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Motivation for Real-time Hybrid Simulation VTS

Physical substructures also contribute damping and inertia effects
to the overall structure

Requires high-force, dynamic actuators and large hydraulic
pumping systems

Control methods and system modeling tools are current topic of
advanced research
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MTS Real-Time Hybrid Simulation Flow Chart MTS
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Real-time System Architecture MTS

Powerful Controller & Software
Ultra-low latency flow of data via SCRAMNet

Command and feedback exchange linked directly to real-time test
control processor
Tuning and control techniques to ensure accurate force and motion

Safety limits provided for the hybrid simulation
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Shared Memory Network MTS

______ [
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Real-time Hybrid System Dynamical Stability Analysis
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Realistic Control System Behavior

VITS
I
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Phase lag/Delay is a major concern in real-time hybrid simulation as it
iIntroduces negative damping!
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Single DOF Hybrid System Analysis MTS

______ [

Reference system equation of motion (EOM)
My +Cx+ Kx = —i’tﬂg

(M, + M, K +(C, +C, x+ (K, + K, o =—(M,, + M, ),

Hybrid system equation of motion (EOM)
M3+ C,x+ K, x + M5, + Cx, + Kx, =M, + M, )i,
Assume A and ot represent the amplitude and phase errors: X = Asin at, X, = AAsIn a)(t —é’c)
Linearized approximation using:  sin(od) = od, cos(od) ~1
x, = Adsin ot — & )~ Ad(sin of — & cosar)= Alx —dtr)
x, ¥ Alx — o)

.- .- T .
X, X/ (fr+m‘c}w)

(M, + AM, —AGC, )i +[C, +AC, + A&IME.::QE — K, It + (K, + AK, v = —(M,, + M, )%,

Negative damping depends on the actuator control error, and the substructure partition.
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VITS
I
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Multiple DOF Hybrid System Analysis

VITS

______ [

Reference system equation of motion (EOM)

M -5()+C3(0)+ K- x(0) = E(1)

Assume classical damping, the EOM can be solved in the modal coordinates (q) for

the uncoupled modal equations:

Cqy (1) ]

Mg-q(t)+Cy-q(t)+K

g -E(r) = E(r) 20 : q;:(f}

| gy (@) ]

The solution in the natural coordinate (x) is:

X(t) =2-q(t)

I Ay s eyt +6)) ]

.:‘1_?.‘.1 "3111( l':"j_h;l’? + H‘.\,..' )

Ay sment +6,)

the matrix £ is the modal matrix and each column is the eigenvector of the

corresponding mode shape.
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Hybrid system equation of motion (EOM)
M, -x(t)+C,-x(1)+K,, - x(1)+ M, - x,(t) +C, - x,(1) + K, - x,(t) = F (1)

Assume in the modal coordinates the amplitude and phase error A, and &t; for the i mode:

ERGE g1 (1) | A4 sin[ey (1 -8)+ 6]

(7 (7 A~Assm|eon (f—05)+ 6,

T()— e2l ) _® ge2 ) _® 2412 [ 2‘( ‘52) _]
| Yen @ | | den®]| [Aydysin[oy(—36y)+6y]]

Obtain the linearized approximation using: cos(@d;) = 1sin( @) = o0,

x (1) = DAlg(r) - 99(1)]

(1) = A[g(1) - 5(1)

x (1) = (IJ_&[.:} 1)+ @ éq(r)]
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VITS
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Hybrid system equation of motion (EOM)

EOM in the modal coordinates:

ﬂ
K=
_|_
E::
IU
|[}
|
Iui'-'\
':"QI-J
||6"
|||}
".ﬁ’.
|

q(t)+[C,, - O+ M, - D -A- 0" 5+C, A=K, - D-A-5lq(t)

j’ —

Convert EOM back to the natural coordinates using g(t) :CD=‘1->_<(t)

M, Q- <D +M, ®-A-D T -C,-D-A-5- O i(r)
+[C, D O+ M, DA 5D+ C, DA DK, D-A-5- O x(2)
+[K, OO +K, O-A-Ox(r)=F(r)
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Hybrid System Stability Demo Example - 1 VITS

______ [

3-Story Prototype Structure

Story Height 1.8m
Bay width 2.8m

Table 1: Cross-seccional dimension of the Structural Specimen

Structural Members Dimension (nun X mm X mm X mim)
Column Hi45x145x8=x10
Beam Hi40x100x8x10
Braces Hi00x100x6x 10

1842 1152 143
Ko =|-1152 2013 —94.9|~%
143 —949 817 |™"

Xi'an Univ of Architecture and Technology
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Hybrid Configuration (Worst Case Substructure Partition)

ANV O S FE

Numerical Substructure
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Demo Example 1, Design Case A MTS

Seismic mass 7.3 metric tons per floor, dynamic modes 7.0Hz, 20.3Hz, and 34.1Hz
4% Rayleigh damping @ mode 1 & 2
Assume 1ms delay @ all modes in the hybrid implementation
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Demo Example 1, Design Case B

VITS
I

Seismic mass 250 metric tons per floor, dynamic modes 1.2Hz, 3.5Hz, and 5.8Hz

4% Rayleigh damping @ mode 1 & 2
Assume various delay values in the hybrid implementation
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Virtual Testing Validation

VITS
I
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Virtual Real-time Hybrid Simulation MTS

Example 1, Design Case B Virtual Hybrid Simulation Results
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Demo Example — 2

VITS
I
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Hybrid System Analysis

Seismic mass 7.3 metric tons per floor, global modes are 1.8Hz, 6.7Hz, and 13.4Hz
4% Rayleigh damping @ mode 1 & 2
Assume various delay values in the hybrid implementation
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Virtual Testing Results
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Real-time Hybrid Simulation with Reduced Order Models
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FEA models are too complicated to run in real-time. However, the

specimens are rate dependent. Therefore, real-time hybrid simulation is a must.

The solution is Reduced Order Model (ROM).

In many cases

25
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ROM for Structural Dynamics MTS

______ [

M,X,+C,X,+K,X,=K,[x, +C,Tx,.

,\,;.'P B {}‘,,xp f;;.xp "LP 4 {}le ”le Xn
J'fp o —ﬂ-)";'h}, —!".-f;'(',, X, —M;]K,,]" —J-'rf;l(';,]" Xn

X, X
FP = {‘{‘-n-a-l Hlx.ﬂ—] Cn+1 l”IHJ‘J—I :' [ 3:"; ] + [_‘F".”"'l — Cn+1 } |: -'":|
Ap

Convert higher order dynamic model into 15t order state space model

State space model can easily be integrated with other dynamical
components, for system analysis and control design purposes

Low computational cost to facilitate real-time execution
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ROM for FEA Models (ANSYS) MTS

______ [

FEA ™/—— modal superposition ———> state space ROM

Bode Diagram Bode Diagram
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I
ROM for FEA Models (ANSYS) MTS

®

State space ROM constructed offline from ANSYS
Hard real-time hybrid simulation, 1024 Hz simulation rate

1
ELEMENTS

TYPE NUM

March 2018



Full Maodel - PureFEA

Reduced Order Model - FEA

— — Full Model - HybSim

------- Reduced Order Model - HybSim
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Summary MTS

Dynamical analysis approach is needed to gain system level
understanding about real-time hybrid simulation.

The hybrid system negative damping not only depends on the actuator
control error, but also on the substructure partition.

The hybrid system EOM can be used with virtual testing procedure to
predict the real testing stability limit/performance.

ROM is an effective technique for real-time hybrid simulation
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