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Hybrid Simulation Theory for Continuous Beams

Paul L. Drazin'; Sanjay Govindjee?; and Khalid M. Mosalam, M.ASCE?®

Abstract: Hybrid simulation is an experimental technique involving the integration of a physical system and a computational system with
the use of actuators and sensors. This method has a long history in the experimental community and has been used for nearly 40 years.
However, there is a distinct lack of theoretical research on the performance of this method. Hybrid simulation experiments are performed with
the implicit assumption of an accurate result as long as sensor and actuator errors are minimized. However, no theoretical results confirm this
intuition nor is it understood how minimal the error should be and what the essential controlling factors are. To address this deficit in
knowledge, this study considers the problem as one of tracking the trajectory of a dynamical system in a suitably defined configuration
space. To make progress, the study strictly considers a theoretical hybrid system. This allows for precise definitions of errors during hybrid
simulation. As a model system, the study looks at an elastic beam as well as a viscoelastic beam. In both cases, systems with a continuous
distribution of mass are considered as occur in real physical systems. Errors in the system are then tracked during harmonic excitation using
space-time L?-norms defined over the system’s configuration space. A parametric study is then presented of how magnitude and phase errors
in the control system relate to the performance of hybrid simulation. It is seen that there are sharp sensitivities to control system errors.
Further, the existence of unacceptably high errors whenever the excitations exceed the system’s fundamental frequency is shown to be present
in hybrid simulation. DOI: 10.1061/(ASCE)EM.1943-7889.0000909. © 2015 American Society of Civil Engineers.

Author keywords: Hybrid simulation; Real-time hybrid simulation; Elastic beam theory; Error analysis; Experimental error; Viscoelastic

beam.

Introduction

Hybrid simulation is an experimental methodology in which part of
a system is tested physically and the remaining part of the system is
modeled computationally. The two types of substructures are then
interfaced. This allows for only part of the system to be constructed
and tested in order for the whole system to be studied. The meth-
odology allows for an economical means for the testing of large
systems subjected to dynamical loads (Takanashi et al. 1974;
Mahin and William 1980; Mosalam et al. 1998). This is clearly
useful for systems that are typically too large or expensive to be
fully tested and for those that contain subsystems whose nonlinear-
ities possess no known models. Hybrid simulation may be catego-
rized into two broad types: real-time hybrid simulation and
pseudodynamic testing or simply hybrid simulation (Schellenberg
2008). The former uses a laboratory system to drive the experiment
in a real-time setting, typically with the use of a shaking table and
other actuators that provide true dynamic loads. The latter uses a
step-by-step imposition of the load where the physical system
moves quasi-statically and the mass and viscous damping charac-
teristics of the system are modeled numerically. Hybrid simulation
has been mainly used as a testing method in structural mechanics,
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especially for earthquake response testing (Takanashi and
Nakashima 1987). However, hybrid simulation is not exclusive
to earthquake engineering and is widely applicable to situations
where it is impractical to build a complete physical system for test-
ing (Bursi et al. 2011).

In order to perform hybrid testing one must of course have
knowledge of the governing equations for the part of the system
to be modeled in the computer (Mosalam and Giinay 2014). With
this basic information, a simulation methodology must be chosen
and the computer interfaced to the physical part of the system via a
collection of sensors and actuators. It is noted that the sensors in the
physical part of the system provide information to the computa-
tional part of the system regarding their current state and the ac-
tuators manipulate the physical part based on the current state
of the computational part. At its essence hybrid simulation involves
the splitting of a system into two parts with the assumption that the
interfacing methodology allows one to accurately replicate the re-
sponse of the system should one have decided to physically test it
in its entirety.

Most of the work on hybrid simulation has been devoted to the
actual execution of experiments; as this is a large task in and of
itself, little theoretical work has been performed to verify the results
that these experiments produce. The main errors associated with
hybrid simulation include time integration errors, control errors,
interface splitting errors, and random signal errors, which can fur-
ther be classified as either systematic or random errors. There has
been some study on these errors, but in many cases, the errors stud-
ied were due to the entire experimental setup, numerical integra-
tion, or random errors, rather than the errors directly associated
with the mismatch inherently created at the hybrid interface by
the use of sensors and actuators (Shing and Mahin 1987;
Voormeeren et al. 2010). This paper, on the other hand, focuses
solely on the theoretical performance of real-time hybrid simulation
as an experimental method, ignoring all of the numerical and random
errors, as this leads to a best case scenario for a hybrid experiment.
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This approach eliminates the errors associated with time integration
methods and signal noise and focuses only on the errors that are gen-
erated by systematic interface mismatch errors, which is an element
that is always present in hybrid simulations. In this way one is able to
focus on the essential error associated with a system possessing a
split interface and to understand the inherent error associated with
imperfect interface splitting without the added clutter associated with
time stepping error, etc. The net result then provides a true estimate
of the best possible error targets for a hybrid system.

To make the analysis concrete, this paper will focus on a har-
monically driven beam. This system has been chosen for its relative
simplicity and the ability to analyze the solution in an analytical
form. Both the elastic as well as the viscoelastic cases will be ex-
amined. Further, this work always considers the case of distributed
mass as occurs in the real physical objects. By studying the prob-
lem from a strictly theoretical viewpoint, one can fully control the
situation and precisely define what one means by truth. This allows
one to precisely identify a lower bound below which one cannot
improve a hybrid simulation via, say, improvements in time inte-
gration methods. Although the setup is rather simple, the results are
felt to have general applicability. In what follows, the general theo-
retical setting of hybrid simulation is first described, then the elastic
beam is considered within this setting, followed by the viscoelastic
beam. This is followed by a study of the behavior of hybrid sim-
ulation for these two systems and finally a set of concluding ob-
servations and comments is presented.

General Theory of Hybrid Simulation

Reference System

Consider a mechanical system with domain D as seen in Fig. 1(a).
In this section, the system in question is kept as general as possible
to allow for further generalizations. The motion of the system is
characterized by the displacement

u(x,7) forxeD (1)

For comparison to the hybrid system, one can imagine it as sep-
arated into two or more substructures. For simplicity, this paper
focuses only on two substructures for the hybrid system, a phys-
icalsubstructure (p-side) and a computationalsubstructure (C-side)
as shown in Fig. 1(b), where Unconvertable OLE object of type
PUZUC =D removed and 0P N dC = Z. This allows for the
displacement to be separated into two parts

u,(x, 1) ifxeP

u(x, 1) = { (2)

This characterization represents the true response to which a hy-
brid system simulation should be compared. The precise expression

u.(x,7) ifxeC

i M

(a) (b)

Fig. 1. (a) A general system with domain D and displacement u(x, 7);
(b) a general system with imposed separation into two substructures for
comparison to the hybrid system; PUZ UC=Dand 9PN IC =T

for u(x, t) is found by determining the function that satisfies the
governing equations of motion on D and the imposed boundary
conditions on 0D.

Hybrid System

The response of a hybrid system can be defined in a similar fashion.
Using the same boundary defined in Fig. 1(b), the hybrid system is
separated into two substructures. In order to differentiate the refer-
ence system from the hybrid system a superposed hat (°) is used to
indicate a quantity in the hybrid system. Thus, the displacement for
the hybrid system is given as

{ﬁ[,(x,t) if xeP

A

a(x, 1) =
(x.1) i.(x,r) ifxeC

(3)

In a hybrid system i, and 4. are determined from the solutionof
the governing equations of motion for P and C subjected to the
boundary conditions on 9P and OC. The boundary conditions
on 9D N JP and 9D N AC naturally match those of the reference
system. However, in the hybrid system one must additionally deal
with boundary conditions on the two interface sides of 7, and 7,
where 7, =7 N 9P and Z, = T N 9C. The conditions on 7, and
7. are provided by the sensor and actuator system. Here they are
modeled by boundary functions gf,;) and gEf) as shown in Fig. 2. The
number of boundary functions needed is determined by the hybrid
system so that the system is mathematically determinate. Since the
boundary functions take on the role of boundary conditions, for
every boundary function on the P-side, there is a corresponding
boundary function on the C-side. The boundary functions take into
consideration the imperfection of the dynamics of the hybrid sys-
tem, such as time-delay between the two sides, as well as magni-
tude tracking errors in the motion and traction as needed by the
system at hand. In the analysis, the correspondence between related
boundary functions is formulated by the relation

Dla ]|z, = ED[d,];

¢

(4)

P

where D|-] = operator that generates the necessary boundary func-
tions at the interface from the displacements 4. and E = error
operator that applies different error parameters to the different
boundary functions created by D[-]. Later in this paper, a simple
magnitude and phase error model is employed for errors E. This
allows one to study the effects of a wide variety of systematic
hybrid system errors. These types of errors are chosen due to their
direct correlation to experimental systems (Shing and Mahin 1987;
Ahmadizadeh et al. 2008).

I,=INdP
T.=INnac

/4
oD NP 5>
g aDNnac

Fig. 2. The hybrid system separated into the physical, P, and compu-
tational, C, substructures with boundary functions gg,') and ggf>
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L? Space and Hybrid Simulation Error

With the above notation in hand, consider now how one can under-
stand hybrid simulation from a geometric point of view. First note
that the space of L? functions over €2 is defined as (Johnson 2009)

L}(Q) = {V:Vis defined on Q and /

A v2dx < oo} (5)

where () is a bounded domain in R3. Using this definition one has
u e L*(D) (6)

The restriction of u onto C is denoted as
u. € L*(C) (7)

and similarly for the restriction of u onto P:
u, € L*(P) (8)

The same applies for the * quantities. One notes that

L*(D) = L*(C) x L*(P) ©)

In L?(C), the displacements u,. and 1i, trace out trajectories with
time. These two trajectories differ from each other since they are for
two different systems. The same is true for the trajectories of u
and @, in L?(P). By considering the trajectories in L*(C) and
L*(P) as components of order pairs in L?(D) at each moment
in time, one can combine trajectories from L?(C) and L?(P) into
trajectories in L?(D), one for the reference system and one for the
hybrid system. A simple illustration of this situation is shown in
Fig. 3. The difference between the two trajectories in L?(D) gives
a basis for error analysis. Given a true solution u and a hybrid sol-
ution i, one can measure error using a space-time L?-norm in the
form of Eq. (10) (Johnson 2009)

llell = (ATAN(X,I) —ﬁ(x,t)|2dxa't>l/2 (10)

where T = period of the harmonic excitation on the system and D =
complete domain of the system. This allows for a measurement of
the absolute error between the reference system and the hybrid sys-
tem over the domain of the mechanical system and over the period
of the harmonic excitation.

—— Reference : : 4

Fig. 3. A schematic illustration of a possible L?(D) space with trajec-
tories for the reference and hybrid systems from time t = #; to t = 1,
showing the difference between the two trajectories

Application to the Elastic Beam

The foregoing setup is now applied to a continuous beam, where
one has access to exact analytical solutions for an intact reference
system and for a hybrid (decomposed) system defined over P
and C.

Reference System

The reference system is an elastic, homogeneous beam pinned on
both ends with a harmonic moment applied to one end. A diagram
of the mechanical system is shown in Fig. 4. In this case the dis-
placement can be decomposed as shown in (11):

w = w(x, t)e, (11)

where e, = unit vector in the z-direction as indicated in Fig. 4. In
what follows, the vector form is ignored, and only w(x, 7) is con-
sidered. The partial differential equation that governs the motion of
the mechanical system is given by the dynamic form of the classical
Bernoulli-Euler equation:

pw = _EIW.xxxx (12)

where p = linear mass density, E = elastic modulus, / = second
moment of area of the beam, and comma notation indicates differ-
entiation. The applied moment, M, is described by

M(t) = M exp(iwt) (13)

where M = magnitude of the applied moment and w = frequency of
the applied moment. The well-known solution to this system is
given by

—M sin(Bx) M sinh(Bx)
2EI# sin(pl)  2EIB? sinh(p1)

w@g:< >ﬁmm)(m)

where [ = beam span and the parameter (3 is determined from

gt =L (15)

Hybrid System

The pinned—pinned beam is now represented by a hybrid system
using a specific separation. The hybrid system is shown in Fig. 5,
where the P-side is the left side, without the applied moment, and
the C-side is the right side, with the applied moment. The separation
of the hybrid system occurs at x = [y, thus, in this system, the dis-
placement is given by

W,(x,1) ifO<x<

Wo(x.f) ifl <x<I

wwﬂ:{ (16)

{0

H w(x,t)
A

M(t)
EIp AN

| |
I
l

PSRN

Fig. 4. The system of an elastic pinned—pinned beam with applied
moment M(t)
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'% 9p ge
p Wy (z,t) /I\E E/I\ We(x,t) Ay )
EIp @ g
| | | |
| ll | | l2 |

Fig. 5. The hybrid system of an elastic pinned—pinned beam with ap-

plied moment, M(z), and boundary functions gy (1), g (1), g\ (1),

and ¢ (1), L, +1, =1

Separation of variables is applied to the system, giving
W, (x.t) =X,(x)T,(t) and W.(x,1) = X.(x)T.(), where both
must independently satisfy Eq. (12). This leads to the following
equations:

)A(p(x) = b, cos(Bpx) + b, sin(ﬁpx) + by cosh(ﬁpx)
+ b, sinh(fipx) (17a)

X.(x) = bs cos(B,.x) + bg sin(3.x) 4 by cosh(3.x)
+ by sinh(B,.) (170)

A A

T, (1) = To(t) = exp(iwr) (17¢)

where 131—138 = constants. Since W, and W, must both independently
satisfy (12), the following relation also holds:
P=p=Lu (18)
b ¢ EI
Using Eq. (18) in conjunction with Eq. (15), it is noted that
B =B, = B.. To determine b,—b,, one needs four boundary condi-
tions on P. As is typical, one can take two from the left side and two
from the right side of the domain of P. Following the convention
defined previously, gEQ) will denote the boundary functions on
Z,, which in the _present case is simply the point x = /;. The
same applies for bs—bg on C where the boundary functions on
Z. will be denoted by ggf). As an example, Fig. 5 shows
boundary functions g,” and g¢* for transverse displacements and
gﬁf and gcg for rotations. Thus, the boundary conditions at x =
[, become

Wy (1.1) = gb (1) = 3" exp(iwr) (19a)
We(li.1) = g (1) = gt exp(iwr) (19b)
Wyl 1) = gy (1) = gy exp(iwr) (19¢)
Wen(ly.1) = (1) = 3 exp(iwr) (19d)

Note that g‘;g) and g‘]ﬁf) are so far unspecified. Intuitively they are
related to each other but a discussion of this interrelation is deferred
to the discussion of a model for the interface errors.

Solving for 131—138, while employing the requisite boundary
conditions at x =0, x = [, Z,,, and Z, gives

O AL

— By(BL)A[B(x — 1))} — 3 Dy [Bly. B(x — 1))
_(6)

Je B exp(iwr)
I Db 1) ] ) o o1)
where
A, (x) = sin(x) — sinh(x) (22a)
B (x) = cosh(x) — cos(x) (22b)

D, (x,y) = cosh(x) sin(y) — cos(x) sinh(y) (22¢)

D;(x,y) = sinh(x) sin(y) — sin(x) sinh(y) (22d)

Nondimensionalization and Determination of

gy and g

To further the analysis, one needs to determine the as-yet unspeci-
fied boundary functions. In this regard, it is advantageous to non-
dimensionalize the equations as well as to express the reference
solution in the same format as the hybrid solution. For the latter
point, an examination of Eqs. (14) and (22) shows that one can
write the reference solution as

_ MD5(Bx, 1)

w(x, t) = SEIFPP, (7)) exp(iwt) (23)

where
P, (x) = sin(x) sinh(x) (24)

In order to nondimensionalize Egs. (20), (21), and (23), one can
introduce the following nondimensional quantities:

w . W), . W, X
= —, = —, = —, = - 25
n=7 p=- fle =~ y=7 (25a)
Ml
-7 25b
k=T (25b)
El 72
wp = 777-727 in, T =wi! (256)
pl Wi
k=pl=1V/Q (25d)
w G w _ 9" 0 _ 0 ® _ o)
Gp :pT, G, :T, Gp :gp s Ge = gc
(25e)
[
L1=7, Ly=1-L; (25f)

where w; = lowest resonant frequency of the pinned—pinned beam
(Tongue 2002). Thus, Egs. (20), (21), and (23) become

) %
9 D2 (Bl Bx) — = D3(Bly, Bx) D5 (ky, k)
w,(x, 1) = exp(iwt 20 n(y, 7) = ———exp(iQr 26
p( Dz(ﬁlhﬂl]) p( ) ( ) ( ) 2K2P1(/€) ( ) ( )
© ASCE 04015005-4 J. Eng. Mech.
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G
(3 7) :G;,'”Dz(nLl,ny)—TfD3(,§L1,,§y)
L Dy(kLy, kLy)

exp(iQ7) (27)

B 0v7) = (3 A (KL By (= L) = By L) = L))

(9)
Ge
=G DsfnLa.wly = 1]+ - Dale(y 1))

exp(i€Qdr)

D, (kL,, KL,) (28)

For the rest of this section, unless stated otherwise, all new var-
iables or quantities are assumed to be dimensionless.
()
C

To complete the system of equations, Gg;) and G¢’ need to be

determined. The conditions to determine GE;) and G') come from
the characteristics of the sensor and actuator control system. As a
simple model, one can assume that the hybrid system produces
a magnitude and phase error in the corresponding displacements,
rotations, bending moments, and shear forces across the interface
of the hybrid system. Using the notation introduced in (4), D[] is
written as

Loy3

E is expressed as a 4 x 4 matrix with (1 +¢,) exp(i€2d,) on
the diagonal and zeros everywhere else. Here, (., is the magnitude
of the tracking errors for the displacement, rotation, bending mo-
ment, and shear force at the interface and d(.) is the tracking error
time delay of the displacement, rotation, bending moment, and
shear force. £() and () model the interface error in the hybrid sys-
tem at Z. Using this model gives

fle(Ly.7) =0, (L1. 7)(1 + £,) exp(i€2d,,) (30a)
fley (L1, 7) = B, (L1, 7)(1 + €9) exp(i€2dy) (30)
ﬁc.yy (Ll ) T) = ﬁp,yy(Ll ) T)(l + €M) exp(iQdM) (3OC)

ﬁc,yyy(le T) = 'f]p,yyy(le T)(l + EV) exp(iQdV) (30d)

The objective of Eq. (30) is to relate 7). and ), by their ratios, as
defined as (1 + ¢,) exp(i€d, ), similarly for their spatial deriva-
tives. In this way, one can say that error is transferred from the
physical side to the computational side if (1 +¢()) > 1 and vice
versa if (1 +¢€()) < 1. The same can be said of d(,, depending
on the sign of d(). Eq. (30) together with Egs. (27) and (28)
can be used to analytically solve for G, and G’ and thus complete
the solution; (Drazin 2013). Note that this error model can be made
more sophisticated but suffices to understand a number of features
of hybrid systems.

Application to the Viscoelastic Beam

The same pinned—pinned beam model used previously is adopted
for the viscoelastic case. For this purpose it is useful to introduce
the complex elastic modulus

© ASCE

04015005-5

E*=E'+iE" (31)

where E’ = storage modulus, £’/ = loss modulus, and i = v/—1 =
imaginary unit (Ferry 1970). To be concrete, the standard three-
parameter Maxwell model for a linear viscoelastic solid will be em-
ployed (the so-called standard linear solid) (Tschoegl 1989). In this
case,

W2
E'=E,+ [y (Eo — Ex) (32a)
wt,
E" = F—r (Eo — Eoo) (32b)

where E, = instantaneous modulus and E, = equilibrium modulus.
The relaxation time, ¢,, is given by

1_1
rW]C

(33)

The parameter ¢ is the nondimensional damping frequency,
which determines the location of the damping peak in the frequency
domain. Since E* is complex, it can be expressed in polar form by

E* = |E*| exp(id) (34a)

|E*| = VE”+E'" (34b)

12
6 = tan™! (%) (34¢)

Using this form of the complex elastic modulus, Eq. (15)
becomes

pw’ = |E*|I exp(i8)3* (35)

Since w, |E*|, I, and p are real values, 3 must be complex.
Solving for [ results in

5= iftoen () (36)

“VIET
The solution for the reference system now reads
wx. ) = —Mexp(—zic‘i? sin(f3x)
2|E*|16% sin(8])

M exp(—ié) sinh(Bx)
2|E* |13 sinh(3I)

) exp(iwt) (37)

The nondimensionalization of Eq. (37) and the application of
the functions defined by Egs. (22) and (24) lead to the same relation
given by (26), where all values have the same definitions as before
except

k=0l = 7V Qexp <_Tl6> (384)
and
_ Mlexp(—ib) (38)
|1

Likewise, Egs. (27) and (28) hold for the viscoelastic pinned—
pinned hybrid beam case, using the new definitions of « and pu.
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Analysis of the Hybrid Systems

Having analytic expressions for the response of the reference sys-
tems and the hybrid systems, it is possible to examine the intrinsic
errors associated with hybrid simulation using the interface model.
Error in hybrid simulation for a given loading and a given set of
and d(, will be defined using the nondimensionalized response
functions as

e(y,7) =n(,7) =0y, 7) (39)

For analysis purposes it is useful to examine the L?-norm of this
quantity which is defined by

el = [* [ Rlvor) =y Pvar (400
el = / ! / YRI0.7) — . D)2dvdr (40D)

llell = +/lleplI* + llecll® (40c)
where T = nondimensional period of the applied bending moment,
meaning that it changes with (2, and R(-) is the real part of (¢). The
functions 7(y, 7), 7, (y.7), and 7.(y, ) are from Egs. (26), (27),
and (28), respectively. Owing to the complexity of developing an
analytic form for these norms, the integrals appearing in the norm
expression are numerically evaluated with a high-order adaptive
quadrature rule to at least an absolute error of 10710 and at least
a relative error of 107°.

Analysis of the Elastic Beam

First, Egs. (27) and (28) are compared to Eq. (26) to verify that the
equations do in fact describe the correct system. Note that if all
g =0 and d() =0, then the hybrid system should reduce to
the reference system. Fig. 6(a) shows 7(y,0) and 7(y,0) for one
set of parameters and the difference e(y,0). Note that ¢(y,0) is
zero to machine precision and thus, to the accuracy to which
one can evaluate the expressions, they are identical. For all of
the following figures, all error parameters are assumed to be 0
unless noted otherwise in the figure and y is taken as 3.75 x 1073,

To show the effects of a displacement error, a 10% error is intro-
duced into the displacement by setting €, = 0.1. This value of ¢,
was chosen since it represents a relatively large error, and it is use-
ful to see how this large error influences the system error. Later in
the analysis, the effect of varying ¢, will be examined. Fig. 6(b)
shows a discontinuity between the two sides of the interface in
the hybrid system and that a noticeable amount of error has been
introduced into the entire domain of the hybrid system due to the
10% displacement error at the interface; the large difference in scale
of the vertical axes of the error plots in Figs. 6(a) and 6(b) should
be noted.

Effect of Varying Frequency

For specific choices of the parameters €., d(.), and Ly, {2 is initially
swept from 1072 to 10? to give a comprehensive look at the effect
of the excitation frequency on the hybrid system. Note, that all
() have similar effects on the error, and thus only ¢, is discussed,
with any differences explicitly stated for the other £(. The same
holds for d,. In Fig. 7(a), which has ¢, = 0.1, the error grows
extremely large near the resonant frequencies of the system,
ie., Q=1,4,9, ..., which is to be expected as the displacement
becomes unbounded at these frequencies. Since almost all types of
excitation contain a broad spectrum of frequencies, this leads one
to conclude that for the hybrid system to give usable results, all
frequencies in the excitation must be less than the first resonant
frequency, or €2 = 1. Because of this, in what follows the analysis
will focus on excitation frequencies that are below the first resonant
frequency (€2 < 1). An important feature of the hybrid system
response is the appearance of parasitic resonant spikes not associ-
ated with the actual resonant frequencies of the reference system.
Fig. 7(b) shows one such spike just to the left of 2 = 1. These para-
sitic spikes are more noticeable for different values of the system
parameters. The parasitic spikes oscillate around the resonant
frequencies as L; changes from zero to one. The amplitude of these
oscillations in the frequency domain are directly related to the val-
ues of £ It is also helpful to plot the error norm normalized by
|In]| to give a sense of the relative magnitude of the error. For the
same parameters as considered in Fig. 7, this is shown in Fig. 8.
Comparing Figs. 7(a) and 8(a), one notes that the dropoff in error
with increasing frequency disappears. This is because ||n| is
inversely proportional to v/€2. Although the error spikes seem sim-
ilar in these two cases, an examination of the zoomed-in normalized

0=231L,=0357=0

x10"° x 10
- ! N
<o S S S—— S N SR E—
= : : : f
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Yy Yy
(a) (b)

Fig. 6. (a) Comparison of the reference elastic pinned—pinned beam to the hybrid elastic pinned-pinned beam with zero interface errors; (b) compar-
ison of the reference elastic pinned—pinned beam to the hybrid elastic pinned—pinned beam when &, = 0.1; note z = 3.75 x 1073
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€, =01,L; =0.35

€a=01,L, =035

Fig. 7. Error norms: (a) a frequency sweep of the elastic pinned-pinned beam with €, = 0.1 on a log-log plot; (b) z zoomed-in plot showing the

parasitic spike just to the left of 2 =1

llell/1lnll

(a)

0.1,L, = 0.35

llell/1lnll

(b) 0

Fig. 8. Normalized error norms: (a) a frequency sweep of the elastic pinned—pinned beam with £, = 0.1 on a log-log plot; (b) a zoomed-in plot

showing the parasitic spike just to the left of Q2 = 1

error in Fig. 8(b), cf. Fig. 7(b), shows that the hybrid system some-
what tracks the reference system at 2 = 1 but that it clearly pos-
sesses a true parasitic resonance just below 2 = 1.

Considering now the effect of time delay errors, Fig. 9(a) shows
the case of d, = 0.1; the normalized error is now seen to grow for
increasing frequencies below {2 = 1. This is in contrast to what is
seen in Fig. 8(a), where the normalized error held constant with
increasing frequency until it approached the first resonant fre-
quency. Further, with the presence of multiple error sources, the
behavior is modestly additive. Consider for example nonzero ¢,
and d,, as shown in Fig. 9(b). In this instance the normalized error,
prior to €2 = 1, behaves exactly as in Fig. 8(a). This indicates that
with multiple nonzero error parameters, the error in the hybrid sys-
tem will be controlled by the largest individual error for equivalent
values of the error parameters.

Effect of Varying ¢,: Magnitude of Tracking Error

The effect of varying ¢, is studied to determine its direct effect on
the hybrid system error. As an example, in Fig. 10(a), the effect of
varying ¢, at {2 = 0.8 is shown. The domain of ¢, extends from
—0.5 to 0.5, since it is highly unlikely that an experimental setup
will have tracking errors outside of this domain. It can be seen that
as €, increases in magnitude, the rate of normalized error change
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decreases. Thus, the only areas of large change in the error come
from locations near ¢, = 0. This indicates that there is noticeable
error in the hybrid system, even for small €,, and trying to reduce
the value of €, does not have a large effect on the system error
unless €, can be brought quite close to zero. Note that varying
€y, €y»> and ey produces similar results to those in Fig. 10(a).

Effect of Varying d,: Phase of Tracking Error

The effect of varying d,, is analyzed to determine its direct effect on
the error in the hybrid system. Since the effects of d,, are periodic,
d, only goes from 0 to 27/S2. For €2, a value of 0.8 is chosen for
illustrative purposes. As shown in Fig. 10(b), the normalized error
grows from zero, peaks when d,, is half of the period, and then falls
when d,, is equal to a period. Note that varying dy, dy;, and dy
produces similar results to Fig. 10(b).

Analysis of the Viscoelastic Beam

As viscoelasticity introduces damping it provides a somewhat more
realistic model system. As an initial check of the basic relations,
Eqgs. (27) and (28) with ey = d(,) = 0 are compared to the equation
for the solution to the reference viscoelastic beam, Eq. (26).
This comparison is shown in Fig. 11. For succinctness, only the
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Fig. 9. (a) A frequency sweep of the elastic pinned—pinned beam with d,, = 0.1 on a log-log plot; (b) a frequency sweep of the elastic pinned—pinned

beam with ¢, = 0.1 and d,, = 0.1 on a log-log plot

2=08,L; =0.35

llell/11nl]

-0.5 0 0.5
(a) €y

0.8,L; =0.35

llell/1Inll

Fig. 10. (a) The effect of varying ¢, for the elastic beam with no other imposed error on a linear-log plot; (b) the effect of varying d,, for the elastic

beam with no other imposed error on a linear-log plot

real part of the solution is shown. As it can be seen, only round-off
error is present between the hybrid and reference systems. It should
be noted that the applied frequency chosen was 2 = 4, which is
a resonant frequency of the elastic system, meaning that the dis-
placement is unbounded in the equivalent elastic case. However,
in Fig. 11, the displacement is bounded due to viscoelastic damp-
ing. Note that ( =2 implies that the damping peak is located
at a frequency of 2. If { was chosen to be farther from the applied
frequency, the effects of the damping would be significantly
less.

Effect of Varying Frequency

As with the elastic beam, a sweep of the frequency is performed
from Q = 1072 to Q = 10> for various values of ( with iy =
MI/EyI = 3.75 x 1073 and jiy, = M1/E I = 2p1. It is noted that
the effects of all magnitude errors £y are nearly identical and thus
only ¢, is considered. This is the same for all time delay errors d,.
Consider first the effect of a magnitude error ¢, as shown in
Fig. 12(a). One notes that, depending on the value of (, the error
is bounded to differing degrees at all of the resonances of the elastic
case. In what follows, focus will be paid to frequencies less than
10 (2 < 10). Similar to the elastic beam case, there are parasitic
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resonant spikes near the resonant frequencies, but only when the
drive frequency is far from the damping frequency; one of these
parasitic spikes is shown in Fig. 12(b), but only for the ¢ > 50
curves. In the other two curves, any possible parasitic spikes are
mollified by the viscoelastic damping. When present, these para-
sitic spikes oscillate around the resonant frequency peaks as L;
grows from zero to one and the amplitude of these oscillations
are related to the value of £(, just as in the elastic case. As before,
normalized error plots are helpful for interpreting the results as
shown in Fig. 13. The general interpretations from the elastic case
are seen also to hold here with the caveat that the placement of
damping peaks near (elastic) resonances will reduce errors. If
one instead introduces phase error, d, (Fig. 14), one observes
behavior similar to the elastic case, again with the same caveat.
When the applied frequency is near the damping frequency, the
error is reduced around the resonant frequencies. When the applied
frequency is far from the damping frequency, the error curves re-
semble those for the elastic case. Also, similar to the elastic case
below 2 = 1, the error behaves the same as in Figs. 8(a) and 9(a).

In order to determine how the error parameters interact in the
viscoelastic case, two error parameters are applied to the hybrid
system. Fig. 14(b) has ¢, = 0.1 and d, = 0.1. Below {2 = 1, the
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Fig. 11. Comparison of the reference viscoelastic pinned-pinned
beam to the hybrid viscoelastic pinned—pinned beam with no imposed
error

€, =0.1,L =0.35

llell

(@

normalized error is seen to be consistent with Fig. 13(a) and not
with Fig. 14(a). This indicates that the larger error of the individual
error parameters controls the error of the system with multiple non-
zero error parameters, which is consistent with the elastic beam
case. Further inspection of Figs. 13(a) and 14 reveals a sharp drop
in the error to the left of 2 = 10. This drop in error occurs when
sin(kL;) = 0. In fact for nonzero ¢,, €y, d,, and d,;, error drops
occur whenever sin(kL;) = 0. For nonzero &y, €y, dg, and dy, such
error drops occur whenever cos(xL;) = 0. These observations also
hold for the elastic case but are largely irrelevant there since in the
elastic case one should never exceed 2 = 1.

Effect of Varying ¢,: Magnitude of Tracking Error

To understand the effect of varying €, in the viscoelastic case, con-
sider the fixed frequency €2 = 0.8 at multiple values for ¢ within the
range of —0.5 to 0.5. As shown in Fig. 15(a), the shapes of the error
curves are identical to those in Fig. 10(a). However, the curve for
¢ =1 is ever so slightly below the rest of the curves because the
damping frequency is close to the excitation frequency. Also, as in
the elastic case, the error changes rapidly for small €, and levels off

€. =01,L; =0.35

llell
3

Fig. 12. Error norms: (a) a frequency sweep of the viscoelastic pinned—pinned beam with €, = 0.1 on a log-log plot for various values of ¢; (b) a

zoomed-in plot of the parasitic resonant spike to the left of {2 = 1

0.35

€y

lell/1nll

[lell/1lnll

Fig. 13. Normalized error norms: (a) A frequency sweep of the viscoelastic pinned—pinned beam with £, = 0.1 on a log-log plot for various values of
¢; (b) a zoomed-in plot of the parasitic resonant spike to the left of Q =1
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dy =0.1,L; = 0.35
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(a)
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Fig. 14. (a) A frequency sweep of the viscoelastic pinned-pinned beam with d, = 0.1 on a log-log plot with varying ; (b) a frequency sweep of the
viscoelastic pinned—pinned beam with £, = 0.1 and d,, = 0.1 on a log-log plot with varying ¢

2=08,L =035

llell/1Inl]

-0.5 0 0.5
(a) €u

Q=08,L =0.35
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Fig. 15. (a) The effect of varying ¢, for the viscoelastic beam with no other imposed error on a linear-log plot; (b) the effect of varying d,, for the

viscoelastic beam with no other imposed error on a linear-log plot

as ¢, grows in magnitude. The effect of varying €y, £),, and € are
similar and thus are not shown.

Effect of Varying d,: Phase of Tracking Error

The effect of varying d, in the viscoelastic case is shown in
Fig. 15(b). As noted earlier, the effects of d, are periodic over
the range 0-27/€). As a concrete example, Fig. 15(b) shows the
case of 2 = 0.8. When the applied frequency is far from the damp-
ing frequency, the curves behave similarly to those of the elastic
case, cf. Fig. 10(b). However, when the damping frequency is
closer to the applied frequency, the error, although remaining es-
sentially the same, develops a slight asymmetry relative to the
center of the range as seen with the curves for ( =1 and { = 5.
Varying dy, dy;, and dy produces similar results.

Note that in the viscoelastic case, when the applied frequency is
far from the damping frequency, the error curves behave in the
same manner as the elastic case. This is to be expected, because
away from the damping frequency, the viscoelastic equations ap-
proach the elastic ones. Finally, note that almost all conclusions
gained from the elastic case are repeated for the viscoelastic case,
except for special treatment of the parameter (.
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Conclusion

The analysis in this paper demonstrates the theoretical performance
of hybrid simulation for an elastic and a viscoelastic beam for the
special case where the only errors that are present are those asso-
ciated with the interface mismatch (systematic errors) of the hybrid
system. A harmonic excitation was applied and only the steady-
state solution was studied. This ignores any transient response that
may occur in experimental implementations of hybrid simulation.
The results show that the resonant frequencies have an outsized
impact on the error of the simulation system. Thus, in order for
real-time hybrid simulation to be effective as a simulation tech-
nique, one must be aware of the forcing frequencies, and keep them
below the first resonant frequency for the elastic case or possibly
near the damping frequency in the viscoelastic case. The error due
to £() grows quickly around €.y = 0 and reaches a large error value
for small () values. Thus, it is somewhat impractical to reduce the
€(,) parameters in order to reduce the error in the system, because
unless one could make the £y values quite small, the system error
does not significantly change. All of the results stated in the analy-
sis section have also been corroborated with hybrid formulations
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for an elastic and a viscoelastic axially loaded bar (Drazin 2013) as
well as for a classical elastic Kirchhoff-Love plate (Bakhaty et al.
2014). This indicates that there are universal errors that occur in
hybrid simulation, even for simple one-dimensional and two-
dimensional problems. Awareness of the causes of these errors
can allow for real-time hybrid simulations to be conducted in a
way that reduces or even prevents these errors.

In this paper it was assumed that €.y and d., are constants.
However, this is not always the case; they may in fact be functions
of the frequency, such that at higher frequencies the time-delay
or magnitude error may increase. To include this effect, one could
introduce models of the form

diy = do
O [+ exp(Q - Q)P

(41)

where d, = maximum time delay and ) = frequency of maximum
growth rate (Bakhaty et al. 2014). Similar equations can be applied
to £(.y. Such models modify the details of the error responses; how-
ever, the trends remain fundamentally the same.

This paper considered a single homogeneous linear material that
could be modeled by Eq. (12). This is not always the case for an
experimental setup of hybrid simulation. For example, many hybrid
simulation setups are for many bars and beams at the same time,
each interacting with the whole system; (Mosalam and Giinay
2014; Giinay and Mosalam 2014). In such cases analytic response
solutions are likely to not be available but one does not expect the
observed general trends to be altered.

The error measure that has been focused on was the L?-norm
of the displacement error but that only shows one part of error
in the system. The error in the rotation, shear force, and bending
moment can also be studied with the use of Sobolev-seminorms on
the displacement field (Johnson 2009). Understanding the error in
these quantities is as important as understanding the error in the
displacement because in some situations these quantities can be
of equal or even greater importance to the structural and mechanical
behavior of a system than the displacement (Elkhoraibi and
Mosalam 2007).
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