR2 - 0.1444 SR + 0.7725 (3-31) 

 
( )
( ) ( )SRK
sSR
sI

4
5 =  = -0.0006 SR3 + 0.0181 SR2 - 0.0693 SR + 0.5985 (3-32) 

 
where I is the motor controller current, SR is the speed request signal, and K4 is the gain 

relating the current to the speed request. 

 
Figure 3-17 shows some of the current data and the model for the compressor 

with a maximum outlet pressure of 7.5 psig.  The average correlation statistic for this 



 56 

model is 0.920.  Some of the current data and the model are shown in Figure 3-18.  The 

average correlation statistic for this model is 0.935.  These two models have the same 

advantages and shortcomings as the 10 psig model for motor controller current. 

 
 

Figure 3-17.  Data and model for motor controller current with maximum outlet pressure 
of 7.5 psig. 
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Figure 3-18.  Data and model for motor controller current with maximum outlet pressure 
of 5 psig. 

 
 

3.4 Testing with Plumbing Included 

 
Because the air compressor outlet is not directly attached to the inlet to the fuel 

cell, the effect of the plumbing between the fuel cell and air compressor needed to be 

tested.  The air delivery system with plumbing was tested under the same conditions as it 

was for testing under load.  The system was tested at 5, 7.5, and 10 psig with the same 

sets of speed requests.  Several different volumes of plumbing were used in the testing.  

The plumbing used had an inner diameter of 3.3 cm and a friction factor of 0.02.  A full 

description of the tests can be found in Section 2.4.  Two different methods were used to 

determine the transfer functions relating the compressor speed, plumbing outlet pressure, 

and motor controller current to the speed request. 
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First, the original air delivery system transfer functions were used with an 

additional pole added.  This made the transfer function forms 

Compressor Speed: 
 

( )
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+++
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Outlet Pressure: 
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Motor Controller Current: 
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ps
SRK

sSR
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where S is the compressor speed, P is the outlet pressure, I is the motor controller current, 

SR is the speed request signal, K is the gain from the no load tests, K2 is the gain relating 

the speed at no load to the speed at load, K3 is the gain relating the pressure to the speed, 

K4 is the gain relating the current to the speed request, p2 and p3 are the poles found in the 

loaded compressor testing, and p4 is the new pole due to plumbing.  The pole at 3.58 is 

from the no load testing. 

 
These new poles were found with the same method the original poles were.  The 

sum of the SSE was minimized.  The resulting additional poles were on the order of 107.  

Because these new poles were so large, they had almost no effect on the transient 

response of the system.  The lack of effect of the plumbing on the model would seem to 

indicate that the plumbing could be neglected, but another method to find the transfer 

functions was used to be sure. 
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Since the additional poles were too fast to have any effect, the model transfer 

function forms from the loaded compressor testing were used.  The poles found from the 

loaded compressor testing were replaced with new poles found from the tests with the 

plumbing.  The transfer function forms were then 

Compressor Speed: 
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Outlet Pressure: 
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Motor Controller Current: 
 

( )
( ) ( )SRK
sSR

sI
4=  (3-22) 

 
where S is the compressor speed, P is the outlet pressure, I is the motor controller current, 

SR is the speed request signal, K is the gain from the no load tests, K2 is the gain relating 

the speed at no load to the speed at load, K3 is the gain relating the pressure to the speed, 

K4 is the gain relating the current to the speed request, and p2 and p3 are the poles to be 

found for the air delivery system with plumbing.  The pole at 3.58 is from the no load 

testing. 

 
The new poles were found in exactly the same way they were found for the 

loaded compressor testing.  The new poles for the system with plumbing were close to 

the poles for the loaded compressor testing.  Table 3-3 compares the new and old pole 

locations, gains, and correlation statistics for the loaded compressor model and the loaded 

compressor model with plumbing.   
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Table 3-3.   
Poles, gains, and correlation statistics for the model with and without plumbing 

 
Model Pole 1 Pole 2 Pole 3 Pole 4 Correlation 

Coefficients 
     Spd. Pres. 

10 psi, 
no plumbing 3.58 8.76 1.95 - 0.985 0.952 

10 psi, 
with plumbing #1 

3.58 8.76 1.95 ~107 0.985 0.952 

10 psi, 
with plumbing #2 3.58 9.85 2.02 - 0.985 0.951 

7.5 psi, 
no plumbing 

3.58 14.38 1.99 - 0.986 0.955 

7.5 psi, 
with plumbing #1 3.58 14.38 1.99 ~107 0.986 0.955 

7.5 psi, 
with plumbing #2 3.58 13.47 2.04 - 0.986 0.956 

5 psi, 
no plumbing 3.58 14.09 1.97 - 0.986 0.955 

5 psi, 
with plumbing #1 3.58 14.09 1.97 ~107 0.986 0.955 

5 psi, 
with plumbing #2 

3.58 13.81 1.96 - 0.986 0.955 

 
 

Neither additional poles nor changing the pole locations did much to change the 

air delivery system model.  The small effect on the model reflects a small change in the 

transient behavior of the air delivery system with plumbing connected.  The model with 

no plumbing actually fits the data with plumbing better than it fits the data without the 

plumbing by a small amount.  For these reasons, the plumbing is not included in the air 

delivery system model. 

 

3.5 Air Delivery Model Summary 

 
This chapter described the steps that were taken to analyze the data from the air 

delivery system to create a dynamic model of the air delivery system.  This model is the 

basis of the dynamic fuel cell system model developed in the next chapter.  The model 
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relates the speed request to the compressor speed, outlet pressure, and motor controller 

current.  There are three separate models of the system for the each of the three maximum 

outlet pressures of 10, 7.5, and 5 psig.  Figure 3-20 shows the block diagram of the air 

delivery system model.  Table 3-4 summarizes the model parameters for the three 

different maximum outlet pressures.  The gain relating the speed request to the unloaded 

speed K is shown in Figure 3-21.  The gain relating the unloaded speed to the loaded 

speed K2 is shown in Figure 3-23.  The gain relating the loaded speed to the outlet 

pressure K3 is shown in Figure 3-24.  The gain relating the speed request to the motor 

controller current K4 is shown in Figure 3-25.   

 
 
 
 
 
 
 
 
 
Figure 3-20.  Block diagram of the air delivery system model. 
 

Table 3-4. 
Summary of air delivery system model parameters. 

 
 

 10 Psi Model 7.5 Psi Model 5 Psi Model 

p1 3.58 
p2 8.76 14.38 14.09 
p3 1.95 1.99 1.97 
K -0.0003 SR3 + 0.0088 SR2 - 0.0808 SR + 1.2308 
K2 0.0009 SR4 - 0.0224 SR3 

+ 0.1976 SR2 - 0.7638 
SR + 9.8129 

0.0006 SR4 - 0.0135 SR3 
+ 0.1115 SR2 - 0.4329 

SR + 14.996 

-0.0002 SR4 + 0.008 SR3 
- 0.0935 SR2 + 0.4018 

SR + 13.607 
K3 -0.0011 SR3 + 0.0288 

SR2 - 0.0157 SR + 
0.5631 

0.0025 SR3 + - 0.0487 
SR2+ 0.468 SR - 0.6228 

-6X10-5 SR3 + 0.0037 
SR2 + 0.0734 SR + 

0.0753 
K4 -0.0003 SR3 + 0.0158 

SR2 - 0.0151SR + 0.5932 

-0.0015 SR3 + 0.0367 
SR2 - 0.1444 SR + 

0.7725 

-0.0006 SR3 + 0.0181 
SR2 - 0.0693 SR + 

0.5985 
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Figure 3-21.  Gain relating the speed request to the speed. 
 

 
 
Figure 3-22.  Gain relating unloaded speed to loaded speed.  This demonstrates that the 

motor/compressor can track a speed request better at lighter loads (lower 
pressures). 
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Figure 3-23.  Gain relating pressure to speed.  The plot is scaled by the third pole (pole 

for pressure) so the plot shows the steady state characteristic of the 
system. 

 

 
 
Figure 3-24.  Gain relating motor controller current to the speed request. 
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Chapter 4 
Fuel Cell System Model 
 
 

The analysis presented in Chapter 3 developed a transient model of the air 

delivery system.  This air delivery system model is of limited use until it is included in a 

fuel cell system model.  The goal of the fuel cell system model is to relate the net power 

out of the fuel cell to the speed request to the motor controller.  The portion of the model 

developed in this chapter relates the outputs of the air delivery system model (compressor 

speed, compressor outlet pressure, and motor controller current) to the net power out of 

the fuel cell. 

The purpose of the fuel cell system model is to test the dynamics of the fuel cell 

system and to test various fuel cell control strategies.  One of the aspects of the system 

dynamics that is of interest is the time it takes to reach full power from various idle 

conditions.  Among the control strategies to be tested is load following (setting the 

compressor speed to the desired net power with a specified stoichiometric ratio). 

 

4.1 System Assumptions 

 
To develop the fuel cell system model, several assumptions were made about the 

fuel cell system.  These assumptions are largely based on the vehicle the air delivery 

system came from and ordinary fuel cell operating principles.  Originally, the air delivery 

system was in Animul H2, a fuel cell – battery hybrid sedan developed by HEVT.  The 

fuel cell in this system provided 17 kW gross power at 10 psi.  The fuel cell in the system 

model was sized to perform comparably.   
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For this model, it was assumed that the performance was limited by the air 

delivery system; the hydrogen supply system does not limit the generation of power and 

has a negligible effect on the system transients.  The hydrogen pressure is assumed to 

match the air pressure (possible with dome loaded pressure regulator or other similar 

device).  It is also assumed that an adequate flow of hydrogen is provided (accomplished 

by sizing the plumbing appropriately). 

Values for several of the operating conditions of the fuel cell were assumed, 

because they were beyond the scope of the model developed.  The temperature of the fuel 

cell stack is a constant 60 0C.  The stoichiometric ratio for the air side is 2.5.  The air 

stream is adequately humidified at a temperature close to the fuel cell stack temperature 

(this is the most questionable assumption, but modeling humidity control is a subject for 

a another complete study). 

 

4.2 Air Delivery System Model 

 
The air delivery model is assumed to be the source of all of the transient effects in 

the fuel cell system model.  The model relates the air compressor speed, outlet pressure, 

and motor controller current to the speed request through transfer functions.  Figure 4-1 

shows a block diagram of the air delivery system model.  Table 4-1 summarizes the 

parameters of the model.  This model is the basis of the fuel cell system model. 

 
 
 
 
 
 
 
 
 
Figure 4-1.  Air Delivery System Model 
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Table 4-1 
Parameter Values for the Air Delivery System Model 

 
 10 Psi Model 7.5 Psi Model 5 Psi Model 

p1 3.58 
p2 8.76 14.38 14.09 
p3 1.95 1.99 1.97 
K -0.0003 SR3 + 0.0088 SR2 - 0.0808 SR + 1.2308 
K2 0.0009 SR4 - 0.0224 SR3 

+ 0.1976 SR2 - 0.7638 
SR + 9.8129 

0.0006 SR4 - 0.0135 SR3 
+ 0.1115 SR2 - 0.4329 

SR + 14.996 

-0.0002 SR4 + 0.008 SR3 
- 0.0935 SR2 + 0.4018 

SR + 13.607 
K3 -0.0011 SR3 + 0.0288 

SR2 - 0.0157 SR + 
0.5631 

0.0025 SR3 + - 0.0487 
SR2+ 0.468 SR - 0.6228 

-6X10-5 SR3 + 0.0037 
SR2 + 0.0734 SR + 

0.0753 
K4 -0.0003 SR3 + 0.0158 

SR2 - 0.0151SR + 
0.5932 

-0.0015 SR3 + 0.0367 
SR2 - 0.1444 SR + 

0.7725 

-0.0006 SR3 + 0.0181 
SR2 - 0.0693 SR + 

0.5985 
 
 

4.3 Extension of the Air Delivery System Model 

 
One of the quantities that needed to be known to relate the air delivery model to 

the power out of the fuel cell was the mass flow rate of the air out of the compressor.  

The mass flow rate of air is related to the compressor speed and outlet pressure through a 

compressor map.  The map for the Opcon 1032 twin-screw air compressor (the 

compressor that was tested to develop the model) is shown in Figure 4-2.  In order to use 

the map, it was assumed that there is no lag between flow and the pressure and the speed. 

 



 67 

 
 
Figure 4-2.  Air Compressor Map for the Stock Opcon 1032. 
 
 

Points that are not on the compressor map are interpolated.  The dashed lines in 

red on the map were approximated based on the other lines on the map.  The accuracy of 

these approximations is not critical to the model, because under most operating 

conditions the compressor has to idle at about 2000 RPM to provide the minimum flow.  

The approximations are necessary, however, for the model to run.  The block diagram of 

the air delivery system model with the map is shown in Figure 4-3.  The model 

parameters are the same as the ones in Table 4-1. 
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Figure 4-3.  Air Delivery System Model with the Air Compressor Map. 
 
 

4.4 Fuel Cell Model 

 
For this model, the fuel cell power is a function of the air and hydrogen pressures, 

the current density, and the fuel cell stack temperature.  The air pressure and mass flow 

rate are outputs from the air delivery system model.  The hydrogen pressure is assumed to 

be the same as the air pressure and the fuel cell stack temperature is assumed to be a 

constant 60 0C.  The current density can be found from the air mass flow rate, the 

stoichiometric ratio, and the fuel cell stack area. 

The fuel cell stack that the modeled air compressor provided air for provided 17 

kW at 10 psi.  The area of this stack was 292 cm2.  The polarization curve for this fuel 

cell stack is shown in Figure 4-4.  The polarization curve relates the fuel cell voltage to 

the current density for different air pressures. 
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Figure 4-4.  Polarization Curve for Fuel Cell Stack from Animul H2.  The operating 

pressure for the system is 10 psi. 
 

Because the polarization curves are not particularly easy to work with in a model, 

the GC tool equation for fuel cell voltage was used instead.  The stack area and number 

of cells were set so that the fuel cell provided the same peak power at the maximum 

pressure.  The stack area was set to 218 cm2 and the number of cells was set to 110.  A 

comparison of the fuel cell stack polarization curve from the system in Animul H2 and 

the GC Tool fuel cell voltage for these conditions is shown in Figure 4-5.  Figure 4-6 

shows a comparison of the stack power for the stack from Animul H2 and the GC Tool 

Equation. 



 70 

 
 
Figure 4-5.  Comparison of Polarization Curve and GC Tool Equation. 
 

 
 
Figure 4-6.  Comparison of Stack Power from Polarization Curve and the GC Tool 

Equation. 
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Polarization curves or the GC Tool equation can be used because the transients in 

the electrochemistry are dramatically faster than the transients in the air delivery system.  

The GC Tool equation for fuel cell voltage is  

 
)log(055.0)10493.20604.1()1000log(055.005.1 ,2

3
inOcellcell PJTJV +×−−−= −  (4-1) 

where Vcell is the voltage for a single fuel cell, J is the current density, Tcell is the 

temperature of the fuel cell, and PO2,in is the partial pressure of oxygen. 

 
The equation relating the air mass flow to the fuel cell current is [2] 
 

kgMSn
gyFm

I
airOcells

air

×××
××××

=
2

10004 &
 (4-2) 

 
where I is the current out of the fuel cell, airm&  is the mass flow rate of air, F is Faraday’s 

constant, y is the mole fraction of O2 in air, ncells is the number of cells in the fuel cell 

stack, SO2 is the stoichiometric ratio for oxygen/air, and Mair is the molar mass of air. 

 
The current density J is 
 
J=I/A (4-3) 
 
where J is the current density, I is the fuel cell current, and A is the cross section area of 

the fuel cell stack. 

 
The fuel cell stack voltage is 
 
Vstack=Vcell X ncells (4-4) 
 
where Vstack is the voltage of the entire fuel cell stack, Vcell is the voltage of a single cell of 

the fuel cell stack (given in equation 4-1), and ncells is the number of cells in the fuel cell 

stack. 

 
The gross power out of the fuel cell stack is 
 
Pgross = Vstack X I (4-5) 
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where Pgross is the gross power out of the fuel cell stack, Vstack is the fuel cell stack 

voltage, and  I is the fuel cell current. 

 
The net power out of the fuel cell stack is 
 
Pnet  = Pgross – Imc X Vbus (4-6) 
 
where Pnet is the net power out of the fuel cell system, Pgross is the gross power out of the 

fuel cell stack, Imc is the motor controller current, and Vbus is the voltage of the motor 

controller battery pack. 

 
The net power out of the fuel cell system is the primary output from the model.  

Figure 4-7 shows a block diagram of the complete fuel cell system model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-7.  Fuel Cell System Model. 
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Chapter 5 
Results of Fuel Cell System Simulations 
 
 

The previous chapters detailed how the data was collected and analyzed to create 

a dynamic model of a fuel cell system.  The transients in the model are based on the 

transients in the air delivery system.  The model is used to study the system dynamics and 

to analyze control strategies.  This chapter details how the model was implemented and 

the results of some of the simulations. 

 

5.1 Model Implementation 

 
Once the model was developed, it was implemented in Matlab/Simulink in order 

to perform a number of simulations of a fuel cell system to test the applications of the 

model.  The model was implemented in two steps – open loop and closed loop.  The open 

loop model is used to test system dynamics and response times and is the base of the 

closed loop model.  The closed loop model is used to test various control strategies. 

 
Open Loop Implementation 
 

A Simulink block diagram was developed that related the speed request to the net 

power out of the fuel cell system.  This block diagram is shown in Figure 5-1.  The 

transfer functions contain the poles of the system that were found in the testing of the 

compressor.  The functions are the variable gains from the same testing.  The model uses 

several m-files.  The file “map.m” relates the speed and outlet pressure of the Opcon 

1032 twin-screw air compressor to the air mass flow.  The file “polar.m” relates the air 

mass flow and the compressor outlet pressure to the current and voltage out of the fuel 

cell.  The file “blackbox.m” coordinates the interaction between the two files and 
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calculates the gross power out of the fuel cell.  The file “coeff.m” is used to load the 

coefficients for the gains and poles of the model for one of the three restrictions.  The m-

files can be found in Appendix II.  
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Figure 5-1.  Simulink Block Diagram of the Open Loop Fuel Cell Model. 
 
 

The model can handle a variety of inputs.  The primary input for this model is the 

speed request.  The speed request is a 0 to 10 V signal.  Zero volts corresponds to a 0 

RPM request.  10 V corresponds to 7000 RPM request (the actual speed is slightly less – 

this is accounted for in the variable gains in the model). 

The net power is the gross power minus the parasitic load from the air 

compressor.  The gross power is the output from the m-file “blackbox.m”. 

 
Closed Loop Implementation 
 

The open loop model is the basis of the closed loop model.  Several elements 

were added to the open loop model in the Figure 5-1 to close the loop.  Figure 5-2 shows 

the closed loop Simulink model.  The closed loop model relates a power request to the 

net power out of the fuel cell system.  A gain was added to scale the power request to a 
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speed request.  This gain is the peak net power out of the fuel cell at a given restriction 

divided by 10 V (the maximum speed request).  The gains are summarized in Table 5-1.  

A controller was added between the gain and the input to the speed request to speed 

transfer function.  This controller could be just about any transfer function (some 

obviously will work better than others), but in this case a PID controller was used.  Phase 

lead, phase lag, and lead-lag controllers could easily have been used as well.  At the 

output of the controller a saturation block with limits of 0 and 10 was added.  This limits 

the speed request out of the controller to physically possible values.  The tested air 

compressor system has similar protections built in.  The negative feedback is used to 

create a tracking system.  With a well designed controller, the net power should closely 

match the power request.  Control strategies are judged by the amount of steady state 

error and the transient response. 
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Figure 5-2.  Closed loop Simulink model of the Fuel Cell System 
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Table 5-1 
Gains to Scale Power Request to Speed Request. 

 
Model Maximum Power/Maximum Speed Request 

10 Psi 1480 W/V 

7.5 Psi 1520 W/V 

5 Psi 1590 W/V 
 
 

5.2 Open Loop Simulations 

Now that the open loop and closed loop models of the fuel cell system have been 

implemented, several simulations of the system can be run.  The first set of simulations 

were to determine the steady state gross and net power out of the fuel cell for a variety of 

operating speeds.  The tests were done to verify that the fuel cell model made sense and 

to set the gains to convert the power request to a speed request for the closed loop model.  

These simulations were run for each of the three restrictions.  The plots presented in this 

section are for the restriction with a maximum outlet pressure of 10 psi.  The steady state 

gross power versus operating speed for the 10 psi restriction is shown in Figure 5-3.  The 

steady state net power out of the fuel cell system for the 10 psi restriction versus 

operating speed is shown in Figure 5-4.  The gross power continues to increase as speed 

rises because the flow and pressure continue to rise.  The net power out of the fuel cell 

system does not follow this trend.  The net power reaches a maximum at a speed slightly 

less than the maximum even though the gross power continues to increase, because there 

is a point at which the parasitic load from the air compressor increases more than the 

gross power increases.   
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Figure 5-3.  Gross Power out of the fuel cell versus operating speed. 
 

 
 
Figure 5-4.  Net Power out of the fuel cell system versus operating speed. 
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The first sets of simulations run were to test the dynamic response of the open 

loop system.  The goal of these simulations was to estimate the time for the fuel cell 

system to reach full net power.  The input speed request was a 10 V step.  In the physical 

system it is unlikely that a step input would be used, but a step response generally 

characterizes the dynamics of a system well.  For the 10 V step input, the model predicts 

that the system will take 0.6 seconds to reach full power.  In the actual system, the 

compressor could likely be brought up to speed quickly enough to reach full power in this 

time with a more gradual speed request. 

Next, the time to reach full power from a variety of idle speeds was estimated 

from the open loop model.  The speed request for these simulations was a step input with 

an initial value.  The input started at an initial speed that was a fraction of the full speed 

(this speed is the idle speed).  After 5 seconds the input went to full speed (10 V request).  

Five seconds was deemed to be long enough for the system to have reached steady state 

at the idle speed.  The time to reach full speed was defined as the 95% settling time.  The 

95% settling time is the time it takes for the output of the system to reach 95% of the 

steady state value for the last time.  The idle speed request was varied from 0 V to 9 V in 

0.25 V increments.  This corresponds to an 0 to 6300 RPM range on the speed request.  

The time to reach 95% of full net power versus the idle speed is shown in Figure 5-5.  As 

would be expected, the settling time decreases as the idle speed increases.  An idle speed 

of approximately 2000 RPM (a speed request of 2.8 V) would meet the minimum flow 

requirements of the fuel cell and thus would likely be the minimum idle speed.  The slope 

of the settling time changes at about 5000 RPM because the net power at those idle 

conditions is greater than or equal to 95% of the maximum net power.  The increase in 

the amount of power that could be made from the idle condition to full speed versus the 

idle speed is shown in Figure 5-6.  The power slew rate is defined as the power rise from 

idle speed to full speed divided by the settling time.  Figure 5-7 shows the power slew 

rate versus the idle speed.  The maximum slew rate is about 23 kW/s.  This is interpreted 

as the fastest the net power out of the fuel cell system can be increased. 

 



 79 

 
 
Figure 5-5.  Time to reach full net fuel cell power versus the air compressor idle speed. 
 

 
 
Figure 5-6.  Net available power rise from idle speed to full speed versus air compressor 

idle speed. 
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Figure 5-7.  Power slew rate versus air compressor idle speed. 
 
 

5.3 Closed Loop Simulations 

The second stage of simulations was to test control strategies and controller 

design with the closed loop model.  The controller for this system is designed to make the 

system track an input.  In the case of this model the input is a power request.  The power 

request represents the amount of power needed out of the fuel cell. 

Typically, reference tracking controllers are evaluated on three groups of 

parameters – the speed of response, the transient response, and the steady state error.  The 

speed of response is usually specified as a rise time or a settling time.  The transient 

response involves the percent overshoot and the amount of ripple in the response.  The 

steady state error is the deviation of the steady state output of the system from the desired 

steady state output. 



 81 

A variety of different controllers can be designed to improve these parameters.  

The controllers include phase-lead, phase-lag, lead-lag, and proportional integral 

derivative (PID).  Phase-lead controllers can improve the transient response and speed of 

response.  Phase-lag controllers improve the steady state response, but have little effect 

on the speed of response or the transient response.  Lead-lag controllers combine the 

benefits of phase-lead and phase-lag controllers.  PID controller also improve the speed 

of response (proportional control), transient response (derivative control), and the steady 

state error (integral control).  PID controllers were chosen for these simulations because 

they can improve all three aspects of the system response and they are the most 

commonly used in industry practice. 

The first controller test was to simply close the loop.  In other words, the 

controller is a gain of one.  This controller test shows the ability to used negative 

feedback and setup a controller with the fuel cell model.  As expected, with no controller 

and a closed loop the steady state error is high.  A gain could be introduced to get the 

desired steady state value, but this would only work for one value of the steady state 

power.  This would only be useful if they system was to be tuned to a specific operating 

point and error away from that point would be acceptable. 

A PID controller for the fuel cell system was designed using the root locus 

technique.  To use classical control methods, the gains were assumed to be constant and 

only the transfer function portion of the model were used.  The transfer function portion 

of the model is the only part that will contribute to the transient effects in the system.  For 

these reasons, the predicted performance of the system with the PID controller and the 

simplified system does not match the actual performance, but it is a good approximation 

to start the controller design with.   

First the closed loop transfer function for the plant with the controller was found.  

The plant was 
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To use the linear time invariant control techniques, the plant was simplified by making 

the gain a constant equal to the average value of the gain.  The plant thus became 
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where G is the plant, A is the average gain, and a, b, and c are the characteristic equation 

coefficients for poles p1, p2, and p3.   

 
The PID controller is 
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where Gc is the controller, KD is the derivative gain, KP is the proportional gain, and KI is 

the integral gain. 

 
The transfer function for a closed loop system with a plant and controller is 
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where T is the transfer function, Gc is the controller, and G is the plant. 
 
Thus for the simplified fuel cell system model the closed loop transfer function is 
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where T is the transfer function, KD is the derivative gain, KP is the proportional gain, KI 

is the integral gain, A is the average gain, and a, b, and c are the characteristic equation 

coefficients for the plant. 

 
 

After running several iterations on the PID design, it was determined that the 

derivative control was causing the system to be marginally stable.  The non-linearities of 
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the system due to the compressor map and polarization curve appear to cause the 

marginal stability of the closed loop system with derivative control.  With just derivative 

control, the system response eventually goes unstable and grows without bound.  This 

instability occurred with any value for the derivative control gain.  To eliminate the 

marginal stability, the derivative control term Kd was then set to zero to make the 

controller a PI controller.  The difference between the predicted and actual response in 

the model was attributed to the variable gains and the non-linearities due to the 

compressor map and fuel cell polarization curve. 

For the redesign of the PID controller as a PI controller the root locus technique 

was still used.  A root locus is a plot of the closed loop poles of the system as a parameter 

(like Kp or Ki) is changed.  This method allows the selection of a set of closed loop poles 

that give the desired response.  First the closed loop transfer function for the system with 

a PI controller was found.  The plant remained the same as before (equation 5-2), but now 

the controller was 
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where Gc is the controller, KP is the proportional gain, and KI is the integral gain. 

 
Thus the closed loop transfer function for the simplified fuel cell system model 

becomes 
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where T is the transfer function, KP is the proportional gain, KI is the integral gain, A is 

the average gain, and a, b, and c are the characteristic equation coefficients for the plant. 

  
The poles (the roots of denominator of the transfer function) of the closed loop 

transfer function determine the system response.  The poles are plotted for a number of 
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values of Kp and a fixed ratio of Ki to Kp.  Figure 5-8 shows the root locus for the fuel 

cell system with the restriction set to 10 psi and Ki/Kp equal to 2. 

 
 
Figure 5-8.  Root locus of the simplified fuel cell system. 
 
 

From the root locus a set of poles that will have the desired response are selected.  

The system will respond faster if the poles are further away from the y-axis.  Poles to the 

left are stable and poles to the right are unstable.  The system will have more damping 

when the poles are close to the x-axis.  The poles correspond to a value of the iterated 

parameter, which in this case is Kp.  For this PI controller, a Kp of 2 was selected.  Since 

Ki/Kp was set to 2, Ki is 4. 

The results of these simulations are shown are shown in Figure 5-9 and 5-10.  

Figure 5-9 shows the net power out of the fuel cell system for the maximum, 75%, and 

50% power requests.  Figure 5-10 shows the corresponding speed request signals.  The 

overshoot is not much of a problem; in a fuel cell system this would really be an increase 
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in the stoichiometric ratio, rather than an increase in the power.  Increasing the 

stoichiometric ratio increased the parasitic load from the air compressor, but the fuel cell 

system will still put out the requested power. 

 
 
Figure 5-9.  Simulation of PI controller – Net power out of the fuel cell system 
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Figure 5-10.  Simulation of PI controller – Speed request signal 
 

5.4 Other control strategies 

PID and PI controllers are only a few of the many controllers that would be 

implemented.  In addition to using other controllers, there are a number of other aspects 

of control strategy that could be considered.  For example, the assumption of a constant 

stoichiometric ratio could be eliminated.  The stoichiometric ratio could be made a 

function of the load.  The reference tracking system could also possibly be made to track 

stoichiometric ratio 
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Chapter 6 
Conclusions 
 
 

This thesis outlines a method to test an air delivery system and develop a model 

of the fuel cell system that includes the transient effects.  This model can be used to test 

the dynamic response of the system and to test control strategies. 

 

6.1 Results 

Experimental Method to Test Compressor/Air Delivery System 
 

This section summarizes the experimental method for testing the dynamics of the 

air delivery system.  The parts included in the air delivery system are the air compressor, 

the air compressor drive motor, the motor controller, and the plumbing/humidification 

system.  For the transient effects the plumbing was found to have negligible effect.  Table 

6-1 summarizes the tests done to measure the dynamics of the air delivery system.  The 

quantities measured for these tests were the compressor speed, the compressor outlet 

pressure, and the motor controller current.  The inputs for each test are speed requests.  

These speed requests were either sigmoids or ramps. 
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Table 6-1 
Tests to measure air delivery system dynamics. 

 
Phase of 
Testing 

Maximum 
Outlet 

Pressure (psi) 

Speed 
Request Type  

Maximum 
Speed 

Request(s) (V) 

Set of Speed 
Request 

Parameters 

1 0 Sigmoid 10,9,8,7,6,5 
and 2.5 Alpha=1,2,4,6,8,10 

2 0 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

3 10 Sigmoid 10,9,8,7,6,5 
and 2.5 Alpha=1,2,4,6,8,10 

4 10 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

5 7.5 Sigmoid 10,9,8,7,6,5 
and 2.5 

Alpha=1,2,4,6,8,10 
for 10 V Requests, 

Alpha=4 for all 
others 

6 7.5 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

7 5 Sigmoid 10,9,8,7,6,5 
and 2.5 

Alpha=1,2,4,6,8,10 
for 10 V Requests, 

Alpha=4 for all 
others 

8 5 Ramp 10 Rise time 
=1,2,3,4,5,8,10 

 
 
Fuel Cell System Model Development 
 

The data collected from the air delivery system tests is used to develop a transient 

model of the fuel cell system.  The model consists of two parts – an empirical model 

based on the air delivery system tests and an analytical part based on compressor maps 

and fuel cell polarization curves.  The empirical model relates the input speed request to 

the compressor speed, outlet pressure, and motor controller current.  For the twin-screw 

air compressor the data is fit to several transfer functions to get the empirical model.  The 

gains in the transfer functions are a function of the input. 

The no load test data for speed is fit to the transfer function 
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The speed data for the loaded air compressor is fit to 
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The pressure data for the loaded air compressor is fit to 
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The current data for the motor controller is fit to 
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where S is the compressor speed, P is the outlet pressure, I is the motor controller current, 

SR is the speed request signal, K is the gain from the no load tests, K2 is the gain relating 

the speed at no load to the speed at load, K3 is the gain relating the pressure to the speed, 

K4 is the gain relating the current to the speed request, and p1, p2 and p3 are the poles to 

be found in testing. 

Figure 6-1 shows the block diagram of the experimental model of the air delivery 

system.  This model is the source of the transients in the fuel cell model. 

 
 
 
 
 
 
 
 
 
 
 
Figure 6-1.  Block diagram of the experimental model of the air delivery system. 
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The experimental model is then augmented with an analytical model to make a 

more complete fuel cell model.  The analytical model relates the compressor speed, outlet 

pressure, and motor controller current to the net power out of the fuel cell system.  The 

compressor speed and outlet pressure are related to the mass flow of air out of the 

compressor through a compressor map.  The GC Tool equation is used to approximate 

the polarization curve of the fuel cell and to relate the outlet pressure and the air mass 

flow rate to the voltage and current out of the fuel cell.  This fuel cell system model can 

be used to estimate the dynamic response of the system and to test various control 

strategies.  The block diagram of the fuel cell system model is shown in Figure 6-2. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2.  Block diagram of the dynamic fuel cell system model. 
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Table 6-2. 
Summary of fuel cell system model parameters. 

 
 

 10 Psi Model 7.5 Psi Model 5 Psi Model 

p1 3.58 

p2 8.76 14.38 14.09 

p3 1.95 1.99 1.97 

K -0.0003 SR3 + 0.0088 SR2 - 0.0808 SR + 1.2308 

K2 
0.0009 SR4 - 0.0224 SR3 

+ 0.1976 SR2 - 0.7638 SR 
+ 9.8129 

0.0006 SR4 - 0.0135 SR3 
+ 0.1115 SR2 - 0.4329 SR 

+ 14.996 

-0.0002 SR4 + 0.008 SR3 
- 0.0935 SR2 + 0.4018 SR 

+ 13.607 

K3 
-0.0011 SR3 + 0.0288 SR2 

- 0.0157 SR + 0.5631 
0.0025 SR3 - 0.0487 SR2 

+ 0.468 SR - 0.6228 

-6X10-5 SR3 + 0.0037 
SR2  

+ 0.0734 SR + 0.0753 

K4 
-0.0003 SR3 + 0.0158 SR2 - 

0.0151SR + 0.5932 
-0.0015 SR3 + 0.0367 

SR2 - 0.1444 SR + 0.7725 
-0.0006 SR3 + 0.0181 

SR2 - 0.0693 SR + 0.5985 

Mass Flow Opcon 1032 Map (Figure 4-2) 
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The average correlation coefficients of the compressor speed and outlet pressure 

for the three models are summarized in Table 6-3.  Each of the three models represents a 

different restriction on the air delivery system outlet (fuel cell inlet).  The restriction sets 

the pressure to speed relationship for the air delivery system.  Overall, the models are a 

good fit to the data.  The models are least accurate a low speeds and pressures.  Part of 

this inaccuracy at low speeds is due to noise in the measurement system, which is a 

greater percentage of the measurement at lower speeds and pressures. 



 92 

Table 6-3. 
Summary of fuel cell system model parameters. 

 
 

Model Speed Correlation 
Coefficient 

Pressure Correlation 
Coefficient 

5 psi outlet pressure 0.9819 0.9213 

7.5 psi outlet pressure 0.9831 0.9397 

10 psi outlet pressure 0.9786 0.9610 
 

6-2 Possible Improvements 

Improvements in Testing Method 
 

To get a more accurate model several improvements to the testing could be made.  

First, the noise in the data acquisition system could be reduced.  This would improve the 

accuracy of the model at low pressures and speeds where the noise has the most effect.  

Second, more tests could be done at various speeds and pressures to verify the trends and 

improve the resolution of the gains.  Ideally, this would allow the models for each 

restriction to be consolidated model that would apply for any restriction.  Third, the bus 

voltage of the motor controller should be a stiff 200 V source, since this is the voltage 

required to get peak performance from the system.  With the testing done in this work the 

battery pack voltage was about 190 V under no load and sagged up to 10 V while the 

compressor ran.  Testing could also be done to see what effect bus voltage has on the 

system dynamics. 

 
Improvements to the Model 
 

The model developed in this work if fairly simple.  It includes the major 

components of the air delivery system and the fuel cell.  There are several improvements 

that could be made to the experimental and analytical models to make them more 

complete.  The experimental model would be improved by the improvements in testing 
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outlined in the previous section.  A more accurate model of the motor controller current 

and bus voltage would give a better estimate of the parasitic load from the air 

compressor.  To improve the analytical model, a dynamic thermal model could be 

included, rather than assuming a constant fuel cell stack temperature.  The polarization 

curve equation could also be adapted to better fit the actual fuel cell.  A more detailed 

map of the air compressor could also be used, so that less interpolation would be 

required.  To make the closed loop model more useful, more controllers and control 

strategies could be incorporated into the model. 

6-3 Discoveries 

In the course of completing this work, several things were learned about how fuel 

cell systems can be modeled and controlled.  The dynamics of a fuel cell system can be 

represented with transfer functions.  The dynamics of the air delivery system can be 

determined through the testing procedure outlined in this work.  The air delivery system 

dynamics are the limiting factor for the time the fuel cell system to get to full power.  The 

transfer functions found with the tests relate the speed request (the one inherently 

necessary control input to the system) to the compressor speed, the outlet pressure, and 

the motor controller current.  The poles of the transfer functions are linear, but the 

transfer function gains are not constant (they are a function of the speed request or 

speed). 

The specific system modeled was faster than was anticipated.  From practical 

experience with the original fuel cell system, the time to reach full pressure and speed 

was expected to be about one second and possibly a little slower.  The time to reach full 

speed and pressure measured in testing was 0.6 seconds.  The plumbing between the air 

compressor outlet and fuel cell inlet did not contribute significantly to the dynamics of 

the system – the speed response and outlet pressure response (at fuel cell inlet) were 

almost identical.  Any difference between the responses was more than likely noise.  The 

one area that plumbing most likely would affect the system is the magnitude of the motor 
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controller current.  If there is a large pressure drop due to plumbing the power to reach a 

given outlet pressure (and thus motor controller current) will be higher. 

The model was used to design a controller to track a power request and to 

simulate the system with this controller.  The linear poles allowed the use of a 

approximation classical control techniques to design this controller.  This work only 

considered PID and PI control, but any others could be tested.  The control analysis was 

complicated by the fact that the gains for the transfer functions were not constant and that 

the relationship between the mass flow of air and the speed and pressure is found from a 

compressor map.  The compressor map used to model the air mass flow and the 

polarization curve used to model the fuel cell cause non-linearity in the system that cause 

a PID controller to be marginally stable.  A PI controller, however was stable and had a 

good system response. 

6-4 Contributions 

The goal of this research was to develop a model of a fuel cell system that could 

be used for control of the system and, to a lesser extent, evaluate the system from a 

dynamic standpoint.  The major contributions of this work towards this goal were 

• A method to test a fuel cell air delivery system and develop an empirical 

dynamic fuel cell system model was developed. 

• Several ways to use the model to simulate the fuel cell system were 

demonstrated. 

• Simulations of control of the system and design of a controller were 

demonstrated.
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Appendix I – Computational Results to Find Transfer Functions 
 

Data File Fit Equation trial gain zero pole 1 pole 2 pole 3 pole 4 r 

Single Data File Tests         

          
p0a1s10 (As+B)/[(s+C)(s+D)] 1 0.949635 -0.5755 -0.5704 -4.80E+05  -   

  2  0.2096 0.2094 -13.0694  -   

  3  -0.8862 -0.8793 -1.12E+05  -   
  4  -5.8434 -6.6157 -246.3843  -   

p0a2s10 (As+B)/[(s+C)(s+D)] 1  -1.0451 -0.9736 6.20E+06  -   

  2  0.2629 0.263 -7.373  -   
  3  -0.776 -0.742 -412.958  -   

p0a6s10 (As+B)/[(s+C)(s+D)] 1  0.3095 0.3096 -2.1836  -   

  2  0.0624 0.0623 -2.6443  -   
  3  -2.2964 -1.0732 -5.08E+07  -   
  4  0.0232 0.0235 -2.6505  -   

p10a1s10 (As+B)/[(s+C)(s+D)] 1  -0.702 -0.7185 -2.69E+08  -   

p0r1s10 (As+B)/[(s+C)(s+D)] 1  -0.0514 -0.0537 -7.90E+07  -   
p0a1s10 (As+B)/(s^2+Cs+D) 1  0.1135 0.1137 -4.55E+08  -   

  2  0.1409 0.141 -6.40E+08  -   

p0a1s10 A/(s^2+Cs+D) 1   -  -0.4993+16.8834*I  -0.4993-16.8834*I  -   
  2   -  -.2969+8.8821*i  -.2969-8.8821*i  -   
  3   -  -0.4993+16.8834*I  -0.4993-16.8834*I  -   

  4   -  -.91+46.1321*I  -.91-46.1321*I  -   
  5   -  -.7365+31.8348*I  -.7365-31.8348*I  -   
  6   -  -.7365+31.8348*I  -.7365-31.8348*I  -   

p0a1s10 A/[(s+C)(s+D)] 1   - -0.4096 -5.21E+09  -   
  2   - -6.91E+04 -2.66E+12  -   
  3   - -2.9849 -5.38E+09  -   

  4   - -1.89E+07 -3.86E+13  -   
  5   - -8.56E+04 -2.81E+12  -   

p0a1s10 A/[s(s+C)(s+D)] 1   - 0 -25.05 -5.81E+10   

  2   - 0 -2.5078 -7.87E+03   
  3   - 0 -3.2823 -9.87E+09  0.803 
  4*   - 0 -25.0516 -5.81E+10  0.808 
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  5*   - 0 -2.5078 -7.87E+03  0.8025 
  6*   - 0 -3.2823 -9.87E+09  0.803 
  7*   - 0 -2.33E+05 -1.23E+13  0.8088 

  8*   - 0 -0.0353 -1.03E+10  0.8087 
p0a1s10 A/[s(s+C)] 1*   - 0 -2.75E+13  -  0.8088 

  2*   - 0 -1.305E+13  -  0.8088 

  3*   - 0 1.49E+13  -  0.8088 
  4*   - 0 2.35E+13  -  0.8088 

p0a1s10 A/(s+C) 1* 0.9489  - -3.03E+14  -  -  0.9995 

  2* 0.9489  - -7.67E+14  -  -  0.9995 
  3* 0.9489  - -5.25E+14  -  -  0.9995 
  4* 0.9489  - -4.29E+14  -  -  0.9995 

  5* 0.9489  - -1.27E+15  -  -  0.9995 
  6* 0.9489  - -4.86E+14  -  -  0.9995 
  7* 0.9489  - -4.48E+14  -  -  0.9995 

  8* 0.9489  - -8.79E+14  -  -  0.9995 
  9* 0.9489  - -5.11E+14  -  -  0.9995 
  10* 0.9489  - -6.04E+14  -  -  0.9995 

  11* 0.9489  - -8.45E+14  -  -  0.9995 
p0a2s10 A/(s+C) 1* 0.9546  - -25.46  -  -  0.9993 

  2* 0.9546  - -25.46  -  -  0.9993 

  3* 0.9546  - -25.46  -  -  0.9993 
p0a4s10 A/(s+C) 1* 0.9561  - -4.241  -  -  0.9945 

  2* 0.9561  - -4.241  -  -  0.9945 

  3* 0.9561  - -4.241  -  -  0.9945 
p0a6s10 A/(s+C) 1* 0.9553  - -2.625  -  -  0.9901 

  2* 0.9553  - -2.625  -  -  0.9901 

  3* 0.9553  - -2.625  -  -  0.9901 
p0a8s10 A/(s+C) 1* 0.9547  - -2.101  -  -  0.9887 

  2* 0.9547  - -2.101  -  -  0.9887 

  3* 0.9547  - -2.101  -  -  0.9887 
p0a1s10 Gain/(s+C) 1 0.9497  - -5.95E+13  -  -  0.9995 

  2 0.9497  - -8.92E+13  -  -  0.9995 

  3 0.9497  - -1.12E+14  -  -  0.9995 
  4 0.9497  - -5.08E+13  -  -  0.9995 
  5 0.9497  - -3.93E+14  -  -  0.9995 
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  6 0.9497  - -3.60E+14  -  -  0.9995 
  7** 0.9497  - -20  -  -  0.9994 
  8** 0.9497  - -2.1  -  -  0.9931 

p0a2s10 Gain/(s+C) 1 0.9558  - -24.1735  -  -  0.9993 
  2 0.9558  - -24.1735  -  -  0.9993 
  3 0.9558  - -24.1735  -  -  0.9993 

p0a4s10 Gain/(s+C) 1 0.9576  - -4.1995  -  -  0.9945 
  2 0.9576  - -4.1995  -  -  0.9945 
  3 0.9576  - -4.1995  -  -  0.9945 

p0a6s10 Gain/(s+C) 1 0.956  - -2.616  -  -  0.9901 
  2 0.956  - -2.616  -  -  0.9901 
  3 0.956  - -2.616  -  -  0.9901 

p0a8s10 Gain/(s+C) 1 0.9548  - -2.1003  -  -  0.9887 
  2 0.9548  - -2.1003  -  -  0.9887 
  3 0.9548  - -2.1003  -  -  0.9887 

p0a1s10 Gain/[(s+C)(s+D)] 1 0.9497  - -7.24E+13 -1.28E+14  -  0.9995 
  2 0.9497  - -4.52E+13 -1.77E+14  -  0.9995 
  3 0.9497  - -1.35E+13 -1.23E+14  -  0.9995 

p0a2s10 Gain/[(s+C)(s+D)] 1 0.9558  - -24.1719 -1.93E+07  -  0.9993 
  2 0.9558  - -24.178 -1.92E+07  -  0.9993 
  3 0.9558  - -24.1693 -1.64E+07  -  0.9993 

p0a4s10 Gain/[(s+C)(s+D)] 1 0.9576  - -4.1991 -8.00E+07  -  0.9945 
  2 0.9576  - -4.1996 -7.75E+07  -  0.9945 
  3 0.9576  - -4.1992 -5.57E+07  -  0.9945 

p0a6s10 Gain/[(s+C)(s+D)] 1 0.956  - -2.616 -1.20E+08  -  0.9901 
  2 0.956  - -2.616 -8.36E+07  -  0.9901 
  3 0.956  - -2.616 -9.15E+07  -  0.9901 

p0a8s10 Gain/[(s+C)(s+D)] 1 0.9548  - -2.1003 -1.61E+08  -  0.9887 
  2 0.9548  - -2.1003 -2.08E+08  -  0.9887 
  3 0.9548  - -2.1003 -2.33E+08  -  0.9887 

  4 0.9548  - 2.1003 -1.76E+08  -  0.9887 
p0a8s10 Gain/[(s+C)(s+D)(s+E)] 1 0.9548  - -2.1004 -1.72E+08 -2.88E+08  0.9887 

  2 0.9548  - -2.1003 -5.36E+07 -2.42E+08  0.9887 

  3 0.9548  - -2.1002 -1.04E+08 -1.65E+08  0.9887 
p0a8s10 Gain/(s^3+Cs^2+Ds+E) 1 0.9548  - -2.1019  5.646e-2 +1.117e2i  5.646e-2 -1.117e2i  0.7767 

  2 0.9548  - -2.0994  2.694e-1 -1.034e2i  2.694e-1 +1.034e2i  0.7767 
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  3 0.9548  - -1.66E+08 -1.8496 + 1.5668i -1.8496 - 1.5668i  0.9704 
  4 0.9548  - -1.8917 0.0034 +13.6488i 0.0034 -13.6488i  0.9869 
  5 0.9548  - -6.15E+00 -0.7138 + 1.1665i -0.7138 - 1.1665i  0.9298 

  6 0.9548  - -2.1019  5.646e-2 +1.117e2i  5.646e-2 -1.117e2i  0.7767 
p0a1s10 Gain/(s+20) 1 0.9497  - -20  -  -  0.9994 
p0a2s10 Gain/(s+20) 1 0.9558  - -20  -  -  0.9993 

p0a4s10 Gain/(s+20) 1 0.9576  - -20  -  -  0.9863 
p0a6s10 Gain/(s+20) 1 0.956  - -20  -  -  0.9524 
p0a8s10 Gain/(s+20) 1 0.9548  - -20  -  -  0.9108 

         0.96964 
p0a1s10 Gain/(s+10) 1 0.9497  - -10  -  -  0.9991 
p0a2s10 Gain/(s+10) 1 0.9558  - -10  -  -  0.999 

p0a4s10 Gain/(s+10) 1 0.9576  - -10  -  -  0.9901 
p0a6s10 Gain/(s+10) 1 0.956  - -10  -  -  0.9632 
p0a8s10 Gain/(s+10) 1 0.9548  - -10  -  -  0.9291 

         0.9761 
p0a1s10 Gain/(s+5) 1 0.9497  - -5  -  -  0.9982 
p0a2s10 Gain/(s+5) 1 0.9558  - -5  -  -  0.9972 

p0a4s10 Gain/(s+5) 1 0.9576  - -5  -  -  0.9941 
p0a6s10 Gain/(s+5) 1 0.956  - -5  -  -  0.9791 
p0a8s10 Gain/(s+5) 1 0.9548  - -5  -  -  0.9581 

         0.98534 
p0a1s10 Gain/(s+2.5) 1 0.9497  - -2.5  -  -  0.9948 
p0a2s10 Gain/(s+2.5) 1 0.9558  - -2.5  -  -  0.9898 

p0a4s10 Gain/(s+2.5) 1 0.9576  - -2.5  -  -  0.9906 
p0a6s10 Gain/(s+2.5) 1 0.956  - -2.5  -  -  0.9901 
p0a8s10 Gain/(s+2.5) 1 0.9548  - -2.5  -  -  0.9864 

         0.99034 
p10a1s10 Gain/(s+C) 1 0.932  - -5.12E+14  -  -  0.999 

  2 0.932  - -2.58E+14  -  -  0.999 

  3 0.932  - -4.52E+14  -  -  0.999 
p10a2s10 Gain/(s+C) 1 0.9343  - -71.5783  -  -  0.9988 

  2 0.9343  - -71.5783  -  -  0.9988 

  3 0.9343  - -71.5783  -  -  0.9988 
p10a4s10 Gain/(s+C) 1 0.9332  - -4.8972  -  -  0.9937 

  2 0.9332  - -4.8972  -  -  0.9937 
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  3 0.9332  - -4.8972  -  -  0.9937 
p10a6s10 Gain/(s+C) 1 0.9323  - -2.7638  -  -  0.9887 

  2 0.9323  - -2.7638  -  -  0.9887 

  3 0.9323  - -2.7638  -  -  0.9887 
p10a8s10 Gain/(s+C) 1 0.9232  - -1.9494  -  -  0.9859 

  2 0.9232  - -1.9494  -  -  0.9859 

  3 0.9232  - -1.9494  -  -  0.9859 
p10a0s10 Gain/(s+C) 1 0.9242  - -1.8748  -  -  0.9866 

  2 0.9242  - -1.8748  -  -  0.9866 

  3 0.9242  - -1.8748  -  -  0.9866 
p10a1s10 Gain/[(s+C)(s+D)] 1 0.932  - -5.12E+14   -  0.999 

  2 0.932  - -2.58E+14   -  0.999 

  3 0.932  - -4.52E+14   -  0.999 
p10a2s10 Gain/[(s+C)(s+D)] 1 0.9343  - -71.5757 -2.95E+07  -  0.9988 

  2 0.9343  - -71.5808 -1.81E+07  -  0.9988 

  3 0.9343  - -71.5783 -2.14E+07  -  0.9988 
p10a4s10 Gain/[(s+C)(s+D)] 1 0.9332  - -4.8971 -5.77E+07  -  0.9937 

  2 0.9332  - -4.8972 -6.33E+07  -  0.9937 

  3 0.9332  - -4.8972 -5.45E+07  -  0.9937 
p10a6s10 Gain/[(s+C)(s+D)] 1 0.9323  - -2.764 -1.84E+08  -  0.9887 

  2 0.9323  - -2.7639 -1.24E+08  -  0.9887 

  3 0.9323  - -2.7638 -1.39E+08  -  0.9887 
p10a8s10 Gain/[(s+C)(s+D)] 1 0.9232  - -1.9494 -4.70E+07  -  0.9859 

  2 0.9232  - -1.9493 -7.50E+07  -  0.9859 

  3 0.9232  - -1.9494 -5.49E+07  -  0.9859 
p10a0s10 Gain/[(s+C)(s+D)] 1 0.9242  - -1.8749 -1.22E+08  -  0.9866 

  2 0.9242  - -1.8748 -1.73E+08  -  0.9866 

  3 0.9242  - -1.8748 -1.33E+08  -  0.9866 
          

p0r1s10 Gain/(s+C) 1 0.9624  - -6.43E+14  -  -  0.9991 

  2 0.9624  - -1.06E+14  -  -  0.9991 
  3 0.9624  - -2.02E+14  -  -  0.9991 

p0r2s10 Gain/(s+C) 1 0.9625  - -1.86E+14  -  -  0.9993 

  2 0.9625  - -3.38E+15  -  -  0.9993 
  3 0.9625  - -1.77E+14  -  -  0.9993 

p0r3s10 Gain/(s+C) 1 0.9624  - -37.9315  -  -  0.9991 
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  2 0.9624  - -37.9315  -  -  0.9991 
  3 0.9624  - -37.9315  -  -  0.9991 

p0r4s10 Gain/(s+C) 1 0.9619  - -17.2344  -  -  0.9986 

  2 0.9619  - -17.2344  -  -  0.9986 
  3 0.9619  - -17.2344  -  -  0.9986 

p0r5s10 Gain/(s+C) 1 0.9616  - -16.0772  -  -  0.9986 

  2 0.9616  - -16.0772  -  -  0.9986 
  3 0.9616  - -16.0772  -  -  0.9986 

p0r8s10 Gain/(s+C) 1 0.9615  - -3.1737  -  -  0.9856 

  2 0.9615  - -3.1737  -  -  0.9856 
  3 0.9615  - -3.1737  -  -  0.9856 

p0r10s10 Gain/(s+C) 1 0.9611  - -3.2021  -  -  0.9852 

  2 0.9611  - -3.2021  -  -  0.9852 
  3 0.9611  - -3.2021  -  -  0.9852 

          

Models fit to multiple data sets         
          
Speed Data        rmean 

p0a*s10 Gain/(s+C) 1 0.9497  - -3.5799  -  -  0.9891 
p0a*s10 Gain/(s+C) 1 0.9497  - -3.1289  -  -  0.99 
p0a*s10 Gain/(s+C) 1 0.9497  - -3.0472  -  -  0.9901 

p0a*s10 Gain/(s+C) 1 0.9497  - -3.1723  -  -  0.9899 
p0a*s10 Gain/(s+C) 1 0.9497  - -3.4225  -  -  0.9895 
p0a*s10 Gain/(s+C) 1 0.9497  - -3.8959  -  -  0.9884 

p0a*s10 Gain/(s+C) 1 0.9497  - -4.3871  -  -  0.9871 
p0a*s10 Gain/(s+C) 1 0.9497  - -4.3945  -  -  0.987 
p0a*s10 Gain/(s+C) 1 0.9497  - -4.0138  -  -  0.9881 

p0a*s10 Gain/(s+C) 1 0.9497  - -3.3433  -  -  0.9896 
p0a*s10 Gain/(s+C) 1 0.9497  - -2.6544  -  -  0.9901 
p0a*s10 Gain/(s+C) 1 0.9497  - -2.1413  -  -  0.9881 

p0a*s10 Gain/(s+C) 1 0.9497  - -2.3758  -  -  0.9894 
p0a*s10 Gain/(s+C) 1 0.9497  - -2.7554  -  -  0.9902 
p0a*s10 Gain/(s+C) 1 0.9497  - -3.2651  -  -  0.9898 

          
p10a1s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -2.55E+07  -  0.9955 
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p10a2s10 Gain/[(s+3.35)(s+C)] 1 0.9343  - -3.35 -4.42E+07  -  0.9924 
p10a4s10 Gain/[(s+3.35)(s+C)] 1 0.9332  - -3.35 -1.95E+08  -  0.9924 
p10a6s10 Gain/[(s+3.35)(s+C)] 1 0.9323  - -3.35 -3.26E+07  -  0.9872 

p10a8s10 Gain/[(s+3.35)(s+C)] 1 0.9233  - -3.35 -6.0182  -  0.9775 
p10a0s10 Gain/[(s+3.35)(s+C)] 1 0.9242  - -3.35 -4.8559  -  0.9773 

          

p10a1s10 Gain/[(s+2.75)(s+C)] 1 0.932  - -2.75 -6.38E+07  -  0.9942 
p10a2s10 Gain/[(s+2.75)(s+C)] 1 0.9343  - -2.75 -8.70E+07  -  0.9895 
p10a4s10 Gain/[(s+2.75)(s+C)] 1 0.9332  - -2.75 -4.89E+07  -  0.9899 

p10a6s10 Gain/[(s+2.75)(s+C)] 1 0.9323  - -2.75 -3.91E+08  -  0.9887 
p10a8s10 Gain/[(s+2.75)(s+C)] 1 0.9233  - -2.75 -125.5786  -  0.9783 
p10a0s10 Gain/[(s+2.75)(s+C)] 1 0.9242  - -2.75 -12.2724  -  0.9779 

          
p10a1s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.932  - -3.35 -6.14E+07 -1.34E+07  0.9955 
p10a2s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.9343  - -3.35 -8.81E+07 -3.03E+07  0.9924 

p10a4s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.9332  - -3.35 -2.52E+08 -6.05E+07  0.9924 
p10a6s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.9323  - -3.35 -1.72E+08 -4.00E+07  0.9872 
p10a8s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.9233  - -3.35 -6.0173 -4.65E+07  0.9775 

p10a0s10 Gain/[(s+3.35)(s+C)(s+D)] 1 0.9242  - -3.35 -4.8558 -3.78E+07  0.9773 
          

p10a1s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.932  -  results have a pair of slow unstable poles    

p10a2s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.9343  -      
p10a4s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.9332  -      
p10a6s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.9323  -      

p10a8s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.9233  -      
p10a0s10 Gain/[(s+3.35)(s^2+Cs+D)] 1 0.9242  -      

          

p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -5.76E+07  -  0.9825 
p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -3.56E+07  -  0.9825 
p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -4.38E+07  -  0.9825 

p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -2.78E+02  -  0.9825 
p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -2.29E+01  -  0.9828 
p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -1.31E+01  -  0.9828 

p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -1.01E+01  -  0.9826 
p10a*s10 Gain/[(s+3.35)(s+C)] 1 0.932  - -3.35 -7.07E+00  -  0.982 
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p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -2.37E+07  -  0.9813 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -1.12E+07  -  0.9813 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -4.57E+06  -  0.9813 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -19.5539  -  0.9821 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -10.4295  -  0.9823 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -8.1581  -  0.9822 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -7.1308  -  0.9821 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -5.6805  -  0.9815 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -9.09E+06  -  0.9813 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -13.3098  -  0.9823 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -8.762  -  0.9823 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -4.0205  -  0.9794 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -4.27  -  0.9799 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -6.5957  -  0.9819 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -29.4357  -  0.9819 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 0.932  - -3.58 -4.27E+07  -  0.9813 
          

Pressure Fits         

filtered data         
p10a1s10 Gain/[(s+3.58)(s+C)] 1 1.0577  - -3.58 -2.6833  -  0.9921 
p10a2s10 Gain/[(s+3.58)(s+C)] 1 1.0111  - -3.58 -3.7315  -  0.9965 

p10a4s10 Gain/[(s+3.58)(s+C)] 1 1.056  - -3.58 -3.6169  -  0.9867 
p10a6s10 Gain/[(s+3.58)(s+C)] 1 1.0362  - -3.58 -2.6134  -  0.9887 
p10a8s10 Gain/[(s+3.58)(s+C)] 1 0.9772  - -3.58 -1.4408  -  0.9894 

p10a0s10 Gain/[(s+3.58)(s+C)] 1 0.9927  - -3.58 -1.5696  -  0.9913 
unfiltered          
p10a1s10 Gain/[(s+3.58)(s+C)] 1 1.0574  - -3.58 -2.6057  -  0.9775 

p10a2s10 Gain/[(s+3.58)(s+C)] 1 1.0114  - -3.58 -3.6727  -  0.9625 
p10a4s10 Gain/[(s+3.58)(s+C)] 1 1.0543  - -3.58 -3.6822  -  0.9475 
p10a6s10 Gain/[(s+3.58)(s+C)] 1 1.0368  - -3.58 -2.6413  -  0.9483 

p10a8s10 Gain/[(s+3.58)(s+C)] 1 0.9781  - -3.58 -1.4398  -  0.9459 
p10a0s10 Gain/[(s+3.58)(s+C)] 1 0.9927  - -3.58 -1.5753  -  0.9465 
filtered data         

p10a1s10 Gain/[(s+3.58)(s+C)(s+D)] 1 1.0577  - -3.58 -4.9435 -4.9436  0.9931 
p10a2s10 Gain/[(s+3.58)(s+C)(s+D)] 1 1.0111  - -3.58 -7.1234 -7.1235  0.9969 
p10a4s10 Gain/[(s+3.58)(s+C)(s+D)] 1 1.056  - -3.58 -6.9238 -6.9239  0.9872 
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p10a6s10 Gain/[(s+3.58)(s+C)(s+D)] 1 1.0362  - -3.58 -4.9204 -4.9206  0.9899 
p10a8s10 Gain/[(s+3.58)(s+C)(s+D)] 1 0.9772  - -3.58 -1.9983 -5.0542  0.9891 
p10a0s10 Gain/[(s+3.58)(s+C)(s+D)] 1 0.9927  - -3.58 -3.0665 -3.0666  0.9931 

          
p10a8s10 Gain/[(s+3.58)(s+C)(s+C)] 1 0.9772  - -3.58 -2.878 -2.878  0.9888 

          

p10a1s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 1.0577  - -3.58 -0.2935 - 1.2032i  -0.2935 + 1.2032i  0.9934 
p10a2s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 1.0111  - -3.58 -0.9561 - 2.4439i -0.9561 + 2.4439i  0.9965 
p10a4s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 1.056  - -3.58 -1.7730 - 2.9483i -1.7730 - 2.9483i  0.9863 

p10a6s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 1.0362  - -3.58 -1.4438 - 2.2016i -1.4438 + 2.2016i  0.9887 
p10a8s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 0.9772  - -3.58 -1.9983 -5.0542  0.9891 
p10a0s10 Gain/[(s+3.58)(s^2+Cs+D)] 1 0.9927  - -3.58 -1.8257 - 1.5565i -1.8257 + 1.5565i  0.9917 

          
p10a1s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0577  - -3.58 -8.76 -3.6129  0.9927 
p10a2s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0111  - -3.58 -8.76 -6.0877  0.9968 

p10a4s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.056  - -3.58 -8.76 -5.7774  0.9871 
p10a6s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0362  - -3.58 -8.76 -3.4999  0.9896 
p10a8s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.9772  - -3.58 -8.76 -1.7098  0.9894 

p10a0s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.9927  - -3.58 -8.76 -1.8805  0.9925 
          

p10a1s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 1.0577  - -3.58 -8.76 -6.6651 -6.6651 0.9933 

p10a2s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 1.0111  - -3.58 -8.76 -11.6403 -11.6403 0.997 
p10a4s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 1.056  - -3.58 -8.76 -11.2547 -11.2547 0.9871 
p10a6s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 1.0362  - -3.58 -8.76 -3.5001 -5.74E+04 0.9896 

p10a8s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 0.9772  - -3.58 -8.76 -1.7098 -3.09E+07 0.9894 
p10a0s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 0.9927  - -3.58 -8.76 -3.6812 -3.6812 0.9923 

          

p10a1s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 1.0577  - -3.58 -8.76 -6.6651 -6.6651 0.9933 
p10a2s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 1.0111  - -3.58 -8.76 -11.6403 -11.6403 0.997 
p10a4s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 1.056  - -3.58 -8.76 -11.2547 -11.2547 0.9871 

p10a6s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 1.0362  - -3.58 -8.76 -6.7081 -6.7081 0.9894 
p10a8s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 0.9772  - -3.58 -8.76 -3.428 -3.428 0.9876 
p10a0s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+C)] 1 0.9927  - -3.58 -8.76 -3.6812 -3.6812 0.9923 

          
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.5878  -  0.985 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.4949  -  0.9852 
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p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.4138  -  0.9852 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.4793  -  0.9853 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.5501  -  0.9851 

p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.3681  -  0.9851 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.3883  -  0.9852 
p10a*s10 Gain/[(s+3.58)(s+C)] 1 1.0218  - -3.58 -1.5186  -  0.9852 

          
p10a*s10 Gain/[(s+3.58)(s+C)(s+D)] 1 1.0218  - -3.58 -1.5878 -3.61E+06  0.985 

          

p10a*s10 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0218  - -3.58 -8.76 -1.9547  0.9851 
          

p10a*s10 Gain/[(s+3.58)(s+8.76)(s+C)(s+D)] 1 1.0218  - -3.58 -8.76 -1.9547 -2.61E+08 0.9851 

          
loaded speed         
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -5.19E+07  -  0.9851 

p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -2.67E+07  -  0.9851 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -1.49E+07  -  0.9851 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -261.3735  -  0.9852 

p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -32.8683  -  0.9854 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -18.9208  -  0.9855 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -14.3762  -  0.9855 

p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -9.5969  -  0.9852 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -30.5105  -  0.9855 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -5.02E+07  -  0.9851 

p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -15.0695  -  0.9855 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -5.2014  -  0.9832 
p75a*s10 Gain/[(s+3.58)(s+C)] 1 0.9354  - -3.58 -6.3545  -  0.9843 

          
loaded pressure         
p75a*s10 Gain/[(s+3.58)(s+14.38)(S+C)] 1 0.8004  - -3.58 -14.38 -1.9657  0.9903 

loaded speed         
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -7.66E+07  -  0.9854 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -6.12E+07  -  0.9854 

p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -4.74E+07  -  0.9854 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -206.7879  -  0.9854 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -31.3673  -  0.9857 
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p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -18.402  -  0.9858 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -14.0873  -  0.9858 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -12.0173  -  0.9857 

p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -9.4857  -  0.9855 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -28.5736  -  0.9857 
p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -5.22E+07  -  0.9854 

p5a*s10 Gain/[(s+3.58)(s+C)] 1 0.9394  - -3.58 -14.4849  -  0.9858 
loaded pressure         
p5a*s10 Gain/[(s+3.58)(s+14.38)(S+C)] 1 0.5369  - -3.58 -14.09 -1.9886  0.9849 

          
Current          

p10a*s10 Gain/(s+C) 1 1.7526  - -1.00E+14  -  -  0.9102 

p10a*s10 Gain/[(s+C)(s+D)] 1 1.7526  - -1.35E+14 -1.76E+14  -  0.9102 
p10a*s10 Gain/(s^2+Cs+D) 1 1.7526  -  -  -1.3787e-1 +1.0945e+2i  -1.3787e-1 -1.0945e+2i  0.727 

          

p75a*s10 Gain/(s+C) 1 1.4894  - -4.01E+14  -  -  0.8324 
          

p75a*s10 Gain/(s+C) 1 1.4894  - -4.01E+14  -  -  0.8324 

          
With Plumbing         

          

ABp1a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0482  -3.58 -8.76 -1.9553  0.9493 
ABC1a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 1.0482  -3.58 -8.76 -2.2368  0.9773 

          

ABp7a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.7404  -3.58 -14.38 -2.5046  0.9501 
ABC7a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.769  -3.58 -14.38 -1.6256  0.9863 

          

ABp5a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.5238  -3.58 -14.09 -2.2724  0.9879 
ABC5a*s1 Gain/[(s+3.58)(s+8.76)(s+C)] 1 0.5262  -3.58 -14.09 -2.0724  0.9923 

          

Speed          
          

ABp1a*s1 Gain/[(s+3.58)(s+C)] 1 0.9324  -3.58 -25.1996   0.9854 

ABC1a*s1 Gain/[(s+3.58)(s+C)] 1 0.9257  -3.58 -15.9734   0.985 
ABp7a*s1 Gain/[(s+3.58)(s+C)] 1 0.9364  -3.58 -22.2458   0.9858 
ABC7a*s1 Gain/[(s+3.58)(s+C)] 1 0.9331  -3.58 -4.9431   0.9796 
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ABp5a*s1 Gain/[(s+3.58)(s+C)] 1 0.9447  -3.58 -41.1388   0.9861 
ABC5a*s1 Gain/[(s+3.58)(s+C)] 1 0.9474  -3.58 -16.5187   0.9859 

          

Pressure          
          

ABp1a*s1 Gain/[(s+3.58)(s+25.2)(s+D)] 1 1.0482  -3.58 -25.1996 -1.6889  0.9487 

ABC1a*s1 Gain/[(s+3.58)(s+C)(s+D)] 1 1.0453  -3.58 -15.9734 -2.0044  0.9771 
ABp7a*s1 Gain/[(s+3.58)(s+C)(s+D)] 1 0.7404  -3.58 -22.2458 -2.3601  0.9498 
ABC7a*s1 Gain/[(s+3.58)(s+C)(s+D)] 1 0.769  -3.58 -4.9431 -2.1053  0.9866 

ABp5a*s1 Gain/[(s+3.58)(s+C)(s+D)] 1 0.5238  -3.58 -41.1388 -2.0513  0.9879 
ABC5a*s1 Gain/[(s+3.58)(s+C)(s+D)] 1 0.5262  -3.58 -16.5187 -2.0277  0.9923 
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Appendix II – Matlab Files 
 
 

Matlab Code to Find Models 

 
From a single data set 
 
------------------------------------------------------------------------ 
fitall.m 
 
clear all; 
close all; 
 
global data r gain r_s 
 
allgain1=zeros(5,7); 
allpole1=zeros(5,7); 
allgain2=zeros(5,7); 
allpole2=zeros(5,7); 
allr=zeros(5,7); 
allK=zeros(5,7); 
 
data_vector={'p0a1s10.txt' 'p0a1s9.txt' 'p0a1s8.txt' 
'p0a1s7.txt' 'p0a1s6.txt' 'p0a1s5.txt' 'p0a1s25.txt'; 
'p0a2s10.txt' 'p0a2s9.txt' 'p0a2s8.txt' 'p0a2s7.txt' 
'p0a2s6.txt' 'p0a2s5.txt' 'p0a2s25.txt'; 
'p0a4s10.txt' 'p0a4s9.txt' 'p0a4s8.txt' 'p0a4s7.txt' 
'p0a4s6.txt' 'p0a4s5.txt' 'p0a4s25.txt'; 
'p0a6s10.txt' 'p0a6s9.txt' 'p0a6s8.txt' 'p0a6s7.txt' 
'p0a6s6.txt' 'p0a6s5.txt' 'p0a6s25.txt'; 
'p0a8s10.txt' 'p0a8s9.txt' 'p0a8s8.txt' 'p0a8s7.txt' 
'p0a8s6.txt' 'p0a8s5.txt' 'p0a8s25.txt';}; 
 
data_vector_p={'p10a1s10.txt' 'p10a2s10.txt' 'p10a4s10.txt' 
'p10a6s10.txt' 'p10a8s10.txt' 'p10a0s10.txt';}; 
 
data_vector_r={'p0r1s10.txt' 'p0r2s10.txt' 'p0r3s10.txt' 
'p0r4s10.txt' 'p0r5s10.txt' 'p0r8s10.txt' 'p0r0s10.txt'; 
'p10r1s10.txt' 'p10r2s10.txt' 'p10r3s10.txt' 'p10r4s10.txt' 
'p10r5s10.txt' 'p10r8s10.txt' 'p10r0s10.txt';}; 
    
% Load data files    
% (row, column) 
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v=0; 
 
for i=1:1 
 
for j=1:6 
    
   v=v+1; 
 
data=load(char(data_vector_p(i,j)),'-ascii'); 
 
fit_noplots 
 
gain 
 
r 
 
figure(v) 
plot(time, S, tfit, fit), grid; 
title(['Data File ', char(data_vector_p(i,j)) ', poles at ', 
num2str(r_s(1)), ' and ' num2str(r_s(2)) ' gain = ' 
num2str(gain)]) 
 
xlabel('time (s)') 
ylabel('Speed (V) 1V=700 RPM') 
legend('Data', 'Model') 
axis([0 20 0 10]) 
text(14.1, 1.5, ['r^2 = ', num2str(r^2)]) 
 
end 
 
end 
------------------------------------------------------------------------  
 
fit_noplots.m 
 
global data r y Estimates gain r_s 
 
T=data(:,1); 
time=T/91; 
SR_raw=data(:,2); 
SR=SR_raw*10/4095; 
S=data(:,3); 
P=data(:,4); 
I=data(:,5); 
 
Sss=S(910/5:length(S)); 
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gain=mean(Sss)/max(SR); 
 
y=SR; 
 
Starting=rand(1,2); 
options=optimset('Display', 'final', 'MaxFunEvals', 4000, 
'MaxIter', 1500, 'TolX', 1e-4, 'TolFun', 1e-4); 
Estimates=fminsearch('fitspeed2',Starting,options,time,S); 
 
% To check the fit 
 
sys=tf([1], conv([1 Estimates(1) Estimates(2)], [1 3.35])); 
sysfit=gain/dcgain(sys)*sys 
r_s=roots(conv([1 Estimates(1) Estimates(2)], [1 3.35])) 
 
[fit, tfit]=lsim(sysfit, SR, time); 
 
% calculate the correlation statistic r 
 
le=length(S); 
s_sum=0; 
for n=1:le 
s_sum=s_sum+S(n); 
end 
s_mean=s_sum/le; 
 
squared_dev=0; 
for n=1:le 
squared_dev=squared_dev+(S(n)-fit(n))^2; 
end 
 
r_num=0; 
for n=1:le 
r_num=r_num+(fit(n)-s_mean)^2; 
end 
 
r_den=squared_dev+r_num; 
 
r=sqrt(r_num/r_den); 
------------------------------------------------------------------------------------------------ 
 
fitspeed2.m 
 
function sse=fitspeed2(params,Input,Actual_Output) 
b=params(1); 
c=params(2); 
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global y gain 
 
sys=tf([1], conv([1 b c], [1 3.35])); 
sysf=gain/dcgain(sys)*sys; 
                  [Fitted_Curve, t]=lsim(sysf, y, Input); 
if (length(t) ~= length(Input)) 
Fitted_Curve=Fitted_Curve(1:round(length(t)/length(Input)):end,:
); 
end 
Error_Vector=Fitted_Curve - Actual_Output; 
sse=sum(Error_Vector.^2); 
------------------------------------------------------------------------------------------------ 
 
 
From a collection of data sets 
 
One.m 
 
clear all; 
close all; 
 
global data data2 data3 data4 data5 data6 r r2 r3 r4 r5 r6 gain 
r_s 
 
data_vector={'p0a1s10.txt' 'p0a1s9.txt' 'p0a1s8.txt' 
'p0a1s7.txt' 'p0a1s6.txt' 'p0a1s5.txt' 'p0a1s25.txt'; 
'p0a2s10.txt' 'p0a2s9.txt' 'p0a2s8.txt' 'p0a2s7.txt' 
'p0a2s6.txt' 'p0a2s5.txt' 'p0a2s25.txt'; 
'p0a4s10.txt' 'p0a4s9.txt' 'p0a4s8.txt' 'p0a4s7.txt' 
'p0a4s6.txt' 'p0a4s5.txt' 'p0a4s25.txt'; 
'p0a6s10.txt' 'p0a6s9.txt' 'p0a6s8.txt' 'p0a6s7.txt' 
'p0a6s6.txt' 'p0a6s5.txt' 'p0a6s25.txt'; 
'p0a8s10.txt' 'p0a8s9.txt' 'p0a8s8.txt' 'p0a8s7.txt' 
'p0a8s6.txt' 'p0a8s5.txt' 'p0a8s25.txt';}; 
 
data_vector_p={'p10a1s10.txt' 'p10a2s10.txt' 'p10a4s10.txt' 
'p10a6s10.txt' 'p10a8s10.txt' 'p10a0s10.txt'; 
'p10a1s9.txt' 'p10a2s9.txt' 'p10a4s9.txt' 'p10a6s9.txt' '0' '0'; 
'p10a1s8.txt' 'p10a2s8.txt' 'p10a4s8.txt' 'p10a6s8.txt' '0' '0'; 
'p10a1s7.txt' 'p10a2s7.txt' 'p10a4s7.txt' 'p10a6s7.txt' '0' '0'; 
'p10a1s6.txt' 'p10a2s6.txt' 'p10a4s6.txt' 'p10a6s6.txt' '0' '0'; 
'p10a1s5.txt' 'p10a2s5.txt' 'p10a4s5.txt' 'p10a6s5.txt' '0' '0'; 
'p10a1s25.txt' 'p10a2s25.txt' 'p10a4s25.txt' 'p10a6s25.txt' '0' 
'0';}; 
 
data_vector_p75={'p75a1s10.txt' 'p75a2s10.txt' 'p75a4s10.txt' 
'p75a6s10.txt' 'p75a8s10.txt' 'p75a0s10.txt'; 
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'p75a4s25.txt' 'p75a4s5.txt' 'p75a4s6.txt' 'p75a4s7.txt' 
'p75a4s8.txt' 'p75a4s9.txt';}; 
 
data_vector_p5={'p5a1s10.txt' 'p5a2s10.txt' 'p5a4s10.txt' 
'p5a6s10.txt' 'p5a8s10.txt' 'p5a0s10.txt'; 
'p75a4s25.txt' 'p5a4s5.txt' 'p5a4s6.txt' 'p5a4s7.txt' 
'p5a4s8.txt' 'p5a4s9.txt';}; 
 
data_vector_r={'p0r1s10.txt' 'p0r2s10.txt' 'p0r3s10.txt' 
'p0r4s10.txt' 'p0r5s10.txt' 'p0r8s10.txt' 'p0r0s10.txt'; 
'p10r1s10.txt' 'p10r2s10.txt' 'p10r3s10.txt' 'p10r4s10.txt' 
'p10r5s10.txt' 'p10r8s10.txt' 'p10r0s10.txt'; 
'p75r1s10.txt' 'p75r2s10.txt' 'p75r3s10.txt' 'p75r4s10.txt' 
'p75r5s10.txt' 'p75r8s10.txt' 'p75r0s10.txt'; 
'p5r1s10.txt' 'p5r2s10.txt' 'p5r3s10.txt' 'p5r4s10.txt' 
'p5r5s10.txt' 'p5r8s10.txt' 'p5r0s10.txt';}; 
 
% 10 psi AB 
data_vector_AB={'ABP1A1S1.TXT' 'ABP1A6S1.TXT' 'ABP1A2S1.TXT' 
'ABP1A8S1.TXT' 'ABP1A4S1.TXT' 'Abp1a0s1.txt'; 
% 7.5 psi AB 
'ABP7A0S1.TXT' 'ABP7A4S1.TXT' 'ABP7A1S1.TXT' 'ABP7A6S1.TXT' 
'ABP7A2S1.TXT' 'ABP7A8S1.TXT';  
% 5 psi AB 
'ABP5A0S1.TXT' 'ABP5A4S1.TXT' 'ABP5A1S1.TXT' 'ABP5A6S1.TXT' 
'ABP5A2S1.TXT' 'ABP5A8S1.TXT';};  
 
% 10 psi ABC 
data_vector_ABC={'ABC1A0S1.TXT' 'ABC1A4S1.TXT' 'ABC1A1S1.TXT' 
'ABC1A6S1.TXT' 'ABC1A2S1.TXT' 'ABC1A8S1.TXT'; 
% 7.5 psi ABC 
'ABC7A0S1.TXT' 'ABC7A4S1.TXT' 'ABC7A1S1.TXT' 'ABC7A6S1.TXT' 
'ABC7A2S1.TXT' 'ABC7A8S1.TXT'; 
% 5 psi ABC 
'ABC5A0S1.TXT' 'ABC5A4S1.TXT' 'ABC5A1S1.TXT' 'ABC5A6S1.TXT' 
'ABC5A2S1.TXT' 'ABC5A8S1.TXT';};  
 
% Load Data Sets 
% (row, column) 
 
data=load(char(data_vector_AB(2,1)),'-ascii'); 
data2=load(char(data_vector_AB(2,2)),'-ascii'); 
data3=load(char(data_vector_AB(2,3)),'-ascii'); 
data4=load(char(data_vector_AB(2,4)),'-ascii'); 
data5=load(char(data_vector_AB(2,5)),'-ascii'); 
data6=load(char(data_vector_AB(2,6)),'-ascii'); 
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fit_onep 
 
gain 
 
if doit==1 
 
r_s(1) 
r_s(2) 
 
end 
 
if doit==2 
 
r_p(1) 
r_p(2) 
r_p(3) 
 
end 
 
if doit==4 
 
r_i(1) 
 
end 
 
r 
r2 
r3 
r4 
r5 
r6 
 
% Calculate average correlation coefficient 
rmean=mean([r r2 r3 r4 r5 r6]) 
 
std_dev_r=std([r r2 r3 r4 r5 r6]) 
 
fitvector=[fit, fit2, fit3, fit4, fit5 fit6]; 
tfitvector=[tfit, tfit2, tfit3, tfit4, tfit5 tfit6]; 
rvector=[r, r2, r3, r4, r5, r6]; 
 
if doit==1 
 
for v=1:6 
 
figure(v) 
plot(time, S(:,v), tfitvector(:,v), fitvector(:,v)), grid; 
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title(['Data File ', char(data_vector_p75(1,v)) ', poles at ', 
num2str(r_s(1)) ' gain = ' num2str(gain)]) 
xlabel('time (s)') 
ylabel('Speed (V) 1V=700 RPM') 
legend('Data', 'Model') 
axis([0 20 0 15]) 
text(14.1, 1.5, ['r = ', num2str(rvector(v))]) 
 
end 
 
end 
 
if doit==2 
 
for v=1:6 
 
figure(v) 
plot(time, P(:,v), tfitvector(:,v), fitvector(:,v)), grid; 
title(['Data File ', char(data_vector_p75(1,v)) ', poles at ', 
num2str(r_p(1)) ' gain = ' num2str(gain)]) 
xlabel('time (s)') 
ylabel('Pressure (psi)') 
legend('Data', 'Model') 
axis([0 20 0 15]) 
text(14.1, 1.5, ['r = ', num2str(rvector(v))]) 
 
end 
 
end 
 
if doit==4 
 
for v=1:6 
 
figure(v) 
plot(time, I(:,v), tfitvector(:,v), fitvector(:,v)), grid; 
title(['Data File ', char(data_vector_p5(1,v)) ', poles at ', 
num2str(r_i(1)) ' gain = ' num2str(gain)]) 
xlabel('time (s)') 
ylabel('Current (A)') 
legend('Data', 'Model') 
axis([0 20 0 25]) 
text(14.1, 1.5, ['r = ', num2str(rvector(v))]) 
 
end 
 
end 
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------------------------------------------------------------------------------------------------ 
 
Fit_onep.m 
 
global data data2 data3 data4 data5 data6 r r1 r2 r3 r4 r5 r6 y 
gain r_s r_p doit 
 
doit=1; 
 
T=data(1:365,1); 
time=T/91; 
SR_raw=[data(1:365,2), data2(1:365,2), data3(1:365,2), 
data4(1:365,2), data5(1:365,2), data6(1:365,2)]; 
SR=SR_raw*10/4095; 
S=[data(1:365,3), data2(1:365,3), data3(1:365,3), 
data4(1:365,3), data5(1:365,3), data6(1:365,3)]; 
P=[data(1:365,4), data2(1:365,4), data3(1:365,4), 
data4(1:365,4), data5(1:365,4), data6(1:365,4)]; 
 
[b a]=besself(3, [.05 .999999999], 'stop'); 
 
for c=1:6 
 
Pfiltered = filter(b,a, P(:,c)); 
P(:,c)=[Pfiltered(14:length(Pfiltered))' 
Pfiltered(length(Pfiltered))*ones(1,13)]';   
 
end 
 
I=[data(1:365,5), data2(1:365,5), data3(1:365,5), 
data4(1:365,5), data5(1:365,5), data6(1:365,5)]; 
 
if doit==1 
 
Sss=S(910/5:length(S(:,1))); 
Sss2=S(910/5:length(S(:,2))); 
Sss3=S(910/5:length(S(:,3))); 
Sss4=S(910/5:length(S(:,4))); 
Sss5=S(910/5:length(S(:,5))); 
Sss6=S(910/5:length(S(:,6))); 
 
 
gain=mean([mean(Sss), mean(Sss2), mean(Sss3), mean(Sss4), 
mean(Sss5), mean(Sss6)])/mean(max(SR)); 
 
y=SR; 
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Starting=rand(1,1); 
options=optimset('Display', 'final', 'MaxFunEvals', 4000, 
'MaxIter', 1500, 'TolX', 1e-4, 'TolFun', 1e-4); 
Estimates=fminsearch('fitone',Starting,options,time,S); 
 
% To check the fit 
 
sys=tf([1], conv([1 Estimates(1)], [1 3.58])); 
sysfit=gain/dcgain(sys)*sys 
r_s=roots(conv([1 Estimates(1)], [1 3.58])) 
 
[fit, tfit]=lsim(sysfit, SR(:,1), time); 
[fit2, tfit2]=lsim(sysfit, SR(:,2), time); 
[fit3, tfit3]=lsim(sysfit, SR(:,3), time); 
[fit4, tfit4]=lsim(sysfit, SR(:,4), time); 
[fit5, tfit5]=lsim(sysfit, SR(:,5), time); 
[fit6, tfit6]=lsim(sysfit, SR(:,6), time); 
 
 
% calculate the correlation statistic r 
 
le=length(S); 
s_sum=0; 
s_sum2=0; 
s_sum3=0; 
s_sum4=0; 
s_sum5=0; 
s_sum6=0; 
for n=1:le 
s_sum=s_sum+S(n,1); 
s_sum2=s_sum2+S(n,2); 
s_sum3=s_sum3+S(n,3); 
s_sum4=s_sum4+S(n,4); 
s_sum5=s_sum5+S(n,5); 
s_sum6=s_sum6+S(n,6); 
end 
s_mean=s_sum/le; 
s_mean2=s_sum2/le; 
s_mean3=s_sum3/le; 
s_mean4=s_sum4/le; 
s_mean5=s_sum5/le; 
s_mean6=s_sum6/le; 
 
 
squared_dev=0; 
squared_dev2=0; 
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squared_dev3=0; 
squared_dev4=0; 
squared_dev5=0; 
squared_dev6=0; 
 
for n=1:le 
squared_dev=squared_dev+(S(n,1)-fit(n))^2; 
squared_dev2=squared_dev2+(S(n,2)-fit2(n))^2; 
squared_dev3=squared_dev3+(S(n,3)-fit3(n))^2; 
squared_dev4=squared_dev4+(S(n,4)-fit4(n))^2; 
squared_dev5=squared_dev5+(S(n,5)-fit5(n))^2; 
squared_dev6=squared_dev6+(S(n,6)-fit6(n))^2; 
end 
 
r_num=0; 
r_num2=0; 
r_num3=0; 
r_num4=0; 
r_num5=0; 
r_num6=0; 
for n=1:le 
r_num=r_num+(fit(n)-s_mean)^2; 
r_num2=r_num2+(fit2(n)-s_mean2)^2; 
r_num3=r_num3+(fit3(n)-s_mean3)^2; 
r_num4=r_num4+(fit4(n)-s_mean4)^2; 
r_num5=r_num5+(fit5(n)-s_mean5)^2; 
r_num6=r_num6+(fit6(n)-s_mean6)^2; 
end 
 
r_den=squared_dev+r_num; 
r_den2=squared_dev2+r_num2; 
r_den3=squared_dev3+r_num3; 
r_den4=squared_dev4+r_num4; 
r_den5=squared_dev5+r_num5; 
r_den6=squared_dev6+r_num6; 
 
 
r=sqrt(r_num/r_den); 
r2=sqrt(r_num2/r_den2); 
r3=sqrt(r_num3/r_den3); 
r4=sqrt(r_num4/r_den4); 
r5=sqrt(r_num5/r_den5); 
r6=sqrt(r_num6/r_den6); 
 
end 
 
if doit==2 
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Pss=P(910/5:length(P(:,1)), 1); 
Pss2=P(910/5:length(P(:,1)), 2); 
Pss3=P(910/5:length(P(:,3)), 3); 
Pss4=P(910/5:length(P(:,4)), 4); 
Pss5=P(910/5:length(P(:,5)), 5); 
Pss6=P(910/5:length(P(:,6)), 6); 
 
 
gain=mean([mean(Pss), mean(Pss2), mean(Pss3), mean(Pss4), 
mean(Pss5), mean(Pss6)])/mean(max(SR)); 
 
y=SR; 
 
Starting=rand(1,1); 
options=optimset('Display', 'final', 'MaxFunEvals', 4000, 
'MaxIter', 1500, 'TolX', 1e-4, 'TolFun', 1e-4); 
Estimates=fminsearch('fitone',Starting,options,time,P); 
 
% To check the fit 
 
sys=tf([1], conv([1 14.09], conv([1 Estimates(1)], [1 3.58]))); 
sysfit=gain/dcgain(sys)*sys 
r_p=roots(conv([1 14.09], conv([1 Estimates(1)], [1 3.58]))) 
 
[fit, tfit]=lsim(sysfit, SR(:,1), time); 
[fit2, tfit2]=lsim(sysfit, SR(:,2), time); 
[fit3, tfit3]=lsim(sysfit, SR(:,3), time); 
[fit4, tfit4]=lsim(sysfit, SR(:,4), time); 
[fit5, tfit5]=lsim(sysfit, SR(:,5), time); 
[fit6, tfit6]=lsim(sysfit, SR(:,6), time); 
 
 
% calculate the correlation statistic r 
 
le=length(P); 
s_sum=0; 
s_sum2=0; 
s_sum3=0; 
s_sum4=0; 
s_sum5=0; 
s_sum6=0; 
for n=1:le 
s_sum=s_sum+P(n,1); 
s_sum2=s_sum2+P(n,2); 
s_sum3=s_sum3+P(n,3); 
s_sum4=s_sum4+P(n,4); 
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s_sum5=s_sum5+P(n,5); 
s_sum6=s_sum6+P(n,6); 
end 
s_mean=s_sum/le; 
s_mean2=s_sum2/le; 
s_mean3=s_sum3/le; 
s_mean4=s_sum4/le; 
s_mean5=s_sum5/le; 
s_mean6=s_sum6/le; 
 
 
squared_dev=0; 
squared_dev2=0; 
squared_dev3=0; 
squared_dev4=0; 
squared_dev5=0; 
squared_dev6=0; 
 
for n=1:le 
squared_dev=squared_dev+(P(n,1)-fit(n))^2; 
squared_dev2=squared_dev2+(P(n,2)-fit2(n))^2; 
squared_dev3=squared_dev3+(P(n,3)-fit3(n))^2; 
squared_dev4=squared_dev4+(P(n,4)-fit4(n))^2; 
squared_dev5=squared_dev5+(P(n,5)-fit5(n))^2; 
squared_dev6=squared_dev6+(P(n,6)-fit6(n))^2; 
end 
 
r_num=0; 
r_num2=0; 
r_num3=0; 
r_num4=0; 
r_num5=0; 
r_num6=0; 
for n=1:le 
r_num=r_num+(fit(n)-s_mean)^2; 
r_num2=r_num2+(fit2(n)-s_mean2)^2; 
r_num3=r_num3+(fit3(n)-s_mean3)^2; 
r_num4=r_num4+(fit4(n)-s_mean4)^2; 
r_num5=r_num5+(fit5(n)-s_mean5)^2; 
r_num6=r_num6+(fit6(n)-s_mean6)^2; 
end 
 
r_den=squared_dev+r_num; 
r_den2=squared_dev2+r_num2; 
r_den3=squared_dev3+r_num3; 
r_den4=squared_dev4+r_num4; 
r_den5=squared_dev5+r_num5; 
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r_den6=squared_dev6+r_num6; 
 
 
r=sqrt(r_num/r_den); 
r2=sqrt(r_num2/r_den2); 
r3=sqrt(r_num3/r_den3); 
r4=sqrt(r_num4/r_den4); 
r5=sqrt(r_num5/r_den5); 
r6=sqrt(r_num6/r_den6); 
 
end 
 
if doit==4 
 
Iss=I(910/5:length(I(:,1)), 1); 
Iss2=I(910/5:length(I(:,1)), 2); 
Iss3=I(910/5:length(I(:,3)), 3); 
Iss4=I(910/5:length(I(:,4)), 4); 
Iss5=I(910/5:length(I(:,5)), 5); 
Iss6=I(910/5:length(I(:,6)), 6); 
 
 
gain=mean([mean(Iss), mean(Iss2), mean(Iss3), mean(Iss4), 
mean(Iss5), mean(Iss6)])/mean(max(SR)); 
 
y=SR; 
 
Starting=rand(1,1); 
options=optimset('Display', 'final', 'MaxFunEvals', 4000, 
'MaxIter', 1500, 'TolX', 1e-4, 'TolFun', 1e-4); 
Estimates=fminsearch('fitone',Starting,options,time,I); 
 
% To check the fit 
 
sys=tf([1], [1 Estimates(1)]); 
sysfit=gain/dcgain(sys)*sys 
r_i=roots([1 Estimates(1)]) 
 
[fit, tfit]=lsim(sysfit, SR(:,1), time); 
[fit2, tfit2]=lsim(sysfit, SR(:,2), time); 
[fit3, tfit3]=lsim(sysfit, SR(:,3), time); 
[fit4, tfit4]=lsim(sysfit, SR(:,4), time); 
[fit5, tfit5]=lsim(sysfit, SR(:,5), time); 
[fit6, tfit6]=lsim(sysfit, SR(:,6), time); 
 
 
% calculate the correlation statistic r 
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le=length(I); 
s_sum=0; 
s_sum2=0; 
s_sum3=0; 
s_sum4=0; 
s_sum5=0; 
s_sum6=0; 
for n=1:le 
s_sum=s_sum+I(n,1); 
s_sum2=s_sum2+I(n,2); 
s_sum3=s_sum3+I(n,3); 
s_sum4=s_sum4+I(n,4); 
s_sum5=s_sum5+I(n,5); 
s_sum6=s_sum6+I(n,6); 
end 
s_mean=s_sum/le; 
s_mean2=s_sum2/le; 
s_mean3=s_sum3/le; 
s_mean4=s_sum4/le; 
s_mean5=s_sum5/le; 
s_mean6=s_sum6/le; 
 
 
squared_dev=0; 
squared_dev2=0; 
squared_dev3=0; 
squared_dev4=0; 
squared_dev5=0; 
squared_dev6=0; 
 
for n=1:le 
squared_dev=squared_dev+(I(n,1)-fit(n))^2; 
squared_dev2=squared_dev2+(I(n,2)-fit2(n))^2; 
squared_dev3=squared_dev3+(I(n,3)-fit3(n))^2; 
squared_dev4=squared_dev4+(I(n,4)-fit4(n))^2; 
squared_dev5=squared_dev5+(I(n,5)-fit5(n))^2; 
squared_dev6=squared_dev6+(I(n,6)-fit6(n))^2; 
end 
 
r_num=0; 
r_num2=0; 
r_num3=0; 
r_num4=0; 
r_num5=0; 
r_num6=0; 
for n=1:le 
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r_num=r_num+(fit(n)-s_mean)^2; 
r_num2=r_num2+(fit2(n)-s_mean2)^2; 
r_num3=r_num3+(fit3(n)-s_mean3)^2; 
r_num4=r_num4+(fit4(n)-s_mean4)^2; 
r_num5=r_num5+(fit5(n)-s_mean5)^2; 
r_num6=r_num6+(fit6(n)-s_mean6)^2; 
end 
 
r_den=squared_dev+r_num; 
r_den2=squared_dev2+r_num2; 
r_den3=squared_dev3+r_num3; 
r_den4=squared_dev4+r_num4; 
r_den5=squared_dev5+r_num5; 
r_den6=squared_dev6+r_num6; 
 
 
r=sqrt(r_num/r_den); 
r2=sqrt(r_num2/r_den2); 
r3=sqrt(r_num3/r_den3); 
r4=sqrt(r_num4/r_den4); 
r5=sqrt(r_num5/r_den5); 
r6=sqrt(r_num6/r_den6); 
 
end 
------------------------------------------------------------------------------------------------ 
 
Fitone.m 
 
function sumsse=fitone(params,Input,Actual_Output) 
b=params(1); 
 
global y gain 
 
sys=tf([1], conv([1 3.58], [1 b])); 
sysf=gain/dcgain(sys)*sys; 
 
[Fitted_Curve, t]=lsim(sysf, y(:,1), Input); 
[Fitted_Curve2, t2]=lsim(sysf, y(:,2), Input); 
[Fitted_Curve3, t3]=lsim(sysf, y(:,3), Input); 
[Fitted_Curve4, t4]=lsim(sysf, y(:,4), Input); 
[Fitted_Curve5, t5]=lsim(sysf, y(:,5), Input); 
[Fitted_Curve6, t6]=lsim(sysf, y(:,6), Input); 
 
if (length(t) ~= length(Input)) 
Fitted_Curve=Fitted_Curve(1:round(length(t)/length(Input)):end,:
); 
end 
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if (length(t2) ~= length(Input)) 
Fitted_Curve2=Fitted_Curve2(1:round(length(t2)/length(Input)):en
d,:); 
end 
 
if (length(t3) ~= length(Input)) 
Fitted_Curve3=Fitted_Curve3(1:round(length(t3)/length(Input)):en
d,:); 
end 
 
if (length(t4) ~= length(Input)) 
Fitted_Curve4=Fitted_Curve4(1:round(length(t4)/length(Input)):en
d,:); 
end 
 
if (length(t5) ~= length(Input)) 
Fitted_Curve5=Fitted_Curve5(1:round(length(t5)/length(Input)):en
d,:); 
end 
 
if (length(t6) ~= length(Input)) 
Fitted_Curve6=Fitted_Curve6(1:round(length(t6)/length(Input)):en
d,:); 
end 
 
Error_Vector=Fitted_Curve - Actual_Output(:,1); 
Error_Vector2=Fitted_Curve2 - Actual_Output(:,2); 
Error_Vector3=Fitted_Curve3 - Actual_Output(:,3); 
Error_Vector4=Fitted_Curve4 - Actual_Output(:,4); 
Error_Vector5=Fitted_Curve5 - Actual_Output(:,5); 
Error_Vector6=Fitted_Curve6 - Actual_Output(:,6); 
 
sse=sum(Error_Vector.^2); 
sse2=sum(Error_Vector2.^2); 
sse3=sum(Error_Vector3.^2); 
sse4=sum(Error_Vector4.^2); 
sse5=sum(Error_Vector5.^2); 
sse6=sum(Error_Vector6.^2); 
 
sumsse=sse+1*sse2+sse3+1*sse4+1*sse5+1*sse6; 
 
------------------------------------------------------------------------------------------------ 
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Matlab Code to Check the Correlation of the Model to each data set 

 
Checkfit.m 
 
clear all; 
close all; 
 
fid = fopen('AB_5_p.txt','w'); 
 
% files 
% asp0 - sigmoid, speed, no load - done 
% rsp0 - ramp, speed, no load - done 
% asp10 - sigmoid, speed, 10 psi - done 
% apr10 - sigmoid, pressure, 10 psi - done 
% rsp10 - ramp, speed, 10 psi - done 
% rpr10 - ramp, pressure, 10 psi - done 
% asp75 - sigmoid, speed, 7.5 psi - done 
% apr75 - sigmoid, pressure, 7.5 psi - done 
% rsp75 - ramp, speed, 7.5 psi - done 
% rpr75 - ramp, pressure, 7.5 psi - done 
% asp5 - sigmoid, speed, 5 psi - done 
% apr5 - sigmoid, pressure, 5 psi - done 
% rsp5 - ramp, speed, 5 psi - done 
% rpr5 - ramp, pressure, 5 psi - done 
% plumbing_name_outletpressure_variable 
 
global doit data r gain r_s 
 
data_vector={'p0a1s10.txt' 'p0a1s9.txt' 'p0a1s8.txt' 
'p0a1s7.txt' 'p0a1s6.txt' 'p0a1s5.txt' 'p0a1s25.txt'; 
'p0a2s10.txt' 'p0a2s9.txt' 'p0a2s8.txt' 'p0a2s7.txt' 
'p0a2s6.txt' 'p0a2s5.txt' 'p0a2s25.txt'; 
'p0a4s10.txt' 'p0a4s9.txt' 'p0a4s8.txt' 'p0a4s7.txt' 
'p0a4s6.txt' 'p0a4s5.txt' 'p0a4s25.txt'; 
'p0a6s10.txt' 'p0a6s9.txt' 'p0a6s8.txt' 'p0a6s7.txt' 
'p0a6s6.txt' 'p0a6s5.txt' 'p0a6s25.txt'; 
'p0a8s10.txt' 'p0a8s9.txt' 'p0a8s8.txt' 'p0a8s7.txt' 
'p0a8s6.txt' 'p0a8s5.txt' 'p0a8s25.txt';}; 
 
data_vector_p={'p10a1s10.txt' 'p10a2s10.txt' 'p10a4s10.txt' 
'p10a6s10.txt' 'p10a8s10.txt' 'p10a0s10.txt'; 
'p10a1s9.txt' 'p10a2s9.txt' 'p10a4s9.txt' 'p10a6s9.txt' '0' '0'; 
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'p10a1s8.txt' 'p10a2s8.txt' 'p10a4s8.txt' 'p10a6s8.txt' '0' '0'; 
'p10a1s7.txt' 'p10a2s7.txt' 'p10a4s7.txt' 'p10a6s7.txt' '0' '0'; 
'p10a1s6.txt' 'p10a2s6.txt' 'p10a4s6.txt' 'p10a6s6.txt' '0' '0'; 
'p10a1s5.txt' 'p10a2s5.txt' 'p10a4s5.txt' 'p10a6s5.txt' '0' '0'; 
'p10a1s25.txt' 'p10a2s25.txt' 'p10a4s25.txt' 'p10a6s25.txt' '0' 
'0';}; 
 
 
data_vector_p75={'p75a1s10.txt' 'p75a2s10.txt' 'p75a4s10.txt' 
'p75a6s10.txt' 'p75a8s10.txt' 'p75a0s10.txt'; 
'p75a4s25.txt' 'p75a4s5.txt' 'p75a4s6.txt' 'p75a4s7.txt' 
'p75a4s8.txt' 'p75a4s9.txt';}; 
 
data_vector_p5={'p5a1s10.txt' 'p5a2s10.txt' 'p5a4s10.txt' 
'p5a6s10.txt' 'p5a8s10.txt' 'p5a0s10.txt'; 
'p5a4s25.txt' 'p5a4s5.txt' 'p5a4s6.txt' 'p5a4s7.txt' 
'p5a4s8.txt' 'p5a4s9.txt';}; 
 
data_vector_r={'p0r1s10.txt' 'p0r2s10.txt' 'p0r3s10.txt' 
'p0r4s10.txt' 'p0r5s10.txt' 'p0r8s10.txt' 'p0r0s10.txt'; 
'p10r1s10.txt' 'p10r2s10.txt' 'p10r3s10.txt' 'p10r4s10.txt' 
'p10r5s10.txt' 'p10r8s10.txt' 'p10r0s10.txt'; 
'p75r1s10.txt' 'p75r2s10.txt' 'p75r3s10.txt' 'p75r4s10.txt' 
'p75r5s10.txt' 'p75r8s10.txt' 'p75r0s10.txt'; 
'p5r1s10.txt' 'p5r2s10.txt' 'p5r3s10.txt' 'p5r4s10.txt' 
'p5r5s10.txt' 'p5r8s10.txt' 'p5r0s10.txt';}; 
    
% 10 psi AB 
data_vector_AB={'ABP1A1S1.TXT' 'ABP1A6S1.TXT' 'ABP1A2S1.TXT' 
'ABP1A8S1.TXT' 'ABP1A4S1.TXT' 'Abp1a0s1.txt'; 
% 7.5 psi AB 
'ABP7A0S1.TXT' 'ABP7A4S1.TXT' 'ABP7A1S1.TXT' 'ABP7A6S1.TXT' 
'ABP7A2S1.TXT' 'ABP7A8S1.TXT';  
% 5 psi AB 
'ABP5A0S1.TXT' 'ABP5A4S1.TXT' 'ABP5A1S1.TXT' 'ABP5A6S1.TXT' 
'ABP5A2S1.TXT' 'ABP5A8S1.TXT';};  
 
% 10 psi ABC 
data_vector_ABC={'ABC1A0S1.TXT' 'ABC1A4S1.TXT' 'ABC1A1S1.TXT' 
'ABC1A6S1.TXT' 'ABC1A2S1.TXT' 'ABC1A8S1.TXT'; 
% 7.5 psi ABC 
'ABC7A0S1.TXT' 'ABC7A4S1.TXT' 'ABC7A1S1.TXT' 'ABC7A6S1.TXT' 
'ABC7A2S1.TXT' 'ABC7A8S1.TXT'; 
% 5 psi ABC 
'ABC5A0S1.TXT' 'ABC5A4S1.TXT' 'ABC5A1S1.TXT' 'ABC5A6S1.TXT' 
'ABC5A2S1.TXT' 'ABC5A8S1.TXT';};  
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% (row, column) 
 
v=0; 
 
doit=2; 
 
if doit==1 
 
for i=2:2 
 
for j=1:6 
    
doit=1; 
 
v=v+1; 
 
char(data_vector_AB(i,j)) 
 
if char(data_vector_AB(i,j))=='0' 
 
doit=3; 
 
end 
 
if doit ~= 3 
 
data=load(char(data_vector_AB(i,j)),'-ascii'); 
 
checkfit_main 
 
fprintf(fid,'%s %6.4f  %6.4f\n', char(data_vector_AB(i,j)),gain, 
r); 
 
gain 
 
r 
 
figure(v) 
plot(time, S, tfit, fit), grid; 
title(['Data File ', char(data_vector_AB(i,j)) ' gain = ' 
num2str(gain)]) 
 
xlabel('time (s)') 
ylabel('Speed (V) 1V=700 RPM') 
legend('Data', 'Model') 
axis([0 20 0 10]) 
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text(14.1, 1.5, ['r = ', num2str(r)]) 
 
end 
 
end 
 
end 
 
end 
 
 
if doit==2 
 
for i=2:2 
 
for j=1:6 
    
doit=2; 
 
v=v+1; 
 
char(data_vector_AB(i,j)) 
 
 
if char(data_vector_AB(i,j))=='0' 
 
doit=3; 
 
end 
 
 
if doit ~= 3 
 
data=load(char(data_vector_AB(i,j)),'-ascii'); 
 
checkfit_main 
 
fprintf(fid,'%s %6.4f  %6.4f\n', 
char(data_vector_AB(i,j)),gain_p, rp); 
 
gain_p 
 
rp 
 
figure(v) 
plot(time, P, tfit_p, fit_p), grid; 
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title(['Data File ', char(data_vector_AB(i,j))  ' gain = ' 
num2str(gain_p)]) 
 
xlabel('time (s)') 
ylabel('Pressure (psi)') 
legend('Data', 'Model') 
axis([0 20 0 15]) 
text(14.1, 1.5, ['r = ', num2str(rp)]) 
 
end 
 
end 
 
end 
 
end 
 
if doit==4 
 
for i=2:2 
 
for j=1:1 
    
doit=4; 
 
v=v+1; 
 
char(data_vector_AB(i,j)) 
 
if char(data_vector_AB(i,j))=='0' 
 
doit=3; 
 
end 
 
if doit ~= 3 
 
data=load(char(data_vector_AB(i,j)),'-ascii'); 
 
checkfit_main 
 
fprintf(fid,'%s %6.4f  %6.4f\n', 
char(data_vector_AB(i,j)),gain_i, ri); 
 
gain_i 
 
ri 
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figure(v) 
plot(time, I, tfit_i, fit_i), grid; 
title(['Data File ', char(data_vector_AB(i,j)) ' gain = ' 
num2str(gain)]) 
 
xlabel('time (s)') 
ylabel('Current (A)') 
legend('Data', 'Model') 
axis([0 20 0 20]) 
text(14.1, 1.5, ['r = ', num2str(ri)]) 
 
end 
 
end 
 
end 
 
end 
 
fclose(fid); 
 
------------------------------------------------------------------------------------------------ 
 
Checkfitmain.m 
 
global doit data r y gain r_s 
 
T=data(:,1); 
time=T/91; 
SR_raw=data(:,2); 
SR=SR_raw*10/4095; 
S=data(:,3); 
P=data(:,4); 
 
[b a]=besself(3, [.05 .999999999], 'stop'); 
Pfiltered = filter(b,a, P); 
P=[Pfiltered(14:length(Pfiltered))' 
Pfiltered(length(Pfiltered))*ones(1,13)]';   
 
I=data(:,5); 
 
y=SR; 
 
if doit==1 
 
Sss=S(910/5:length(S)); 
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gain=mean(Sss)/max(SR); 
 
% To check the fit 
 
% no load 
% sys=tf([1], [1 3.58]); 
 
% with load 10 psi 
%sys=tf([1], conv([1 3.58], [1 8.76])); 
 
% with load 7.5 psi 
%sys=tf([1], conv([1 3.58], [1 14.38])); 
 
% with load 5 psi 
sys=tf([1], conv([1 3.58], [1 14.09])); 
 
sysfit=gain/dcgain(sys)*sys 
 
[fit, tfit]=lsim(sysfit, SR, time); 
 
% calculate the correlation statistic r 
 
le=length(S); 
s_sum=0; 
for n=1:le 
s_sum=s_sum+S(n); 
end 
s_mean=s_sum/le; 
 
squared_dev=0; 
for n=1:le 
squared_dev=squared_dev+(S(n)-fit(n))^2; 
end 
 
r_num=0; 
for n=1:le 
r_num=r_num+(fit(n)-s_mean)^2; 
end 
 
r_den=squared_dev+r_num; 
 
r=sqrt(r_num/r_den); 
 
end 
 
if doit==2 
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% for pressure 
 
Pss=P(910/5:length(P)); 
 
gain_p=mean(Pss)/max(SR); 
 
% To check the fit 
 
% 10 psi 
%sys_p=tf([1], conv(conv([1 8.76], [1 3.58]), [1 1.95])); 
%sys_p=tf([1], conv(conv([1 3.58], [1 9.85]), [1 2.02])); 
 
% 7.5 psi 
%sys_p=tf([1], conv(conv([1 14.38], [1 3.58]), [1 1.97])); 
 
% 5 psi 
sys_p=tf([1], conv(conv([1 14.09], [1 3.58]), [1 1.99])); 
 
 
sysfit_p=gain_p/dcgain(sys_p)*sys_p 
 
[fit_p, tfit_p]=lsim(sysfit_p, SR, time); 
 
% calculate the correlation statistic r for the Pressure 
 
lp=length(P); 
P_sum=0; 
for n=1:lp 
P_sum=P_sum+P(n); 
end 
P_mean=P_sum/lp; 
 
squared_dev_p=0; 
for n=1:lp 
squared_dev_p=squared_dev_p+(P(n)-fit_p(n))^2; 
end 
 
r_num_p=0; 
for n=1:lp 
r_num_p=r_num_p+(fit_p(n)-P_mean)^2; 
end 
 
r_den_p=squared_dev_p+r_num_p; 
 
rp=sqrt(r_num_p/r_den_p); 
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end 
 
if doit==4 
 
% for current 
 
Iss=I(910/5:length(I)); 
 
gain_i=mean(Iss)/max(SR); 
 
% To check the fit 
 
tfit_i=time; 
fit_i=gain_i*SR; 
 
% calculate the correlation statistic r for the Current 
 
lp=length(I); 
I_sum=0; 
for n=1:lp 
I_sum=I_sum+P(n); 
end 
I_mean=I_sum/lp; 
 
squared_dev_i=0; 
for n=1:lp 
squared_dev_i=squared_dev_i+(I(n)-fit_i(n))^2; 
end 
 
r_num_i=0; 
for n=1:lp 
r_num_i=r_num_i+(fit_i(n)-I_mean)^2; 
end 
 
r_den_i=squared_dev_i+r_num_i; 
 
ri=sqrt(r_num_i/r_den_i); 
 
end 
------------------------------------------------------------------------------------------------ 
 
Code to Run Simulink Model 
Coeff.m 
 
% Parameters for fuel cell model 
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% 10 Psi Restriction 
 
if Restriction==10 
 
% Variable gain coefficients 
 
Gsp=1480; 
 
a=-.0061; 
b=.1992; 
c=-2.3249; 
d=38.714; 
 
e=-.0011; 
f=.0288; 
h=-.0157; 
i=.5631; 
 
j=-.0003; 
k=.0158; 
l=-.0151; 
m=.5932; 
 
% Transfer function coefficients 
 
s=conv([1 3.58], [1 8.76]); 
 
s1=s(2); 
s2=s(3); 
p=1.95; 
 
end 
 
if Restriction==7.5 
 
% Variable gain coefficients 
 
Gsp=1520; 
 
a=-.0102; 
b=.3189; 
c=-3.6705; 
d=63.005; 
 
e=.0025; 
f=-0.0487; 
h=.468; 
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i=-.6228; 
 
j=-.0015; 
k=.0367; 
l=-.1444; 
m=.7725; 
 
% Transfer function coefficients 
 
s=conv([1 3.58], [1 14.38]); 
 
s1=s(2); 
s2=s(3); 
p=1.97; 
 
end 
 
if Restriction==5 
 
% Variable gain coefficients 
 
Gsp=1590; 
 
a=-.0076; 
b=.2491; 
c=-3.0705; 
d=60.789; 
 
e=-6e-5; 
f=.0037; 
h=.0734; 
i=.0753; 
 
j=-.0006; 
k=.0181; 
l=-.0693; 
m=.5985; 
 
% Transfer function coefficients 
 
s=conv([1 3.58], [1 14.09]); 
 
s1=s(2); 
s2=s(3); 
p=1.99; 
 
end 
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------------------------------------------------------------------------------------------------ 
 
Map.m 
 
function flow=map(actual_speed, actual_pressure) 
 
% This m-file interpolates points on the Opcon 1032 compressor 
map 
 
pressure_atm=(actual_pressure+14.7)*0.06805; 
 
% Speeds 
speed=[0 1000 2000 3000 4000 5000 6000 7000]; 
% PR = 1 intercepts 
f1=[0 3.8 8.5 13.3 19 24.3 29.7 35]; 
% PR = 1.9 intercepts 
f19=[-7.67 -3.8 .8 5.6 10.3 15.3 21 26.2]; 
 
y1 = interp1(speed, f1, actual_speed); 
 
y19 = interp1(speed, f19, actual_speed); 
 
% F=f(P) coeffiecients 
 
% Slope 
m=(y19-y1)/(1.9-1); 
% intercept 
b=y19-m*1.9; 
 
flow=m*pressure_atm+b; 
 
------------------------------------------------------------------------------------------------ 
 
Polar.m 
 
function point=polar(pressure, flow, temperature) 
 
global ncells 
 
% This m-file determines the point of the polarization curve 
 
% pressure is in psig, flow in SLPS, temperature in K 
 
% x includes Faraday constant, etc. and stochiometric ratio 
 
area=218; % cm^2 
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ncells=110; 
 
SR=2.5; 
 
current=3433.3*flow/(ncells*SR); 
if current<0 
current=0.000000000000000001; 
end 
 
J=current/area; 
 
y=.2095; % mole fraction of O2 in air 
 
pO2=(pressure+14.7)*0.06805*y; 
 
voltage=1.05-0.055*log10(1000*J)-(1.0604-2.493e-
3*temperature)*J+.055*log10(pO2); 
 
%power=current*voltage*ncells 
 
point=[current voltage]; 
 
------------------------------------------------------------------------------------------------ 
 
Blackbox.m 
 
function gross_power=blackbox(speed, pressure, temperature) 
% Speed in RPM, Pressure in psi, temperature in K 
 
global ncells 
 
flow=map(speed, pressure); 
point=polar(pressure, flow, temperature); 
current=point(1); 
voltage=point(2); 
gross_power=voltage*current*ncells; 
 
------------------------------------------------------------------------------------------------ 
 
 
Open Loop Simulations Code 
Powerramp.m 
 
% determination of power ramp up times, also used to generate 
steady state net and gross power plots 
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clear all 
close all 
 
% Initialize coefficients of model 
 
Restriction=10; 
coeff 
 
count=0; 
for startspeed=0.0:0.25:9.5 
count=count+1; 
% Run simulation of power ramp up for various starting speeds 
[t, x, y]=sim('fullsys_generic', [0:0.05:10]);  
%np(:,count)=netpower; 
maxpower(count)=max(netpower); %(101:length(netpower)) 
 
if(1) 
settle_power=0.95*maxpower(count); 
Starting=5; 
options=optimset('Display', 'final', 'MaxFunEvals', 1000, 
'MaxIter', 1000, 'TolX', 1e-5, 'TolFun', 1e-5); 
st(count)=fminsearch('settletime',Starting, options, t, 
netpower, settle_power); 
powerrise(count)=(settle_power-netpower(100)); 
slewrate(count)=(settle_power-netpower(100))/(st(count)-5); 
end 
end 
 
% generate figures 
if(0) 
 
figure(1) 
% Convert speed request to speed 
sr=0.0:0.25:9.5; 
spd=700*(a*sr.^3+b*sr.^2+c*sr+d).*sr/s2; 
plot(spd, maxpower), grid; 
xlabel('Operating Speed (RPM)') 
ylabel('Steady State Gross Power (W)') 
%title('Steady State Net Power vs. Idle Speed') 
end 
 
 
if (1) 
sr=0.0:0.25:9.5; 
spd=700*(a*sr.^3+b*sr.^2+c*sr+d).*sr/s2; 
 
figure(1) 
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plot(spd, st-5), grid; 
xlabel('Starting Speed (RPM)') 
ylabel('Settling Time (s)') 
title('Time to Settle to 95% of Steady State Power vs. Idle 
Speed') 
 
figure(2) 
plot(spd, powerrise), grid; 
xlabel('Starting Speed (RPM)') 
ylabel('Power Rise (W)') 
title('Net Power Rise from Idle Speed') 
 
figure(3) 
plot(spd, slewrate), grid; 
xlabel('Starting Speed (RPM)') 
ylabel('Net Power Slew Rate (W/s)') 
title('Slew Rate for Net Power Rise from Idle Speed') 
end 
------------------------------------------------------------------------------------------------ 
 
settletime.m 
 
function sp=settletime(params, t, netpower, settle_power) 
b=params(1); 
sp=abs(interp1(t, netpower, b)-settle_power); 
------------------------------------------------------------------------------------------------ 
 
Closed Loop Control Simulations Code 
Pid_design.m 
 
% Design of PID controller for fuel cell system 
 
clear all 
close all 
 
% Initialize all system coefficients 
 
Restriction=10; 
coeff 
 
% For this design the gains of the TF's are assumed to be 
constant 
 
syms u 
 
gain=zeros(1,2); 
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speed_gain=int((a*u^3+b*u^2+c*u+d), u, 0, 10)/10; % average 
value 
%speed_gain=a*10^3+b*10^2+c*10+d; % value at max speed 
 
gain(1)=speed_gain; 
 
sys_speed=tf(gain(1), [1 s1 s2]); 
 
pressure_gain=int((e*u^3+f*u^2+h*u+i), u, 0, 10)/10; % average 
value 
%pressure_gain=e*10^3+f*10^2+h*10+i; % value near max speed 
 
gain(2)=pressure_gain; 
 
sys_pressure=tf(gain(2), [1 p]); 
 
sys_total=sys_speed*sys_pressure; 
 
[num, den]=tfdata(sys_total, 'v'); 
 
count=0; 
 
for k1=1:0.1:20 
 
count=count+1; 
 
k2=2*k1; 
 
char_eq=[1 den(2) den(3) (den(4)+num(4)*k1) num(4)*k2]; 
poles=roots(char_eq); 
pole1(count)=poles(1); 
pole2(count)=poles(2); 
pole3(count)=poles(3); 
pole4(count)=poles(4); 
 
end 
 
figure(1) 
plot(real(pole1), imag(pole1), 'x', real(pole2), imag(pole2), 
'x', real(pole3), imag(pole3), 'x', real(pole4), imag(pole4), 
'x'), grid; 
------------------------------------------------------------------------------------------------ 
 
pid_simulation.m 
 
 
clear all 
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close all 
 
% Initialize all system coefficients 
 
Restriction=10; 
 
coeff 
 
% Load PID Controller values 
 
Kp=2; 
Ki=4; 
Kd=0; 
 
% Simulate Response 
 
simtime=[0:0.05:10]; 
 
count=0; 
 
for pscale=Gsp*10*.5:Gsp*10*.25:Gsp*10 
 
prequest=pscale*ones(size(simtime)); 
 
count=count+1; 
 
[t, x, y]=sim('fc_feedback', simtime); 
 
net(:,count)=netpower; 
spd_req(:,count)=sr; 
 
end 
 
figure(1) 
plot(t, net(:,1), t, net(:,2), t, net(:,3)), grid 
xlabel('Time (sec.)') 
ylabel('Net Power (W)') 
legend('1/2 Power', '3/4 Power', 'Full Power') 
 
figure(2) 
plot(t, spd_req(:,1), t, spd_req(:,2), t, spd_req(:,3)), grid 
xlabel('Time (sec.)') 
ylabel('Speed Request Signal (V)') 
legend('1/2 Power', '3/4 Power', 'Full Power') 
------------------------------------------------------------------------------------------------ 
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