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What fluid power-related 

question is being answered? 

What progress has been made? 
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• How can one most effectively 

represent design knowledge 

about fluid power systems?

• Can one significantly reduce the 

time and effort required to formulate 

and solve fluid power design 

problems through composition and 

re-use of synthesis and analysis 

models?

• How can one capture analysis 

knowledge about fluid power 

components from multiple 

disciplinary perspectives and at 

multiple levels of abstraction?

• How can one use fluid power 

models at different levels of fidelity 

to search the system design space 
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LogSplitterReqRequirements[Package] req [   ]

values

+forceF : N{unit = Newton}
+systemPressure : Pa{unit = Pascal}
+forwardTime : s{unit = Second}
+displacementF : m{unit = Meter}

«test»

ForwardPhaseTestCase

(ProblemDefinition.Requirements.Test Cases)

{aspect = Behavior , GAMS}

values

+forceR : N{unit = Newton}
+systemPressure : Pa{unit = Pascal}
+reverseTime : s{unit = Second}
+displacementR : m{unit = Meter}

«test»

ReversePhaseTestCase

(ProblemDefinition.Requirements.Test Cases)

{aspect = Behavior , GAMS}

values

+cycleTime : s{unit = Second}

«test»

CycleTimeTestCase

(ProblemDefinition.Requirements.Test Cases)

{cycleTime=forwardTime+reverseTime}

{aspect = Behavior , GAMS}

«requirement»

Id = "1.3.2.2"

Text = "The system 

pressure shall be less than 

3e7 Pa.

"
«testable»

condition = lt

lhs = systemPressure

value = "30000000"

«testable»

PrF

«requirement»

Id = "1.3.3.3"

Text = "The system shall 

provide displacement less 

than -0.25 m."
«testable»

condition = lt

lhs = displacementR

value = "-0.25"

«testable»

DisplacementR

«requirement»

Id = "1.3.3.2"

Text = "The system 

pressure shall be less than 

3e7 Pa."
«testable»

condition = lt

lhs = systemPressure

value = "30000000"

«testable»

PrR

«requirement»

Id = "1.3.1"

Text = "The cycle time of the 

system shall be less than 

20 seconds."
«testable»

condition = lt

lhs = cycleTime

value = "20"

«testable»

CycleTime

«requirement»

Id = "1.3.2.3"

Text = "The system shall 

provide displacement 

greater than 0.25 m."
«testable»

condition = gt

lhs = displacementF

value = "0.25"

«testable»

DisplacementF

«requirement»

Id = "1.3.2.1"

Text = "The force shall be 

greater than 10,000 N."
«testable»

condition = gt

lhs = forceF

value = "10000"

«testable»

ForceF

«requirement»

Id = "1.3.3.1"

Text = "The force shall be 

greater than 1,000 N."
«testable»

condition = gt

lhs = forceR

value = "1000"

«testable»

ForceR

Id = "1.3"

Text = "The system shall be 

capable of fulfilling the 

Hydraulic System 

Requirements.

"

«requirement»

HydraulicSystem

Id = "1.3.3"

Text = "The system shall be 

capable of fulfilling the 

Reverse Phase 

requirements."

«requirement»

ReversePhase

Id = "1"

Text = "Create a competitive 

log splitter. "

«requirement»

TotalSystem

Id = "1.3.2"

Text = "The system shall be 

capable of fulfilling the 

Forward Phase 

requirements."

«requirement»

ForwardPhase

«deriveReqt»

«verify»

«deriveReqt» «deriveReqt»«deriveReqt» «deriveReqt»

«verify» «verify»

«verify»

«verify»«verify» «verify»

«deriveReqt»«deriveReqt»

XMI Import

Descriptive model of system topology

Problem definition captured as requirements + test cases� Formal models of system, requirements, and test cases

� Models represented in a general purpose modeling language:       

OMG SysMLTM

� Model Transformations automatically generate additional models 

• Descriptive and Analytical Models

� GAMS (General Algebraic Modeling Language) for:

• Cost, Mass, and Steady-State Analysis Models

• ModelCenter Framework

SysML
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GAMS and SysML

• Defined a method for formulating hydraulic systems in terms of declarative 

algebraic models

• Acausal Mathematical Programming approach instead of imperative Simulation-

How does this fit into the 

Center’s overall strategy?  

On which test bed will it 

be demonstrated?  

Who are the industry and university collaborators?  

to search the system design space 

most efficiently?

• Enable designers to make efficient 

and effective comparisons of 

different system architectures 

relative to their preferences for 

system-level trade-offs � Efficient 

Systems and Compact Integrated 

Systems

• Enable the evaluation of the impact 

of introducing new component 

technologies � Efficient 

Components

• Enable the fluid-power industry to 

predict the impact of technology 

trends on overall system 

performance � Efficient Systems 

and Compact Integrated Systems

• The model-based systems 

engineering approach for fluid-

power systems will be used to 

perform a thorough exploration of 

the space of system architectures 

for both TB1 (Excavator) and TB3 
(Hydraulic Hybrid Passenger 
Vehicle) 

Analysis Model[Model] bdd Data[   ]

«GamsVariable»-totalCost

«GamsModel»

CostTestCaseAnalysis

{totalCost=l=1000,
totalCost=e=engineAnalysis.size.cost+pumpAnalysis.size.cost+directionalValveAnalysis.size.cost+cylinderAnalysis.size.cost}

«GamsVariable»-boreDiameter{flowFlag = nonflow, type = free}
«GamsVariable»-strokeLength{flowFlag = nonflow, type = free}
«GamsVariable»-mass{flowFlag = nonflow, type = free}
«GamsVariable»-cost{flowFlag = nonflow, type = free}
«GamsVariable»-maxPressure{flowFlag = nonflow, type = free}
«GamsVariable»-rodDiameter{flowFlag = nonflow, type = free}

«GamsModel»

CylinderSizing

«OwnedGamsModel»-size : EngineSizing

«GamsModel»

EngineCost

«OwnedGamsModel»-size : ValveSizing

«GamsModel»

ValveCost

«OwnedGamsModel»-size : PumpSizing

«GamsModel»

PumpCost

«OwnedGamsModel»-size : TankSizing

«GamsModel»

TankCost

«GamsModel»

CylinderCost

«GamsModel»

Analysis

«OwnedGamsModel»

-tankAnalysis

«OwnedGamsModel»

-engineAnalysis

«OwnedGamsModel»

-cylinderAnalysis

«OwnedGamsModel»

-pumpAnalysis

«OwnedGamsModel»

-directionalValveAnalysis

«OwnedGamsModel»

-size

«OwnedGamsModel»

-costTestCaseAnalysis

Dynamic Analyses in Modelica, solved using Dymola
Use values from GAMS as starting point 

Industry
Deere & Co.,Sauer-Danfoss, 

Lockheed Martin, No Magic Inc., 

Phoenix Integration

University
Linköping University,

Univ. of Darmstadt,

Univ. of Stuttgart, Univ. of Bath
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• Shah, A. A., C. J. J. Paredis, Burkhart, R., and Schaefer, D., “Combining Mathematical 

Programming and SysML for Component Sizing of Hydraulic Systems,” Proceedings of IDETC/CIE 

2010. Montreal, Quebec, Canada, 2010.
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D2A Transformation

A2G Transformation

Cylinder Id Pump Id Engine Id Valve Id
Forward 

Force (N)

Total 

Mass (kg)

Total 

Cost ($)

Total 

Time (s)
z

Maximize Force 

(N)
HMW-5032 SKP1NN_012 DP340E NT-2020 139,833 94.9 993.5 20 0.4027 2.82

Minimize Total 

Time (s)
HMW-3010 SKP1NN_012 DP390E

NT_Prince-

2036
50,000 51.87 843.97 4.896 0.2529 3.54

Minimize Total 

Cost ($)
HMW-4010 SKP1NN_012 DP240 NT-2020 53,698 51.3 657.4 9.69 0.26116 2.45

Minimize Total 

Mass (kg)
PMC-5414 SNP2NN_4_0 DP160V

MSCDirect-

01825629
52,013 32.25 708.6 9.15 0.2528 78.13

Minimize 

Multiobjective z
HMW-5010 SKP1NN_012 DP390 NT-2020 147,437 71.53 866.3 13.79 -0.3968 5.65

z = 0.25*((totalMass/300) + (totalTime/20) + (totalCost/1000) - (forwardForce/50000))

Component Sizing (Selection Id from Catalog) Selected Variable Values

Scenario
CPU Execution 

Time (s)

GAMS

GAMS Results

GAMS has a number of solvers for optimization problems

GAMS is a flat mathematical language

Analysis models are linked to components
Analyses are automatically created from test cases

Can do trade studies by 
adjusting requirements

Cost less than ($)
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DirectionalValve2ValveFPibd [   ]

descriptionEnd : DirectionalValve

A B

control

P T

control

analysisEnd : ValveFP

portA portB portP portT

DirectionalValve2ValveFP DirectionalValve2ValveFPpar [   ]

cost

mass

maxFlow

maxPr

«ownedGamsModel»

size : ValveSizing

analysisEnd : ValveFP

maxOperatingFlow : m³/s

maxOperatingPressure : Pa

cost : Real

mass : kg

descriptionEnd : DirectionalValve

• Acausal Mathematical Programming approach instead of imperative Simulation-

based Optimization

Hydraulic Hybrid Vehicle (TB3)

• Formulated  dynamic model of TB3 as a Mathematical Programming problem

• Approximated differential equations with algebraic differences

• Initial results using MINLP solvers are promising

• Need to develop complete model, much larger than typical MINLP problems

Value of Information Variable-Fidelity Modeling Framework

• Defined a method for incorporating multiple models into a Gaussian process 

surrogate model

• Proposed using of Value of Information to determine design sites of interest 

during exploration

Bore Diameter (m) 0.13

Stroke Length (m) 0.81

Max Operating Pressure (Pa) 17200000

Cost ($) 293.5

Mass (kg) 56.1

Displacement (m3/rev) 1.1995E-05

Max Operating Pressure (Pa) 11997000

Max Operating Speed (rpm) 2000

Cost ($) 230

Mass (kg) 1.65

Max Torque (N-m) 23.4

Speed at Max Torque (rpm) 2500

Max Power (W) 8200

Speed at Max Power (rpm) 3600

Cost ($) 399.99

Mass (kg) 32.65

Max Flow (m3/s) 0.0016

Max Operating Pressure (Pa) 1.38E+07

Cost ($) 70

Mass (kg) 4.53

Cylinder: 

HMW-5032

Engine: 

DP340E

Valve:  NT-

2020

Pump: 

SKP1NN_012


