
 

 

 

Abstract—Fuel Control System (FCS), for Gas turbine engines, 

meters the fuel to the main combustor based on the command from 

Digital Engine Control Unit (DECU). FCS consists of Fuel pumping 

system and Fuel Metering System (FMS). This paper brings out the 

design concept of FMS, in which fuel metering valve is actuated by 

a lead screw and Brushless DC (BLDC) motor mechanism instead of 

a conventional Electro Hydraulic Servo Valve (EHSV). The EHSV 

is highly sensitive to contaminants and not preferred for diesel fuels 

where self generated debris exists. The FMS configuration, 

Modeling & Simulation, testing & validation of results with 

simulation are discussed. The modeling & simulation studies are 

carried out by two different simulation methods, viz. C program and 

AMESim® package. The governing equations of mathematical 

model used in C program and physical model using AMESim® 

package will also be discussed. Simulation results from both 

platforms are compared and validated with test results and found to 

be in concurrence. The FMS was extensively tested with Diesel 

media and the performance was found to be satisfactory and meeting 

the engine functional requirements. The FMS technology using the 

lead screw and BLDC motor mechanism is reliable for marine gas 

turbine engine application and can also be adapted to various other 

actuating systems on marine and industrial (land-based) gas turbine 

engines. 

 

Keywords—AMESim®, BLDC motor, Fuel system, Gas turbine 

engine, Lead screw, Metering valve, Modeling, Simulation.  

I. INTRODUCTION 

HE FCS for gas turbine engines is a typical hydraulic 

circuit which consists of Pumps, Hydraulic valves and 

actuators. In general, the FCS consists of Fuel pumping 

system and Fuel Metering System (FMS). Fuel pumping 

system will provide necessary flow to the engine and the 

various servo control of valves in FMS. Most of the aero gas 

turbine engine houses use the EHSV based FMS; typically Jet 

pipe EHSV and FCS is designed for fuels like Aviation 

Turbine Fuel (ATF).  
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On the other hand, for marine gas turbine engines, the fuel 

employed is diesel which is prone to generate self-formed 

debris i.e. organic sludge (brownish gum) sediments over a 

long period of storage/usage.  Due to various reasons, on the 

marine ships, there are high chances of formation of such 

self-generated organic sediments in diesel fuel stored in 

tanks. Further, this debris can pass the fine filters in the 

supply line to gas turbine engines. These contaminants then 

get accumulated in the tight clearances (in order of 3-20 

microns) between piston and sleeve of the valves, driving the 

pistons to be prone to seizure effects. Similar is the case for 

Jet-pipe EHSVs, which are more prone to mal-function due to 

the contaminants, owing to very fine clearances. The 

sludge/gum on a typical piston land is shown in Fig-1. 

 
Fig.1 Organic sediments accumulation due to diesel fluid 

Hence, EHSVs are not preferred for marine engine control 

applications with diesel media, avoiding high maintenance 

cost and mal-functioning of the Engine Fuel Control System. 

Brushless DC motor and lead screw mechanism had been 

used to actuate the metering valve of the FCS in aero gas 

turbine engine and is still being used in marine gas turbine 

application. Due to stringent requirements for fighter aero gas 

turbine engines such as faster response, redundancy, less 

weight etc., EHSVs are preferred over motors. However, the 

utility of BLDC motor and lead screw mechanism remains 

unmatched by any technology as far as marine gas turbine 

engines are concerned. 

The main contributions of the paper are twofold: (i) a new 

configuration of BLDC motor based Metering Valve (MV) 

meeting marine gas turbine engine specifications is 
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successfully developed, catering for compactness and ease of 

assembly [2, 3, and 4]. (ii) The complete FMS including all 

the valves were modeled through C program using 

approximate dimensions to get pre-evaluation of the 

performance of FMS (before actual manufacture) and to 

analytically check the feasibility of the technology [1,3]. 

Then, mathematical model (C-program) was improved by 

incorporating the actual dimensions from the valve 

components and transfer function of the BLDC motor. This 

transfer function was obtained by curve-fitting techniques on 

the actual BLDC motor response. Furthermore, a physical 

model of the complete FMS was developed in AMESim® tool 

using actual dimensions from the valves. Both the models 

were finally validated through the actual test rig results of the 

developed FCS. 

The rest of this paper is organized as follows: Section II is 

dedicated to the configuration of the BLDC based MV, its 

description & operation. Section III will describe the 

governing equations of mathematical model used in C-

program and physical model developed in AMESim® 

package. Further, the comparison between actual test results 

and simulation results from C-program and AMESim® 

model is discussed. Section IV concludes the paper by 

expressing the way forward and usefulness of BLDC motor 

and lead screw based electro-mechanical actuation technology 

for actuation systems on marine/land-based industrial gas 

turbine engines. 

II.  CONFIGURATION OF FUEL METERING SYSTEM FOR MARINE 

GAS TURBINE ENGINES 

The sub-systems of FMS are Fuel Metering Unit (FMU), 

Fuel Distributor Valve (FDV) and Dump Valves. FMU is an 

integrated unit consisting of valves like Metering Valve 

(MV), Emergency Bypass Valve (EBV), electrically operated 

Solenoid for EBV, Pressure Drop Regulator (PDR), Pump 

Pressure Relief Valve (PPRV), and Minimum Pressure Valve 

(MPV). The overall FCS architecture including the valves of 

FMS is given in Fig-2. A detailed design of each valve 

element, sub assembly and assembly level, meeting 

performance requirements have been carried out.  

I. Description of FMS 

Fuel from the tank shall be supplied at specified inlet 

pressure to the boost pump. Boost pump is a centrifugal pump 

which increases the pressure at inlet of gear pump in order to 

avoid possible cavitation. The gear pump is a positive 

displacement pump providing fuel positively for servo control 

of the various valves and engine. Metering valve is used to 

regulate the flow to the engine combustor. 

Based on the command from the digital controller (DECU), 

the command for opening or closing the metering valve is 

given to BLDC motor. The rotation of the BLDC is converted 

to translation motion by a lead screw mechanism [5]. The 

piston translates in the guide ways so that the rotation of the 

BLDC should not rotate the piston and damage the LVDT 

attached to the piston. The translation of the piston inside the 

metering valve regulates the fuel flow output.  The flow 

output is a function of linear displacement of MV by ensuring 

a constant pressure drop across the MV achieved by PDR 

valve. The excess flow from the gear pump is sent back 

through PDR to inlet of the gear pump. 

Engine normal or emergency shutdown is achieved by EBV 

actuated by a 3/2 solenoid valve based on command from 

Controller. The Minimum pressure valve (MPV) ensures that 

fluid is not supplied to the combustor unless system pressure 

exceeds the minimum set value. On operation of 3/2 solenoid 

valve, EBV opens causing the system pressure to drop below 

the minimum set pressure which in turn causes MPV to close 

thus shutting down the fuel to the engine. FDV enables the 

distribution and staging of the flow in two manifolds of 

combustor chamber. Dump valve drains the fuel in the 

combustor manifold as soon as engine is cut so that hot fuel 

does not cause coking in the burner atomizers. 

 
Fig. 2 Architecture of FCS 

  

II. Description of Controller 

The block diagram of the controller is shown in Fig-3.  The 

error between the MV position „demand‟ and „actual‟ is 

computed.  The Proportional + Integral (PI) controller 

calculates the speed demand based on the error signal.  The 

speed demand is limited by an upper limit in both the 

directions of rotation.  The speed demand is fed to the BLDC 

servo amplifier which drives suitable current to the BLDC 

motor.  The motor rotational speed is measured with an 

encoder as feedback for close loop control. 

The rotary motion of the motor is translated to linear 

movement by the lead screw coupled to the MV.  This linear 

motion of MV reduces the error between the demanded MV 

position and MV feedback position measured by LVDT. 
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Fig.3 Block diagram of controller for FMU 

 

III. MODELING & SIMULATION OF FUEL METERING SYSTEM & 

VALIDATION 

The purpose of the modeling and simulation was to 

qualitatively check the operation of the FMS, to get pre-

evaluation of the performance of all the valves in integrated 

mode (before actual manufacture) and analytically check the 

feasibility of the technology. It also enabled to uncover 

problems and to carry out deeper parametric study on the 

system performance. 

The following assumptions were taken for the modeling 

and simulation studies carried out on both C-program and 

AMESim® model. 

A. Assumptions 

1) Fuel temperature in the system is assumed to be constant 

as room temperature, hence no change in density of the fluid. 

2) The viscous friction co-efficient values for the valves are 

considered constant because viscosity of fuel is also assumed 

constant. 

3) The pressure losses in the pipelines between valves are 

neglected. 

4) Fuel is assumed to be incompressible; hence the flow 

through an orifice is valid as per (1). 



P
ACQ d




*2
**                                            (1) 

where Q = Volumetric Flow through the orifice 

 Cd = Co-efficient of discharge 

A = Flow area 

ΔP = Pressure drop across orifice 

ρ = Density of the fluid 

B. Description of C- program 

The model is comprised of four main sections, the 

controlling initialization of the variables, variable maximum 

and minimum limits, dynamics and input/output. The heart of 

the model is the dynamic section which contains a series of 

equations based around the physical behavior of the system. 

Equations are constructed from continuity equation (flow 

balances), Newton‟s second law (force balances) and the 

equations of turbulent flow through orifices [3]. These 

equations are used to calculate flows, accelerations, velocities, 

positions, forces, pressures and electrical currents. 

The equations derived for various valves are given below: 

 


P
ACFlow d




*2
**  

Or PFlowNoFlow  *.                                         

(2) 

  Profile characteristics equations (Piston 

displacement vs. Flow No.) for various valves                              

  FAreaPForce  )(    (3) 

  (F are forces like flow force, viscous damping, 

coulomb friction, restoring force etc.)  

  
Mass

Force
onAccelerati   

     (4) 

 dt
Volume

Q
Kessure net  Pr                  (5)          

(K is bulk modulus for a particular fluid chamber 

connecting valves and Qnet is net volumetric flow through that 

chamber) 

  Lead screw equations 

  BLDC motor and controller subroutine 

Fig-4 indicates the flow chart of the execution of the 

various physical equations for each of the FMS valves. 

 
Fig.4 Flow chart of execution 

C. Description of AMESim® model 

AMESim® stands for Advanced Modeling Environment 

for performing Simulations of engineering systems. It is a 

proprietary software owned by LMS Imagine, France.  

AMESim® uses symbols to represent individual 

components within the system which are either: 

 based on the standard symbols used in the engineering 

field such as ISO symbols for hydraulic components or block 
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diagram symbols for control systems; or when no such 

standard symbols exist  

 symbols which give an easily recognizable pictorial 

representation of the system. 

AMESim® refers to the set of equations defining the 

dynamic behavior of the engineering system and its 

implementation as computer code as the model of the 

system. The model is built up from equations and 

corresponding code for each component within the system. 

These are referred to as sub-models. The integrated model or 

code of the engineering system runs in the background. 

AMESim® contains large libraries of icons and sub-models 

of components. Using AMESim®, we can build sketches of 

engineering systems by adding symbols or icons to a drawing 

area from the sketch mode. When the sketch is complete, a 

simulation of the system proceeds in the following stages: 

•  Selection of sub-model of components based on the 

application and severity of the simulation study, i.e. 

how close or accurate the model should be with the 

real system. It is done in Sub-model mode. 

•  The geometric features and dimensions of the 

components are set. It is performed in Parameter 

mode. 

•  A simulation run is initiated.  

•  Graphs are plotted to interpret the system behavior. 

The AMESim® graphical user interface showing the FMS 

hydraulic diagram is shown in Fig-5. 

 
Fig. 5 AMESim® graphical user interface showing the FMS 

model 

IV. VALIDATION OF C-PROGRAM AND AMESIM® MODEL 

WITH ACTUAL TEST RESULTS 

Both the models i.e. C-Program and AMESim® physical 

model were finally validated by giving input of actual test-rig 

conditions and comparing the simulation outputs with the 

actual test rig results of FMS. Figs.-6.1 to 6.7 indicate that 

simulation results from C-program and AMESim® model are 

in general agreement with the actual results. Fig-6.1 

compares the sensitivity test performance. The starting flow 

values are different from actual rig data due to different Cd 

values assumed in MV profile. Fig-6.2 compares the FDV 

characteristics generated from models, rig results and engine 

specification. Fig-6.3 indicates the comparison of EBV 

performance. The ramp response of MV is shown in Fig-6.4.  

The difference in MV „actual‟ response with same MV 

„demand‟ in C-program, AMESim® and Actual is attributed 

to assumed initial condition and gains in the controller 

model. The corresponding motor performance, PDR 

performance and flow distribution for ramp input are 

compared from Fig-6.4 to 6.7 respectively.  

 

 
Fig. 6.1: Comparison of Sensitivity test results 

(Output flow vs pump rpm) 
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Fig. 6.2: Comparison of FDV Characteristics 
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Fig. 6.3: Comparison of Emergency Bypass Valve (EBV) 

Performance 
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Fig. 6.4: Comparison of MV position, ramp response test 
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Fig. 6.5: Motor performance during ramp response test 

 
Fig. 6.6: PDR performance during ramp response test 
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Fig. 6.7: Flow distribution performance during ramp response test 

V.   CONCLUSIONS & WAY FORWARD 

•  Computer based modeling, simulation and analysis should 

be implemented earlier in design and development process 

to reduce risk, uncover problems, development time and 

cost. It also enables deeper parametric study on the system 

performance. 

•  Simulation results from C-program & AMESim® model 

are in general agreement with actual results of FMS and 

FMS specification. Thus, the modeling techniques shall be 

utilized for new development of FMS in future also.  

•  MV characteristics curve obtained in the rig matches with 

estimated or theoretical curve from both models using 

Coefficient of discharge (Cd) as 0.9. 

•  The FMS technology using lead screw and BLDC motor 

mechanism is reliable for marine gas turbine engine 

application and can also be adapted to various other 

actuating systems on marine and industrial (land-based) 

gas turbine engines like Inlet Guide vanes Control in 

Compressors etc. 
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•  Both C-program and AMESim® models are thus 

validated and hence, the models can be used to carry out 

simulation at various test conditions including engine 

level studies in future. 
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