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— MTS Flextest Calculation Channel Approach

— SIMULINK Modeling Approach

— Co-Simulation Between SIMULINK and ADAMS
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Regular PID Control
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» Feedback signals are from sensors directly
» Load or displacement control

MTS Proprietary Information be certain.
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An Example: Two DOF Control
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» Axial and moment control
» Right output = Axial output + 0.5 * Moment output
» Left output = Axial output — 0.5 * Moment output

Table M=% 00
1.0 -10
T T T Moment Left
Left Right : Right - Mt Axial _ |10 05 |, Axial
Left Moment 1.0 -05 Moment
Axial

be certain.
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An Example: Two DOF Control

MTS CIVIL/STRUCTURAL SOLUTIONS

» Commands are in global DOF coordinate system
» Feedbacks are calculated from sensor signals

be certain.



An Example: Two DOF Control
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‘B Station Builder - [Two Channel.cfg]

Window  Help

42| File

s = @ SR -8 7|

[ Show internal names

= Two Channel.cfg
= Channels
=l Aial
Dizplacement
Force
= Morment
Dizplacement
Force
= Augiliary lhputs
Left dizp
Right dizp
Left force
FRight force
Readouts
Crigital Inputs
Crigital Dutputs
= Calculated Qutputs
Left output
Right output

Ready

Channels

Dizplay nare:
Internal name:

Rezource:

Type:

\Axial

|P‘ru::gram and Contral - |

[w Prefis signal names with channel nhame

[ Include CLC contral mode

Zeneral | Control Modes | External Command

Dizplay name:

Internal name:

|Di3|:-lan::emer‘|t

|Di3placement

Resource; << Calculated Inputs: »
Dimenszion: Dizplay Units:
Length - | | mim

Stabilization

Dlizplay name:

Intermal name:

+
[Bial ~| =

<<MWirkual Dubputs = ‘“"l

£ el g

Output Hardware Rezources:

<5

Analog Output 1-5lat 3-4
Analog Output 2-Slot 3-4 B
Analog Output 3-Slot 3-4
Sphalog Output 4-Slok 3-4 -
Analog Output 5-5lat 3-4
Analog Output B-5lat 3-4
43214 25D-Sot 5-4 el
| >

Input Hardware Rezources:

493. 218 AC-Slat 3-3 ~
493 21B DC-Slat 4-3
Analog lnput 1-5lat 5-1
Analog lnput 2-5lat 5-1
Analog lnput 3-Slot 5-1
Analog lnput 4-Slat 5-1
Analog lnput 5-51at 5-1
Analog Input B-51at 5-1
Analog lnput 1-51at B-1
Analog lnput 2-Slot B-1

£




An Example: Two DOF Control

MTS CIVIL/STRUCTURAL SOLUTIONS

é‘gﬂ: Calculation Editor = Two Channel.cfg >

=+ Calzulated Analog Inputs
Bial Dizplacement
Bwial Force
Moment Dizplacement
Moment Force
=+ Calculated Analog Outputs
Left output
Right output
Calculated Digital [nputs
Calculated Digital Qutputs
Calculation Parameters

Axial Displacement

e

Axial Dizgplacement  [Spstern Uik mm]
“Buial Digplacement” = [ “Left dizp" + "Right dizp'' | £ 2.0;




An Example: Two DOF Control
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EE& Calculation Editor = Two Channel.cfg >

—|- Calculated Analog Inputs Left output

Axial Dizplacement = | - |

Avial Force Left output — [System Lnit: W]

b t Dizpl t :
CmEnt Hlsplaemen "Lett output™ = “dwial Output'' - 0.5 * "Moment Output' ;
toment Force

= Calculated Analog Outputs
Left output
Fight output
Calculated Digital [nputs
Calculated Digital Dutputs
Calculation Parameters




Use Calculation Channels
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»

»

»

Could involve operations on all digital and analog signals
recorded by the controller.

Calculation code downloaded to the controller when
system is loaded. It runs in real-time according to the
system clock rate.

Any function can be written in C can be implemented by
calculation channel

MTS Proprietary Information be certain.
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function int NewmarkExplicitMethod()

{

int idof;
idof=0;
while(idof<ndof)
{
/* Backup displacement commands and get external force */
demdz[idof]=demd][idof];
Flidof]=-(M]idof]*"file generation Command"*"EQSCALE");
I* Solve for the CURRENT acceleration and velocity responses. */
a[idof]=(F[idof]-R][idof])/M[idof];
if(iPsdStep>0)
v[idof]=vz[idof]+.5*(az[idof]+a[idof]) *Dt;
I* Get the NEXT target displacement for the next integratoin step. */
demd[idof]=d[idof]+v[idof]*Dt+.5*a[idof]*Dt*Dt;
/* Update responses. */
dz[idof]=d[idof];
vz[idof]=vlidof];
az[idof]=a[idof];
Rz[idof]=R[idof];
idof = idof + 1;

MTS Proprietary Information

Code for Implementing Explicit Newmark
Integration Method — for Hybrid Simulation

be certain.



Bearing Test (at NCREE, Taiwan)
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» Model calculates loads on
the bearing

» Real-Time hybrid simulation

» Model created using
calculation channel

MTS Proprietary Information be certain.
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Shaking Table Tests (at NCREE, Taiwan)
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Hybrid Tests & Shaking Table Tests
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w
&)

El Centro 0.4g Mass 11330kg RB+VD

. / \A\/ \//\\V/\ N \\{/ . N »J/Q\‘\\\\\\//\\ JA' ~
— Rtpsd — Table

. Disp. (mm)

12 Time (sec) 14 16

WVANNAY A Sy YAV -V W.WAY ;/\ /‘\/f\n\/\\i\
7T W V' VHV“ \/VVMVVW VY RN Y

//\ /\ El Centro 0.8g Mass 11330kg RB+VD

— Rtpsd — Table

Q)
£
E
T
>_

10 12 14 16 18

El Centro 0.8g Mass 11330kg RB+VD

AL /\/‘ MAAA"AM /f\h/\\\/hf\\mf\ﬂf\/\vm A A A ) J\/\!f\.wnl\
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— Rtpsd — Table

Accel. (mm/s?)

12 14
Time (sec)

MTS Proprietary Information be certain.
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Roll Off and Delay Compensation
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» Hydraulic systems have delay
» Delay causes stability issue
» Real-Time hybrid simulation needs delay compensation

1)
i

-+

feedback
displacement
restoring force Fs,

o Gsfz)
— O () T -
Excitation| * Integration| Xi+ | Ramp d;: . Servo |+ Serve=hydraulic N
Force Algorithm| ™| Generator Controller Actuator
L

Experimental |
Substrueture |

Derivative feedforward compensation

MTS Proprietary Information be certain.
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Roll Off and Delay Compensation
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2 T
e, Calculation Editor < large_ white box_comp.cfg > “ Lililg
— ]
----- Calculated Analog Inputs — swormd
=l Calculated Analog Outputs 2 I I B= “ = | %I *—I
----- swormd .
o swomd (System Uinit: W) {1. 1)
- Calculated Digital Inputs -
- Calculated Digital Outputs ::I E!:G].bz[ﬁ]xstate[ﬁl.}rstate[ﬁ]. =
- Calculation Parameters real yvhist [6] xdhist[E]:
i Calculation Wariables real =_mm, »_W;
Function irt Oninitialize {
az[ll= 1.52347Z2IGT141534==02 ;
az[l1]l= -5 2596623026 7A7354==02F
az[Z]= 1.07552338657347753==03 ; -
az[3]= -5 Fe=02Z
az[d4]l= 4. 351385727885455=+002 ]
az[5]= -81. 506322 7623636230M) _
bz [0)=1 .0:; =
bz[1]=-1_ 2484025663271 767
bz[Z]=1_26663233851
bz [2]=_0_5052301
bz [4)=0. 163
=T E= 513
loo= 1076861 27435585231 =10
»_mm = "Ch 1 Command" =0.001:
W=yl IR =_mm . az . bz, xState .| vState )
"outputD''= ""Ch 1 Output" = kecC™y W''compensation scale™
- L&
— In=seart
- 25 |
== 1=1[=1 [l [l oot |
Functions: Signals: Lancel I
absic) - =-- Real Signals 1
acospcy i | Imteger Signals =ar I
:tsln{x} . Calculation Parameters -
argc)
atan 26y - Calculation Wariables
cosic)
coshic 1
(3]
Ffabs o AN | |
I [,
MTS Proprietary Information be certain.
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Roll Off and Delay Compensation
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] ALSE TS sy ICE. P
B ez g
| Ity e Dare 5m | |ty e
H= E ) m7 nap )t = B i m3
+le g e Tl ] L ] i e g g e
e Tt TH o lj P Mt [T _.ﬂ 20e Tt 1600 o _j
Y A VN VoY P i N /\ /\ /\ /N / i
: ".:E ".:E
I H 4 § 1} “' I ! H i i | ;
T ) Tt [
E — _.lmf E : ——]
Without delay compensation With delay compensation
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Noise Elimination

MTS CIVIL/STRUCTURAL SOLUTIONS

Example script for FIR filters

int fir[6];

real fPass, fStop, dPass, dStop;

int rsp; int type;

function int Onlnitialize() { fPass = 20.0; fStop = 90.0;
dPass = 0.001;

dStop = 0.01;

type = 0;

rsp = FIRLP(fir, 120, fPass, fStop, dPass, dStop);
}

/[outputO = rsp/100.0;

outputO = FIR("Left Front Command" , fir);

MTS Proprietary Information

be certain.



Noise Elimination
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Conclusions
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» Calculation Channel function in MTS Flextest control software provides an
effective way to conduct real-time hybrid simulation, conduct delay and roll-off
compensation, filter the response signal, setup complicated test configuration,
conduct virtual testing, and etc.

»  Calculation Channel function only provides a tool. Understanding the physics
and come up with correct mathematic calculation is the key for using this method
effectively.

MTS Proprietary Information be certain.



»

»

»

»

MTS
I

MTS CIVIL/STRUCTURAL SOLUTIONS

Hybrid test could cause damage to specimen and equipment.
Hybrid test could have convergence and stability issues.
The test setup could be time consuming and expansive.

It is important to rehearse the hybrid test before investing time and
money to setup the hybrid test.

MTS Proprietary Information

Motivation for Virtual Testing

be certain.



FE Adapter Element Method
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» Simulation approach that couples two or more
displacement-based structural FEA programs together (also
referred to as Co-Simulation)

» FEA programs run concurrently and continuously
exchanging data at the interfaces of their domains

» This test renearsal method can be used to simulate both
quasi static and real-time hybrid simulations

» Means to verify that the hybrid model has been set up
correctly, appropriate analysis parameters have been
selected, and all the OpenFresco components have been
defined correctly

MTS Proprietary Information be certain.
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»

»

»

»

Select one program to act as the master solving the
complete hybrid system

Select remaining programs to act as slaves modeling the

different experimental subassemblies

— Subassemblies act as super-elements
— Connected to master via interface DOFs

Generic adapter elements provide interfaces in the slave
programs

Generic super-elements provide interfaces in the master
program

MTS Proprietary Information be certain.



Advantages
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»

»

»

»

»

No file system is utilized to exchange data among the different
software packages

Runs continuously and concurrently

No program-specific modifications need to be made to achieve the
coupling

This means that no access to the entire source-code of a FE-
software is required

A published programming interface (e.g. user-defined elements) is
the only requirement

MTS Proprietary Information be certain.



Implementation Details

Master FE-Software OpenFresco Slave FE-Software
u
Super e . a e Adapter ol
Element | 2 o 2 = Element |
[} = D Q
1 u % D = ) U, 1
usuper e o > Q— - -og g ik uadpt
""""""" Psuper 208 w Q| qC_) B -pad,of =k ( -u )
psuper % 8 § = adpt adpt\ " adpt imp
| < o o =
— o [}
| 3 [ |8
L n
Pe/ Pe

Both, the super-element in the master FE-software and the
adapter element in the slave FE-software need to be once
implemented as user-defined elements using the software
packages’ published programming interfaces

= Adapter and generic elements have been implemented for

OpenSees, Abaqus, LS-DYNA, ANSYS, Matlab, and Slmulmk

MTS Proprletary Information be certain.
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Test Rehearsal
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Use FE-Adapter element method to simultaneously
connect hybrid model to a numerically simulated test

specimen

LocalExpSite LocalExpSite

MTS Proprietary Information be certain.
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Flextest Calculation Channel
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Simulation PC Test PC

Simulation PC

Stru_ciural Model

Servo-controller

Lt e P
4«
T g
. \ by
' .- e
Ly Zett v y '
" ’
A | - !
_’ T Wy
' .
‘_ = | " } g
& £
N
-l .
s N 7
‘-’ ; <

Real-time Test Control

» Use calculated S|gnals as control feedback, as auxiliary inputs, as
digital inputs/outputs, or to drive output resources such servo valves.

| PR
g

FlextTest software with

Calculation Channels

MTS Proprietary Information be certain.
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Hybrid Virtual Testing Example
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£2, Calculation Editor < 6dof calculated ;mg =|t.dg = — ' - : m

- Calculated Analog Inputs X DISPlacemenl

»  Transfer function is o= Llmlmoj sl | :'

-y Displacement

/# This code duplicates the actuator simulator -
u -y Force A4 | converts a valve command into an actuator response Tl
I m |e m e nted to Ca tu re -z Digplacement /¢ In this case the response is stroke.
-z Force

- Fx Angle real gain, fn, zeta, wni;
real alpha. beta, a. tau;

system dynamic response Bl e

m

wn = 2.0 " pi) ~fn;

alpha =wn / sqrt{ 1.0 - zeta ~ zeta):
beta =wn ~ sart(1.0 - zeta ~ zeta):

a =zeta “wn:

tau = 1.0 4 ratel)

Sensor noise.

»  Evaluated multiple friction et
compensation method
before the real test.

- Ry Torgue rea: 30[211 31%] bu[g] b1[3L
] | d ] t d | x ggrque rr:;:l tsnt:-lgle.tmp P
including system delay = coon

l - Fy comp
- Fz comp shift(d,"x Output™ );
and frequency roll off || e hison
N - Mz comp - '
effect. | eommimeee  rge-o
||| - Calculated Digital Outputs wl {?} :3_3;
. . T | . o citon Vo wol11= 00
» Simulated joint frictionand | poias
l | za; =07
:
| |
| |

b1[0] = D 0

b1[1] = gain * alpha * expi-a *tau) * sinjbeta *tau) * tau;

b1[2] = 0.0;

a1[0] = -2.0 " exp( -a “tau) * coslbeta ~tau);

al[l] = exp{-2.0 ~a “taul;

/4 scale converts the biquad output from volts to @ engineering units.
scale = 1000. /10.0;

Tag 1:

AAmpT = "w Output™ =001 = w1[0] :
tmp1 = d[27] -a0[0] = w1[0] :

tmp2 = bO[0] ~tmp1;
shift(w 1. tmp1);

tmp3 =tmp2 - a1[0] * w2[0] - a1[1] * w2[1];

| “output” = b1[1] *w2[0] * scale <0.05%in(2500.~" Time"} ;
#/2[0] = b1[1] = w2[0] - scale ;

« [3

_Tseﬂ -1 -l s { ) [ 1 Apply I
w _?Inaﬁ! _I _I _I _Sllgnegl _I Lancel I

—
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Test Rehearsal Using Simulink

* Requires all hardware and software components.

. MTS Controller Host Windows PC

xPC Target Host Windows PC

Controller GUI Simulink GUI
.................................... ST T SRR
Ethernet Ethernet
4 MTS Controller VME console v ) 4 XPC Target Target PC v R
/RT Controller ) /RTSimuIation.de )
Fde—ao
O
Simulation
[%)
O | Enable ) valve
< | Switch cmds valve
B Controller » o © cmds -
S | 5ol é é g
2 o 8 Actuator & y
= c c i ) ’
2 - Scramnet = Payload «—» SerS
S o < » 2 Simulation Control
feedbacks % % | _feedbacks Algorithm
3 5 |
n n
ctlr cmds _ ctlr cmds
\ J \ J
\ J \

MTS Proprietary Information

= g
pe certain.



input from scramnet

mmiazter Span [—
" Target Scope
Id: 2
displ flk ——fps
velos fhk a Scope (xPC)
accel fhk
TOrCE flk [r—— a
press fhk —j a | ol
] clizpl force o
valve cmod el
uzer ades —e— — P =pl press o
-C- P rin press
i return semviovalve
it
pressure & actuator
SC180 init
press flvy |lf—
accurnulators

force

dizpl

velo

accel

P inp out

] i oLt

payload

Real-time Simulation Model

oLt

rand fy

master span

0 | master span

autput to scramnet

out —|
zine fy %

| ref

displ cond filter

I—D accel fhks

] fir e fhk

P izl fhk

ccel cond filter

o

] i ot

force cond filter

user ADCs

MTS Proprietary Information

-C- = uszer adcs

P press thi

be certain.
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ADAMS and Simulink Co-Simulation
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ADAMS models mechanical parts, joints, bushings, dampers.
Simulink models hydraulic elements and controller.

ADAMS export the plant model to be integrated into Simulink model.
Simulink model provides actuator forces to ADAMS model.

ADAMS model provides actuator displacement and velocity based upon
the actuator forces provided by the Simulink model.

MTS Proprietary Information 30 be certain.
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Integration in Simulink Model
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24
out P{cmd
G 24
- 24 24 bu24 "
cyclic fg P displ fok svemd svemd disol
(direct DOF) 24 24 2|a L‘n 24 P
. 24
P force fbk spin2act  upsampler P! displ force| P force
24 24 24 24
controllers » veloc
2; pecs \ «d specimen - Simulink = [ O [ |
m  Simulation Analysic Code JTools Help
actuators AMS m G-EH-@ L b -1 [vormal =] @D~ -
fixture and specimen » hd
24 24 ZOH I24 \
spin act out inp a
24 24 24 |m '
act2spin displ  displ conditioners downsampler1
24 24 ZOH I24 .
spin act out inp El1
24 24 24 (m '
act2spin force  force conditioners downsampler2
CD
displ
e Dgc.nE s E. N — =
@
[-H]
N f—yrd
Ready View diagnestics 100% FixedStepDiscrete
MTS Proprietary Information 3 D€ Certdiri.



ADAMS/View Shaker Table Model
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» Include all parts and joints
» Parts can be model as flexible in order to simulation resonance accurately

MTS Proprietary Information 3 be certain.
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MTS Quasi Static Hybrid Simulation Solution
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Simulation PC

Structural Mode/

>

Test Rig

Real-time Test Controller = , |
MTS Proprietary Information be certain.
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FEA Software for Simulation Solution
MTS CIVIL/STRUCTURAL SOLUTIONS

» QOpenFresco is independent of FE-software.
» Nearly any software allowing the addition of elements can be used.

» OpenSees, Abaqus, LS-Dyna, Zeus-NL, Matlab, Simulink, and
similar programs can in principle be used with OpenFresco.

o MTS Proprietary Information be certain.
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Hybrid Simulation Mid-ware
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FE-Software Ebi_aHis_cis_betaZ.n‘ltscs - MTS Computer Simulation Configurator
File Help
GenericClientElmt
¥ = | A XD g
Client Control Points Degree of Freedom | Control Channel | Control Mode I:'TIJ
=N £ node 2 A Ch1 Dizplacement 5—
Ay Ch 2 Displacement
TCP/P (Socket)
%
Middle-Tier- g
Server s
' —
SimAppElemServer e
:
O pe n F resco ExperimentalElement « | ol
Feedback Signal |
© Ch1 Digplacement
B Ch 2 Dizplacement
A ) @ Ch1 Force
LocalExperimentalSite ® Ch 2 Foice
ExpermentalSetup
ExperimentalControl
KN i3 | EN 3|

Skation: =_y_no_s_40_simulate.cfg

MTS Proprietary Information be certain.
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Hybrid Blade Testing at DTU

Single Component Hybrid Simulation of a Composite Structure with Multi-Axis Control

ANSYS

Numerical substructure Physical substructure

e At o -
Ground accelerati 1spl

" T
Measured force % |
]
i -

ANSYS is the desired finite element analysis software.

MTS Proprietary Information

W Actuator C

bulkhead
» moment lever

Actuator A

Actuator B

be certain.



Generic Client Element for ANSYS
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User-defined element in ANSYS

Generic Client Element is an interface to OpenFresco
Has arbitrary number of nodes and degrees of freedom
Uses TCP sockets for communication

Makes use of Experimental Elements already in
OpenFresco

Generic Client Element is programmed once for a specific
FESoftware

send trial response to experimental site

sData(l) = 3
do 5, j =1,4
sData(l+j) = hsv(i,2+7)
5 continue

dataTypeSize = sizeDouble

nleft = sizeSendData
call senddata(socketID, dataTypeSize, sData, nleft, stat)

MTS Proprietary Information be certain.



Hybrid Simulation with ANSYS Example

ET, 1, USER300
USRDOF, DEFINE, UX, UY
USRELEM, 1,2,LINE,1,1,,,,,
R,1,8090

! user element

! 1 node, NDIM=2
! use real constant to pass tcp port no.

'Assign generic client element

TYPE, 1
MAT,
REAL, 1

E, 2 'lexp generic element no. 1, use node 2

MTS Proprietary Information be certain.
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Hybrid Simulation with ANSYS Example
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_Jl__J leloolﬁj_i

Channel Signal Units/div
1:Y_'”x j_:lanrce M jl 033333_|
Xk |15} Displacemert - =l 2500 (]
2:Y&"y JIleorce jl 033333|j|
2K Iy Jljl Displacement M jl 25000 Ijl
Plot Mode:ma Trace 'ﬂme‘l

Signal i Units/div (ffeet
jul Displacement 5 j | 25000 H I
jul Displacement 5 j | 25000 H I

Trace Time: |

13333

y Displacement (mm)

Time (Sec)
) [1x]

Actuator Displacements Displacement vs. Force

MTS Proprietary Information be certain.
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Hybrid Simulation with ANSYS Example
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Ansys full transient analysis numerical integration time step: 0.02 sec.
Total simulation time: 10 sec (500 steps)

T1
12
T3
T4

Total CPU time for main thread (FEA solving time)
Total Ramp Time

Elapsed Time  (wall clock time)

Other 1/0O time (Ansys initialization, write file etc.)

Table 1: Average Task Execution Time (seconds)

Step Ramp Time T1 T2 T3 T4 (T3-T1-
(sec) 12)

MTS Proprietary Information be certain.
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Conclusion
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It is critical to rehearse hybrid tests to understand the test and prevent
damage of the test specimen.

Co-simulation method can model the specimen using a slave analysis
program. Therefore, it can simulate a variety of applications.

Calculation Channel functionality of the MTS Flextest software can
simulate specimen and system behavior. This method does not need
additional software or hardware.

Simulink model can be created to simulate the whole test system.

Creation of ANSYS generic element enables ANSY'S to be connected to
OpenFresco and conduct hybrid simulation.

MTS Proprietary Information 41 be certain.



