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~ Abstract— Compliance in robot mounted force/torque sensors gripper spring goerr(;,g(/)tprque
is useful for soft mating of parts. However it generates nearly — NI ;

undamped oscillations when moving the end-effector in free : L
space. In this paper, input shaping control is investigated
to damp such unwanted flexible modes. We present a new
design technique that creates long impulse sequences to adapt
input shaping to systems with long sampling period and to
compensate the resulting time delay. This makes the method
feasible for industrial robots. In addition to the conventional
input shaping which causes oscillations to stop only after
applying the last impulse, we also minimize the quadratic
control error until this time step is reached.

wheel power screw driver

l. INTRODUCTION Fig. 2. Compliant end-effector with force/torque sensorhe tenter of

Compliant force/torque sensors are useful for assembl{e springs.

tasks since they perform measurements and allow to give
way to high-frequency motions of the part that has to be
approached. This is fundamental for mating parts to moved
objects, as in an assembly line. However, heavy end-effectgeasiest successfully applied feedforward control teakesq
tend to oscillate as long as the tool is moved in free spacdat have been designed to suppress residual vibrations
Such oscillatory behavior is critical in many robotic appk ~ 0ccurring within speedy maneuvers. It consists of geregati
tions, especially for some tasks with high speed and pretisi commands that move the system without vibration using
requirements. Fig. 1 shows the setup of such a task - the &me pre-knowledges about the plant. Smith [1] presented
sembly of wheels to a continuously moved car. Disturbancdd?57 the posicast control as a first form of input shaping. It
of the car motion are tolerated by a compliant end-effectdionsists in generating two transient oscillations whiatice
(f|g 2) Which, unfortunately, presents very poor damping_each other and lead to a non'OSCi”atory response. It hastak

Input shaping also known as command shaping is one of t@ound 30 years till the first paper of input shaping was
published by Singer and Seering [2]. System inputs were

convolved to a sequence of impulses to generate adjusted
command signals that eliminate the oscillatory dynamics.
Since then many extensions of the method appeared: Various
approaches like adding more impulses to the input shaper
have been developed to achieve any order of robustness
against parameter uncertainties (Singhose [3]). Furtbesm
adaptive Input Shaping schemes were developed to keep the
length of the impulse sequence to a minimum and to pro-
vide similar robustness ([4][5][6]). Many other approashe
have shown that objectives related to input shaping can
be reformulated as an optimization problem. This is based
on the fact that designing an input shaper is nothing else
but a particular FIR filter design problem([7]). Robertson,
Kozak and Singhose discussed in [8] the minimization of
several useful cost functions when designing digital stepe
The performance of these approaches is well established
Fig. 1. Setup for wheel assembly and has been demonstrated on many practical system such




as spacecrafts (Tuttle und Seering [9]) and tower crant ‘ ; ; ; :
(Singhose and Kim [10]). Aol o o S,
The convolution of inputs with an impulse can be reduce Aip | r :
to a shifting and scaling in the time domain. This is in
fact the easiest and fastest way to perform a real tim O [ ¢
implementation of the convolution. However, real system \ RN
are time discrete. Thus, an exact shifting operation cay ong 5 |
be done if the shifting time is a multiple of the digital
step. This problem was solved in [15] by fixing the time o t
between the impulses and changing only the magnitudes.
Additionally, Murphy and Watanable discussed in [16] theFig. 3. Vibration cancellation when applying 2 impulses with = 1s~!
design of an arbitrary rate digital shaping filter in thelane. andD =0.1.
Tuttle and Seering presented in [17] a systematic design too
to compute digital shapers using a discrete- time domaia pol
placement technique.
One severe drawback of Input shaping is that it optimizes = _ Y0 —woDtg, (wat); +>0 4)

the system response only after applying the last impulse. V1—D?

The system_step_ response will have_z no zero control errgynen applying the whole sequence (3) as an input to (1),
before the time instant of the last impulse and can evefien the response is the convolution result of (3) with (4).
present huge deviations from the reference signals. In thifiis can be understood as a linear combination of the

paper we present a systematic design tool to generate dptingajayed signalg (t — t;). Let Y,.(t) be the system response
impulse sequences for systems with long sampling periogy (3) for¢ > ¢,,_,, then:

that compensate totally any ramp time delay and minimize

the quadratic control error that occurs before applying the

last impulse. The theoretical results are applied to contro 15 (1)
the compliant end-effector of fig. 2.

38 time[s] 17 16 0

The unity gain impulse response of (1) is:

n—1
£ @) xy(t) =D Awylt —t;)
=0

= A(wg, D)e “oPlsin(wgt + ¢); ¢ € R(5)
Il. INPUT SHAPING

In this section we give a brief review of the conventionawhere'

input shaping techniques. The original method has been A D - C?(wo, D) 4+ 82(wo, D) 6

primarily developed for linear second order systems with th (wo, D) = wo 1_ D2 (6)
transfer function n—1

UJ()D i

Gy =¥ g 1) Clwo, D) = D AP cos(wats) @
u(s) $2 4+ 2Dwys + wi :Lz_ol

with a static gaink, natural frequencyw, and positive S(wo, D) = Z Aot sin(wgqt;) (8)
damping ratioD smaller than 1. The system has then the i=0

damped natural frequency Equation (6) tells us how strong the residual vibration will
wy = woV/ 1 — D2, (2) befort >t, 1. So, _by settingA to zero, we enforce the
_ _ response not to oscillate. This means that the respapses
u(s) and y(s) denote respectively the system input ancf the respective impulses,;s(t — t;) cancel each other
output. immediately after the application of the last impulse. This

It's known that applying an impulsgld(t — to) to such a s true if both of the squared terms in (6) are zero:
plant will result in an oscillating responsg(t). However a

well chosen second impulsé; §(¢ —t1) can excite a second C(wo, D) = 0 9)
oscillationy; (¢) that totally cancels the first one (fig. 3). This S(wo,D) = 0 (10)

idea can be extended to an impulse sequencemwiithpulses _ . . . o
The filter will have a unity static gain if:

n—1

fs(t) =)  Aid(t —t); ti <tit1 3) n-l
’ ; S A=t (11)
which compensates any oscillation immediately after ap- i=0

plying the last impulse ([1]). By convolving this sequencdf we additionally require that all the amplituded; are

with any desired command signal, new control inputs arpositive then we ensure that the maximum value of the con-
generated which move the system without vibration. Thigolution never exceeds the maximum value of the reference
command generation process is called input shaping. To dagnal. The steady state value of the command and reference
sign such a shaping filter we need consequently to derive tegnal will be the same. Thus, the new input will never
amplitudesA; and time instantg; with i € {0,1,...,n—1}.  saturate the actuators if the original one does not. However



requiring positive amplitudes is a relatively restrictivgen-  Since the system (1) is linear, then the system response to a
straint that lead in general to long sequences of impulsemmp is the time integral of the step response:
If fast responses are needed then it's recommendable to set

i
constraints to the actuators’s limitations and then sotwe f n = d
positive and negative amplitudes that satisfy them (Siagho rt) = 5(&) dg
[11]). A general form of these constraints is: 0 .
e wo . 2D
Aiyin < A <A, (12) =t s (wat +2¢) = wo (18)
Adi,, < AA S A4, 13)  Therefore:

Tmin/mazx

TherebyA; .. .. andAA are the respective min- lim (¢ — (1)) = 2D
imal/maximal allowed amplitude and increments values. t—00 W
Some robustness has to be included into the design i
exact estimations fary and D are not available. That is, the
input shaper should still perform well even if the estimasio

(19)

Equation (19) gives the ramp response time delay for any

of the plant parameters are not that good. For a first ord0-5 z
robustness the derivative of (7) and (8) with respecivio ¢4 i
are constrained to zero (Singer and Seering [12]). 03
n—1 . |
Z Aitiewthi cos(wdti) = 0 (14) 0.2 )
i=0 0.1 1
n—1
Z At e Pti sin(wgt;)) = 0 (15) 00 1
, o o 00 01 02 03 04 05
Equations (9), (10), (11), (14), (15) and the restrictioB)(1 time [s]

(13) define a const_ralned set of nonlmea_r equations _(CSNE)g. 4. Time delay compensation fap, = 5072¢ and D = 0.02,

that can be numerically solved for amplitudds and time  gotted: reference signal. dashed-dotted: ramp responseysséns (1).

instantst; to get a zero vibration robust input shaper. dashed: system response with conventional input shapingtincious:
When executing assembly tasks, the robot of fig 1 haogstem response with time delay compensating input shaping.

to perform motions between several known locations in the o )
Cartesian space. Those maneuvers are most of the time dJfga" second order oscillating plant. If the system is poor

by commanding positional ramps. Nevertheless, applyirg tfff@mped then (19) will be insignificant which means that the
conventional input shaping to a ramp results in additivg'@in time delay is not caused by the dynamics but by input

time delay (fig. 4). This can lead to system performanc&"@Ping. The plant responsg; (?) to a shaped ramp can be
degradation and even to instability if input shaping is useGPMPuted in analogy to (5). Here we c':on3|der the response
within a closed loop control scheme. Kapila, Tzes and Yaft€" @Pplying the last impulse & #,—.):

[13] presented in this context a closed loop control design op\ "=l n—1
for input shaped flexible structures using Lyapunov based, (%) < » ) § A; — E Ayt
0 — =
=0 0

Il
~
I

stability. However including time delay compensation to
the shaper design can improve this control scheme and (10)==1

is consequently strongly recommended. In the following —woDt n_1

section we show how an input shaper can be designed to _ cos(wqt + 2¢) ZAieWODti sin(wat;)
compensate not only it's own time delay but the one caused wd =0

by the dynamics too.

e

(9)==0
I11. RAMP TIME DELAY COMPENSATION e—woDt n-l b
] . + sin(wgt + 2¢) Z Aze?o Pl cos(wat;)
Let 7 be the ramp response time delay when applying wq s
input shaping (fig. 4). In order to be able to compensate it,
we have first of all to figure out its relation with the input ) (®)==0
shaper parameters and the plant parameters. The unity gain _ 2D At 20
step response(t) of (1) is T we ZO v (20)
s(t) = 1 - ﬂ%m_@_w"m sin(wgt +¢) for ¢t =0 (16) Hence, the time delay resulting from the dynamics and input
0 otherwise shaping is:
where n—1
2D
t—r(t) = — 4> Aty =7 (21)

¢ = arccos(D). (17) “oo S0



Notice thatr depends directly on the filter parameters. ByThis formulation corresponds to a mixed-integer nonlinear
setting it to zero, the dead time will be totally compensategroblem (MINLP) which can be solved with a wide variety

We have then: of commercial tools. Nevertheless, this implies the use of
n—1 complex time- and resources consuming algorithms which

2D . - . -
Z Aty = —— (22) consequently cannot be applied within online applications

i=0 “o To reduce the computation time, we can fix ajl so that

Including this feature to the filter design can be done b§hey don't enter as unknown parameters in the problem any
adding (22) to the CSNE as an additional equation. Howevé&pore. An adequate choice may be:
requiring a total dead-time elimination leads often to huge . .

: - : ) zi=1 = t;=1T (28)

amplitude values within short sequences of impulses. This
can be avoided either by lengthening the sequence or Byis means that the impulses will be applied after each
using predictive path scheduling within a known time delayther with a time spacing of’. Notice that (28) already
(backward time shifting): When the trajectory is a priorisatisfies the constraints (26) and (27). Besides, it tramsfo
known, then the command signals may be time advancetthe statements (9), (10), (11), (14), (15) and (23) from
This is valid for the experimental part of this paper. In factnonlinear to linear ones. This can be used to reformulate
for a given assembly task the respective path structure tise equation set as following:
known. Any deviation from the manipulated objects is cor-

rected predictively using camera data (Lange and Hirzinger " c4 = b (29)
[14]). In this case, (21) is used to enforce some known <o
time delayr, which can be compensated due to commandith C = : € R6*™ AeR™ d € RS
shifting: T

n—1

ZAiti S 2D (23) Where:

i=0 “o
To do so, the shifting timer, has to be a multiple of €0,i :ewogl,;cf’s(wd?T) (9)(28)
the sampling period. The same is also required for the 1= ¢*" "  sin(waiT) (10)(28)
time instantst; if the convolution is interpreted as time €2,i :1 DiT . (11)(28)
shifting and scaling operations. These both conditions are ~ €3 =i €% "'~ cos(wa i T) (14)(28)

. . . . . . i owo DT -
very serious implementation matters if the sampling period =~ €4 =€ sin(wg @ T) (15)(28)
is a long one. Compared to the sampling rate of modern  ©5.i =? (23)(24)(28)
robotic systemf = 1kHz), the sampling frequency of the ang:
used robot is much loweff = 83Hz). In the following T
section, we describe a digital filter based on the ideas in A = [ Ao A e A ] T
[15]. The computational framework is arbitrarily extentlgb b =[0 0 1 0 0 m- j(% ]
to any new constraints and keeps the length of the impulse (9) (10) (11) (14) (@15) (23)(24)(28)
sequence to a minimum. Notice that forn > 6, the equations (9), (10), (11), (14),
V. INPUT SHAPING FORLOW SAMPLED SYSTEMS (15), and (23) are linearly independent. Thuspk(C) = 6.

In order to fit the time instants of the impulses to the 'N€ Problem can now be reformulated as following: Find
sampling periodl’ = 1/f we can explicitly constrain af; a vector of amplitudesi that satisfies (29), (12) gnd (13).
andr, to be a multiple ofT: Forn = 6, we h.ave.as much unknowns as equations. Thus,

the unique solution igt = C'~'b. However we cannot expect
ti=zT ; 1,=mT (24)  that the constraints (12) and (13) are held. In general, this
can be achieved within more than 6 degrees of freedom. In

Where: this case, the statement (29) is under-determined. Thissnea
z€N ; meN (25) that the matrixC can not be inverted anymore since it's
0 = 0 (26) hot quadratic. We have consequently for a given sequence
length » an infinity of solutions from which we need to
zi < Zit1 (27)

select those that satisfy (12) and (13) if they exist. Thikta
m is a design parameter used to set the ramp time delay ¢an be solved by many numerical iterative tools. Another
a known value. Equation (26) is used to constrain the firgiractical and sometimes less time consuming alternatite is
time instantt, to zero and have hence the fastest responsminimize the norm of the amplitudes for a given sequence
Adding (24) to the CSNE eliminates the time instants antengthn and then check whether the constraints are satisfied.
replaces them by the integets. The problem we want to The following quadratic minimization problem is hence to be
solve can now be stated explicitly: Solve fd;, € R and solved:

z; € N so that the equations (9), (10), (11), (14), (15), and 1 > 1 .o )

(23) are satisfied under restriction of (12), (13), (26) a@ig)( M 3 | A= ;474 subjectto CA=0b (30)



To proceed in solving (30) in an analytical way, we introduce V. QUADRATIC CONTROL ERRORMINIMIZATION

the respective Lagrangian function: Let e(t) be the control error observed when a shaped unit

step is applied to (1). Using (28), the shaped response will
L(AY) = 5 ATA+XT(CA ) o1y Siep is applied (0 (1) Using (28) ved resp

Where A\ € R® is the vector of the Lagrange multipliers.
Candidates for the minimum must satisfy:

n—1 n—1
Sis(t) =s(t) % Y Ab(t—t;) =D As(t —iT) (33)
1=0 =0

g—%:AJrCTA:O

Where s(t) is the step response introduced in (16). For
t > t,_1, the steady state is reached and the vibrations are
eliminated. At this point we suppose that a predictive path
Note that CCT is a 6 x 6 quadratic matrix with generator is available which accelerates the system respon

} = A=0cT(CcT)y" % (32

rank(CCT) = 6 which makes it invertible. by shifting the inputs withmT" backward in the time. Hence:
Starting fromn = 6 we can solve for the optimal )
amplitude vector iteratively till the constraints (12) and 51 () for ¢ €0; mT]
(13) are held (fig. 5). The number of the needed matrix ~ ©(t) = (1 —s,5(t) for te (mT; t, ] (34)
0 otherwise
n==~6 This control error can be minimized by using the time
for(::) integral of the quadratic control error. Hence, the follogyi
Build C andb objective function is introduced.
Computed = ct(Ccc?)~1p - 7 )
I,=4A QA+/@ (t) dt (35)
(12) and (13) )
o
yes satisfied no whereQ is ann x n diagonal and positive definite weighting
break ’ n—nal matrix. The larger the diagonal elementpare, the severer

are high amplitude values penalized. The minimization prob
lem can now be formulated as following: Find the amplitude
Fig. 5. Iterative scheme to compute an adequate sequence o#mpu set A that minimizes (35) subject to (12), (13) and (29).
Combining (28) and (34) yields:

inversion operations increases linearly with the lengtthef
sequence. Hence, the computational effort will be high for 2
long sequences of impulses. This problem can be fixed by e*(t) dt = /st (t) dt + / (L= s,5(0)" dt
setting a better initial value for to reduce the number © 0 mT
of iterations. In fact, this is always the case when the "7 (T
optimization is performed online: For a little variation of = / 52 (t) dt —2 / $;5(t) dt +(n —m —1)T (36)
the plant parameters, and D, the resulting new optimal 0
sequence will have almost the same length as the old one.
We can then initialize: with the length of the old sequence.
In this case we may extend the algorithm stated in fig. 5 to d@ne could already stop at this level and implement the
not only forward but also backward constraints check. Thiguadratic control error term the way it is stated in (36).
means, if the constraints are already satisfied for an initid hen, an iterative numerical optimization tool is needed to
guessng, then we check whether they are also held for &inimize (35). However this leads to high computational
sequence of |engt|m0 — 1. That way, we avoid operating effort since the integralﬁfql anqug have to be numerica”y
with |onger sequences than needed. evaluated for every call of the cost function (ln every
Choosing the amplitude vectot with the smallest norm iteration). A better alternati\{e is to proceed_ in simpl'rfgi
results in smooth shaped commands and improves the shaper/q2 @nd then solve analytically for the optimal amplitude
performance. However we still have no clear idea about wh¥ector 4 :

oo mT (n—1)T

mT

Zy42 a1

is happening with the system responsetfer ¢,,_;. When a (=171, 4

shaped step is applied to (1), the steady state is reached firs T, = Z A;s(t —iT) dt

att = t,,_1. For long sequences of impulses the setting phase ! P

takes quite much time and should consequently be optimized. T (i yT

In the following section we present a design scheme, that iy T

satisfies all constraints introduced in the previous sestio - ZAZ' / s(t)dt =A"0 (37)
and minimizes the quadratic step response control error for =0 o

—_———



Where§ is the vector composed of the elemental integral 1.2

0;. The integration time span @ can be reduced knowing 1010 —
that the step respons€t) is zero fort < 0 (see 16): 08! LT
(n—i—1)T 0.6 2 ‘—_/'/
0; = / s(t) dt (38) 0.4¢ 74 G
_ 0.2} S o
max((m—i),0)T 0.0 - P
7,2 can be evaluated in a similar way : o3 T 7 ol oo 0.3
time [s]
=0T rp1 2 () St
a ep responses
T = 3 Ais(t—iT)| e Prese
0 i=0 1.2
n—1 (n=1)T 10t ,-——_:_:_‘1
= Y A / s(t —iT)s(t — JT) dt 08| s
= 0.6 | Tl
1,j=0 0 |
0.4 - i
g 02} DR R -
= ATvA (39) 0.0 S
WhereV is then x n matrix composed of the integrais ;. -0.3 0z o1 00 [s] 0T 02 03

The shifted step responsé&—iT)) is zero fort < iT. Hence:

(b) outputs of the input shapers

(n—1)T
iy = / s(t —iT)s(t — jT) dt (40)

max(i,j)T

Notice that:

° ’[l}i)j = wj,i = ¥ = \IIT

® Yy 1 =Yin-1=0 = rank(¥)<n
The integralsg; and ¢; ; can now be computed either ) ‘
numerically or analytically and then used to compliig, 0005
T4 and finallyZ,:

15 25 3
time [s]

(c) System responses to a finite rate reference

T, =AT(Q+V)A-24"0+(n—m—-1)T  (41)
N—— Fig. 6. A representative sample of the simulation resultsfpe= 30%,

W D =10.02,n =36, m =17, T = 12ms and@Q = 0.2I. Continuous-thin:
i . . i i unshifted reference signals. Dashed: response of (1) ufitbontrol error
Equation (41) defines a linear quadratic cost function taat h minimization (section 1V). Continuous-thick: system respemith control

now to be minimized under the constraint (29). The solutioarror minimization (section V). Dashed-dotted: responsagisonventional
can be computed using an appropriate Lagrangian funCti(S?'PUS“npUt shaping (3 impulses) which is not suitable fongiad systems
(see section V). The resulting candidate for the minimum
is:
A- i {Q B CT(C § o7 )71 (C @_lQ B b)} (42) VI. EXPERIMENTS

The presented input shaping control scheme is applied
Though ¥ is singular, the matrix) can always be chosen to the flexible end-effector of an industrial robot (KUKA
so that® is a full rank matrix. Hence(’ W' CT € R6*6 is  KR180) with T = 12ms when performing the task stated
regular and can be inverted too. Notice that the cost functian fig. 1. The end-effector compliance is dominant with
(35) is maximized within infinite values of the amplitudesrespect to the flexibility of the robot itself. So, the defient
A, If Uis a regular matrix then the solution vector stateaf the force/torque sensor proves to be sufficient for the
in (42) will have only finite elements. Thus, (42) describesletermination of the pose of the tool center point. Moreover
a minimum. To incorporate the actuator constraints (12) artie compliance is concentrated within the mounting of the
(13) in the new design we may use the algorithm of fig 5. Theool and can thus be treated in Cartesian space (fig. 2).
only difference to section IV is that is computed using (42) In addition to the springs that are visible in fig. 2, the
and not (32) any more. Simulation results showed that tteensor comprises elastomers which offer both, elastic and
new optimal step response presents a clearly better uretklaydamping characteristics. Unfortunately this is assodiati¢th
tracking behavior in the setting phase. For moderate dilgora nonlinear behavior, in particular hysteresis which was
values of@ (¢; = 0.2) and a set of36 impulses, the cost compensated by a low gain integral controller. Deflections
functionZ, could be reduced td0% (fig. 6). induced by gravitational forces are more important and have



been considered by a lookup table with the end-effectqreriods of today’s industrial robots. Since fixed robot path
can be commanded in advance, the resulting time delay

The remaining end-effector dynamics are then identified not unfavorable. Besides, intermediate control erroes a
using the linear time invariant model (1). The commandminimized. It is worth mentioning that feedforward control
to the position controlled robot and the sensor measuredethods as input shaping are inherently stable, even if the

orientation as entry.

deflections are considered to be respectively the proceassumed process parameters are not appropriate. The only

input and output. The experimental identification shows thaequirement is a stable position controller which is predd
several flexible modes of oscillations and couplings betweeby the robot manufacturer. Future works will study the eéec
the individual Cartesian directions exist. This is expdmin of the proposed method in the frequency domain.

by the fact that the center of gravity and the compliance
center do not coincide. Theoretically this has to be dealt
by sequences of input shaping filters. In practice however, aThe authors would like to thank the Bayerische
single robust filter is sufficient for each direction since th Forschungsstiftung for supporting this work.

parameters are quite similar: The natural frequengyis

varying betweer257%¢ and 2874, while the damping ratio
D is between 0.02 and 0.04. The current implementatio

u

of input shaping included only off line identification of the 2]
parameters. However an online version is planned in future

works. Fig. 7 shows examples of the profit achieved by input[

shaping. These experiments show that a damping08t
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(a) Vibrations occurring in the Cartesian directignwhen applying a
positional pulse in the Cartesian direction
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(b) Vibrations occurring in the Cartesian orientatiarwhen applying an
orientational pulse in the Cartesian orientation

Fig. 7. Sample of the experimental results. (a) Vibration dagpiithin
cross-coupled dynamics. (b) Vibration damping within direégnamics.
Dashed: output deflection without input shaping. Contirucautput de-
flection with the presented type of input shaping
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(4]

(5]

(6]

(7]

(8]

(9]

(20]

[11]

[12]

[13]

[14]

(18]

[16]

is always reached in direct and cross-coupled oscillations
although we use a unique filter for each Cartesian dire¢t7)

tion/orientation.

VIl. CONCLUSION

The paper demonstrates that the well known method of
input shaping can be modified to fit to the long sampling
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