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Background, Modeling Goals @

 Requirements for transient gas turbine simulation for
academia, research, or industry.

— Flexible plant model

» Sets of components that may be used to create custom turbo-machinery
performance models.

 Ability to leverage legacy model design and codes
* Numerical solvers for system convergence
— Dynamic operation for transient simulation
 Ability to easily create a dynamic model from a steady state model
— Faster then real time operation
— Easy integration with common design tools
e Seamless integration with or built in MATLAB®/Simulink®.
« Parameterized and easily modifiable.
— Abillity to collaborate with international workforce
* Non-proprietary, free of export restrictions, and open source.

No single software package meets all of these requirements
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T-MATS Description @

« Toolbox for the Modeling and Analysis of Thermodynamic
systems, T-MATS
— Modular thermodynamic modeling framework
— Designed for easy creation of custom Component Level Models
(CLM)
— Built in MATLAB/Simulink

« Package highlights
— General thermodynamic simulation design framework
— Variable input system solvers
— Advanced turbo-machinery block sets
— Control system block sets

 Development being led by NASA Glenn Research Center

— Non-proprietary, free of export restrictions, and open source
* Open collaboration environment
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T-MATS Framework

e T-MATS is a plug-in for a MATLAB/Simulink platform
— additional blocks in the Simulink Library Browser:

P Simuli ’F Browser
File Edit View Help

| [E =3 »i Enterseérchterm v “ & Added S|mul|nk
Libraries || Library: TMATS | Search Results: (none) | Most Frequen 4 [» Thermodynamic
System Identifica... “ r=m T e ; ;
E] mw '=..||n :‘Aethods - mOdellng and numeI'ICa|
- Effectors and Co... —

solving functionality

Numerical Methods EI f\ Solver Turbomachinery
i Solver 3 _ :

‘-Turbomachinery  ~
Showing: T-MATS

— additional diagram tools for model development in Simulink:

Block Parameters |

Properties... .

e T Faster and easier
iDesign_ON model creation
iDesign_Off
Block Link Setup Alt+L
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Dynamic Simulation
Example:
e Multi-loop structure

— The “outer” loop
(green) iterates in
the time domain

* Not required for
steady-state
models

— The “inner” loop
(blue) solves for
plant
convergence
during each time
step

T-MATS Framework

Outer Loop
Effectors

]

Iteration over time, t

Iteration to ensure convergence, n

i Outp\uts
Inner Loop
Plant fixto))
lter:tif)n Iterations
Condition X DO While
Simulink Block
lterative |f
£ 8o Solver |

X_ol(t+dt)

Outer Loop

Plant
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Blocks: Turbo-machinery @

 T-MATS contains component blocks necessary for

creation of turbo-machinery systems

— Modeling theory based on common industry
practices

* Energy balance modeling approach

« Compressor models utilize R-line
compressor maps

e Turbine models utilize Pressure Ratio
turbine maps

» Single fuel assumption

— Blocks types; compressor, turbine, nozzle, Y CoolingFiwCharln GasPthCharOut [y
flow splitter, and valves among others.
e Color Coding for easy setup J) GasPthCharln NErr b
— Built with S-functions, utilizing compiled C
) ) PRIn TrgOut >
code/ MEX functions
) Nmech T_Data >
Turbine
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Blocks: Numerical Solver
 Why is an external solver necessary?

— Many thermodynamic simulations contain variables that are system dependent.

— In Gas turbine models air flow through the engine is dependent on system
architecture.

Air flow —> Compressor Fuel flow —>

S )

25

Pressure ratio, PR

T I I T T 8 T T T T T T T T
—R-Line 2| C t t ——Lines of constant speed
%% omponents mus P
G %7
56l Lines of constant speed 7% agree on W for the . 7t
/ / / system !
15+ .‘ 4 O
%3 5
& convergence 4=
“ . >
Effectors: S
5t 1 Shaft speed |
Pressure
10 20 30 4;3 SID BIU ?ID BID 910 1[110 110 Temperature 1?3.4 13.145 13:,5 13.155 13:.6 13,165 13:.7 13.175 13:.8 13.85
Corrected flow, Wc

Corrected flow, Wc¢
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Blocks: Numerical Solver
« T-MATS solvers utilize the Newton Raphson method

x(k+1)=x(k)—f(x(k))/V f(x(k)) where, V
f(x(k))=/acobian

8 -

/(%)

4 - —f(x)
Repeat

Guess x

Calculate Jacobian

5 7
Use Jacobian to find updated x

T

Goal - find x where f(x) = 0.
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Blocks: Controls

 T-MATS contains component blocks designed for fast

control system creation

— Sensors:

— Actuators:

) actual Sens >
1st order Sensor
) Command Actual >

1st order Actuator

— Pl controllers:

) Input_sensed

Input_dmd

Effector Demand

Simple P

| controller

-]
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Blocks: Settings

« The T-MATS Simulation System is a highly tunable and flexible
framework for Thermodynamic modeling.

Function Block Parameters: Compressor

. T-MATS: Compressor Library Block (mask) (link)
T MATS bIOCk Fu nCtlon BlOCk This block simulates the performance of a compressor using basic
h d i ions, ies, and table lookups.
Param ete I’S thermodynamic equations, properties, and table lookups.
. C-Map l Bleeds | Stall Margin | iDesign ‘
- fast table and variable updates Y_C_NeVec_M - Compressor Map Corrected Speed Vector (V-axis)

[0.500 0.900 1.050]

X_C_RlineVec_M - Compressor Map Rline Vector (X-axis)

— Open source code [1.000 3.000 ]
o R L. T_C_Map_WcArray_M - Compressor Map Flow Array (Wc = f(Nc, Rline))
 flexibility in component composition, as 5 0:00,00)
equatlons can be updated to meet T_C_Map_PRArray_M - Compressor Map Pressure Ratio Array (PR = f(Nc, Rline))

. [00;00;00]
system design

T_C_Map_EffArray_M - Compressor Map Efficiency Array (Eff = f(Nc, Rline)
[00;00;00]

s_C_Nc_M - Corrected Speed Scalar Constant (C_Nc)

— MATLAB/Simulink development 0.0001

e nVl ro n m e nt s_C_Wc_M - Flow Scalar Constant (C_Wc)
0.4953
° USe r-frle nd Iy’ powe rfUI ' and ve rsatl Ie s_C_PR_M - Pressure Ratio Scalar Constant (C_PR)
operation platform for model design 0.8636
s_C_Eff_M - Efficiency Scalar Constant (C_Eff)
0.9977
[ OK ] [ Cancel ] [ Help ] Apply
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Dynamic Gas Turbine Example:
Objective System

R-line wf ZE
W =
T Burner .
- ,M’V—’f; o | C ompressor |—— —| Turbine ] Duct
— - Flow Error — Flow Error

gE
~Nmech — [T - -
|

|
48

> Nozzle

Flow Error

. | | |
Station: | 2 3 4

Simple Turbojet
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Dynamic Gas Turbine Example:
Creating the Inner Loop

Outer Loop

Effectors

Outputs

e N\
yit)
Inner Loop
Plant  fixtn)}
IteraFipn Iterations
Condition Do While
Simulink Block
[terative |°
LA Solver |

oy

Iteration to ensure convergence, n

X_ol(t+dt)

Iteration over time, t

Outer Loop

Plant

-]
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Dynamic Gas Turbine Example: @
Inner Loop Plant

Turbine Nozzle
'Nou:
——— e
Input — 2
G .M e o 6';‘” _
" e <D o
I e @"'E’
.’ /T Compressor
o— ",.: "
Shatft

Turbojet plant model architecture made simple by T-MATS vectored 1/O and block labeling
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Dynamic Gas Turbine Example:
Creating the Solver

Outer Loop

Effectors

X_ol(t+dt)

\ fteration to ensure convergence, n

Iteration over time, t

Outer Loop
Plant

it Outp\uts
Inner Loop
Plant fix(n))
Iteraﬁif}n Iterations \
Condition Do Wh”ﬂ
F Simulink Block
—| |terative =1
i) Solver

Vay

-]
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Dynamic Gas Turbine Example:

-]

Solver

do{

Twhlie

cong

/ Simulink While Iterator block
——

Inner Loop Plant

Whie Rerator

e !

dgo_whie Conation

/ from previous slide
C)———fren

Plant_n
Pam_Ow ’ P@
Plamt_Out
P Plant_in_IS

Rerative NR Sokerw JacobenCak e L oop Plant
<PamBrors

Ilterative Solver

Plant flow errors driven to zero by iterative solver block in parallel with While Iterator
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Dynamic Gas Turbine Example: @
Creating the Outer Loop

Outer Loop J v(t)
Effectors Inner Loop g
Plant f(x(n))
ICter?:lt'i?n Iterations
ondition .
— 2| Do While
\» Simulink Block
<
X_illn+1) | Iterative Solver
T-MATS Block |
Iteration to ensure convergence, n
Outer Loop
Plant
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Dynamic Gas Turbine Example:
Outer Loop Plant

Environmental

-]

Shaft speed integration

/

Plant_In  do{..}whie Plant_Out

Xdot
H <PBntOutput>
P 69

X

L!

conditions
\ Model_Input p——P»
& e
Model Source, Alt
>
OuterLoopE flectors
c.? Model_Input W}
Model Source, Wf
>

Simple Control
System

lterstiveSolver and Inner LoopFlant

Nmech 'i

Outer Loop integrator

Shaft integrator and other Outer Loop effectors added to create full system simulation
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Example Model Match

o Data generated from the example T-MATS turbojet compared
to a steady state “truth” model developed in NPSS.

— All difference values less than 0.5%

0.5%
¥ Flow

0.4% B Temperature |
™ Pressure
B Torque

0.3% M Shaft Speed |
¥ Gross Thrust

0.2%

0.1%

0.0% .

Magnitude of % Difference

Station 2 Station 3 Station 4 Station 48 Station 9
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Example Dynamic Operation

-]

| L 1« Simulation of real time
¢y : 5 5 > > 5 system.
”» . . | — Engine maneuvers
= : — Control system
5 : 5 e 0 ! performance
Jl | ] — Sensor delays
éo I L |\/\"—\— ‘. y
0 5 10 Tinlé,s 20 —
20+ —— Line of constant Nc 5
s Stall line , {
©  Operation points ‘<  : Z, !
. E X 3
* Dynamic Events St < )
— Engine response times 5 ;
— Stall margin modeling z 1
capability Lo -
— Simulation of fault ///4/
transients o m % W w6 0 % % w0 1o

Corrected flow, Wc¢
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Summary

« T-MATS offers a powerful and user-friendly
simulation environment for propulsion system
modeling

— Thermodynamic system modeling framework
— Automated system “convergence”

— Advanced turbo-machinery modeling capability
— Fast controller creation block set

— Capable of running faster than real time

— Plug-in for Simulink
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References and Download Information

 Download information may be found at:
https://github.com/nasa/T-MATS/releases/
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