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Abstract: This project presents investigations into the applications and performance of embedded input
shaper in command shaping techniques for vibration control of a flexible manipulator. A constrained
planar single-link flexible manipulator is considered and the dynamic model of the system is derived
using the assume mode method. An unshaped bang-bang torque input is used to determine the
characteristic parameters of the system for design and evaluation of the input shaping control techniques.
In order to investigate real-time implementation of the controllers, the embedded input shaping is
programmed in PIC microchip and tested to the flexible manipulator model in Matlab.  The investigation
results of the response of the manipulator to the shaped inputs are presented in time and frequency
domains. The performance of the controllers in real-time are investigated in terms of the level of
vibration reduction and time response specifications.
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INTRODUCTION

An embedded control system is a computer system designed to perform one or a few controller functions 
(Brian, 2002; Heath, 2003) often with real-time computing environment. It is embedded as part of a complete
device often including hardware and mechanical parts. By contrast, a general-purpose computer, such as a
personal computer (PC), is designed to be flexible and to meet a wide range of end-user needs. Embedded
systems control many devices in common use today (Barr, 2006). For example, air traffic control systems may
usefully be viewed as embedded, even though they involve mainframe computers and dedicated regional and
national networks between airports and radar sites. Embedded systems are controlled by one or more main
processing cores that are typically either microcontrollers or digital signal processors (DSP). The key
characteristic, however, is being dedicated to handle a particular task, which may require very powerful
processors. In this study, input shaping algorithm is embedded in microcontroller system and the performance
of the proposed algorithm is tested to the flexible manipulator system in Matlab environment.

The requirement of precise position control of flexible manipulators implies that residual vibration of the
system should be zero or near zero. Over the years, investigations have been carried out to devise efficient
approaches to reduce the vibration of flexible manipulators. The considered vibration control schemes can be
divided into two main categories: feed-forward control and feedback control techniques. Feed-forward techniques
for vibration suppression involve developing the control input through consideration of the physical and
vibrational properties of the system, so that system vibrations at dominant response modes are reduced. This
method does not require additional sensors or actuators and does not account for changes in the system once the
input is developed. 

A number of techniques have been proposed as feed-forward control strategies for control of vibration.
Swigert (Swigert, 1980) has derived a shaped torque that minimises residual vibration and the effect of parameter
variations that affect the modal frequencies. However, the forcing function is not time-optimal. Several
researchers have studied the application of computed torque techniques for control of flexible manipulators
(Moulin, 1991). However, this technique suffers from several problems (Singer, 1990). These are due to
inaccuracy of a model, selection of poor trajectory to guarantee that the system can follow it, sensitivity to
variations in system parameters and response time penalties for a causal input.

Bang-bang control involves the utilisation of single and multiple-switch bang-bang control functions (Onsay,
1991), which require accurate selection of switching time, depending on the dynamic model of the system. Minor
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modelling errors could cause switching errors and result in a substantial increase in the residual vibrations. Meckl
and Seering (1990) have examined the construction of input functions from either ramped sinusoids or versine
functions. The resulting input which is given to the system approaches the rectangular shape, but does not
significantly excite the resonances. The method has subsequently been tested on a cartesian robot, achieving
considerable reduction in the residual vibrations.

Another method for feed-forward motion-induced vibration control is the command shaping technique. A
significant amount of work on shaped command input based on filtering techniques has been reported. In this
approach, a shaped torque input is developed on the basis of extracting the input energy around the natural
frequencies of the system, so that the vibration of the flexible manipulator during and after a movement is
reduced. Various filtering techniques have been employed. These include low-pass filters, band-stop filters and
notch filters (Singhose, 1995; Tokhi, 1996). It has been shown that better performance in the reduction of level
of vibration of the system is achieved using low-pass filters. 

Singer and co-workers have proposed an input shaping strategy, which is currently receiving considerable
attention in vibration control (Singer, 1990; Pao, 2000). Since its introduction, the method has been investigated
and extended. Using this method, a response without vibration can be achieved, however, with a slight time delay
approximately equal to the length of the impulse sequence. With more impulses, the system becomes more robust
to flexible mode parameter changes, but this will result in longer delay in the system response. Recently, an
experimental study on the performance of the input shaping technique in reducing vibration of a very flexible
manipulator system has been reported (Z. Mohamed, 2005).

2. The Flexible Manipulator System:
A description of the single-link flexible manipulator system considered in this work is shown in Figure 1,

where {O Xo Yo} and {O X Y } represent the stationary and moving coordinates frames respectively, s represents
the applied torque at the hub. E, I, p, A, IH, r, and Mp represent the Young modulus, area moment of inertia, 
mass density per unit volume, cross-sectional area, hub inertia, radius and payload mass of the manipulator is
confined to the {O Xo Yo} plane. 

The rotation of {O X Y } relative to frame {O Xo Yo} is described by the angle θ. The displacement of the
link from the axis OX at a distance x is designated as υ (χ, t). Since the manipulator is long and slender,
transverse shear and rotary inertia effects are neglected.  By using the Bernoulli-ruler beam theorem to model
the elastic behavior of the manipulator. The manipulator is assumed to be stiff in vertical bending and torsion,
allowing it to vibrate dominantly in the horizontal direction and thus, the gravity effects are neglected. Moreover,
the manipulator is considered to have constant cross-section and uniform material properties throughout. This
project is using aluminum type flexible manipulator system as the modeling model.  The dimension of this model
is 900 × 19.008 × 3.2004mm2 Young Modulus, E is 7 × 109 N/m2, Area moment of inertia, I is 5.1924 × 1011m4,
mass density per unit volume, ρ is 2710 kg/m3 and hub inertia, IH is 5.8598 × 10-4 kgm2 is considered. A
simulation algorithm characteristic the dynamic behavior of the manipulator has previously been developed using
the assume mode method. This is used in this work as a platform for test and evaluation of the proposed control
approaches. 

3. Modeling of the Flexible Manipulator:
This section provides a brief description on the modelling of the flexible robot manipulator system, as a basis

of a simulation environment for development and assessment of the control techniques. The assume mode method
with two modal displacements is considered in characterising the dynamic behaviour of the manipulator
incorporating structural damping and hub inertia. Further detailed of the description and derivation of the dynamic
model of the system can be found in (Subudhi, 2002). The dynamic model is validated with an actual
experimental rig to study the performance of the model in (Martins, 2003).

Considering revolute joints and motion of the manipulator on a two-dimensional plane, the position vector
that describes an arbitrary point along the deflected link with respect to its local inertial coordinate frame {O Xo

Yo} Zo} is given by 

  (1)1 2( , ) [ cos ( ) ( , ) sin ( )] [ sin ( ) ( , ) cos ( )]r x t x t v x t t p x t v x t t p      

where p1 and p2  are the unit vectors along the X0 and Y0 axes respectively. To simplify the notation, Cθ and Sθ
represent Cθ and sinθ respectively. The velocity vector of the same infinitesimal element is accordingly given by

  (2)1 2( , ) [ ( ) ] [( ) ]r x t x v S v C p x v C v S p                 
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where the superposed dot has the usual meaning of time derivative. The kinetic energy of the system can thus
be formulated as

      (3)2

0

1 1
( , ) ( , )

2 2

L
T

HT I r x t r x t dx      2 2 2 2 2 2

0

1 1
( 2 )

2 2

L

HT I x v vx v dx            

A common simplification is usually made at this point. This simplification is motivated by the simplicity
desired from the models used for control purposes and has the underlying assumption that the displacement v(x,t)
is small. The comparative values are the first natural frequency for the rotational velocity, and the length of the
beam for the transverse displacement. Rearranging the terms in the expression for the kinetic energy that multiply 

          yields2 ( )t

  (4)2 2 2 2 2 2 2 2 2 2

0 0 0

1 1 1 1 1
(( ) 2 ) ( ) ( 2 )

2 2 2 2 2
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Under the stated assumption, the second term on the right hand side of the above equation can be simplified as

  (5)2 2 2 2 2 2 2 2

0 0 0

( ) ( ) ( )
L L L

bx v dx x dx x dx I              

where Ib is the beam rotation inertia about the origin O0 as if it were rigid. This simplification is of common
practice for control applications, and as is shown further, results in much simpler (linear) equations of motion
for the system. The simplified form of the kinetic energy is finally obtained as

  (6)2 2

0

1 1
( ) ( 2 )

2 2

L

H bT I I v vx dx       

The potential energy of the beam can be formulated as

  (7)

22

2
0
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2

L v
U EI dx

x

 
   


This expression states the internal energy due to the elastic deformation of the link as it bends. The potential
energy due to gravity is not accounted for since only motion in the plane perpendicular to the gravitational field
is considered.

Next, to obtain a closed-form dynamic model of the manipulator, the energy expressions in (6) and (7) are
used to formulate the Lagrangian  L= T-U. Assembling the mass and stiffness matrices and utilising the Euler-
Lagrange equation of motion, the dynamic equation of motion of the flexible manipulator system can be obtained
as

  (8)
.. .

M q D q Kq F  

where M, D and K are global mass, damping and stiffness matrices of the manipulator respectively. The damping
matrix is obtained by assuming the manipulator exhibit the characteristic of Rayleigh damping. F is a vector of
external forces and q is a modal displacement vector given as

  (9) 1 2 ...
TT T

nq q q q q     

 (10) 0 0 ... 0
T

F 

Here, qn is the modal amplitude of the i th clamped-free mode considered in the assumed modes method
procedure and  represents the total number of assumed modes. The model of the uncontrolled system can be
represented in a state-space form as

 (11)Cxy

BuAxx
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with the vector                                 and the matrices A and B are given by1 2 1 2

T
x q q q q    
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By substituting all the values, the parameters of the flexible-link state space model can be gained as follow,

7
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C= [1 1 1 0 0 0] , D = [0]  (13)

4. Input Shaping Design:
The block diagram of input shaping control configuration is shown in Figure 2. Simulation exercise is

performed within the flexible manipulator simulation environment by using the Matlab7.5® simulation software.
Initially, the bang-bang torque input is excited to the flexible manipulator system to obtain the characteristic
parameter of the system. After the investigation of the bang- bang torque input’s characteristic is done, the
flexible manipulator is excited with the shaped bang-bang input by using positive input shaping technique in the
next procedure. The input shapers are designed based on the properties of the manipulator and used for
processing the input.  

Figure 3 shows the block diagram of input shaping control configuration for the embedded implementation.
The bang-bang torque input and positive input shaping algorithm is programmed on the PIC microcontroller. The
positive input shaping technique consists of positive zero vibration (ZV) shaper, positive zero vibration derivative
(ZVD) shaper and positive zero vibration derivative-derivative (ZVDD) shaper are proposed in this study. The
PIC board is connected to the computer desktop by interfaced with FTDI USB serial board. The investigation
is repeated from the initial step by using the positive input shaping algorithm in PIC. Then, the experimental
result with embedded input shaping is compared with the simulation result. 

Input shaping technique is a feed-forward control technique used to control residual vibrations of flexible
systems. The shaped input is implemented by convolving a series of impulses known as input shaper, with the
reference command to produce a shaped input command to drive the system. Design objectives are to determine
the amplitude and time locations of the impulses in order to reduce the detrimental effects of system flexibility.
These parameters are obtained from the natural frequencies and damping ratios of the system. The corresponding
design relations for achieving a zero residual single-mode vibration of a system and to ensure that the shaped
command input produces the same rigid body motion as the unshaped command. A brief description and
derivation of the control technique is presented in this section.

Generally, a vibratory system of any order can be modelled as a superposition of second order systems each
with a transfer function

 (14)
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2 2
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where ω is the natural frequency of the vibratory system and ζ is the damping ratio of the system. Thus, the
response of the system in time domain can be obtained as 

 (15) 0( ) 2
02

( ) exp sin 1 ( )
1

t tA
y t t t  


   



where A and t0 are the amplitude and the time location of the impulse respectively. The response to a sequence
of impulses can be obtained by superposition of the impulse responses. Thus, for N impulses, with , 

                           the impulse response can be expressed as  21d   
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and Ai and ti are the amplitudes and time locations of the impulses.
The residual single mode vibration amplitude of the impulse response is obtained at the time of the last

impulse, tN as
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To achieve zero vibration after the last impulse, it is required that both V1 and V2 in equation (17) are
independently zero. This is known as the zero residual vibration constraints. In order to ensure that the shaped
command input produces the same rigid body motion as the unshaped reference command, it is required that the
sum of amplitudes of the impulses is unity. This yields the unity amplitude summation constraint as

 (18)
1

1
N

i
i

A



In order to avoid response delay, time optimality constraint is utilised. The first impulse is selected at time

t1 = 0 and the last impulse must be at the minimum, i.e. min (tN).The robustness of the input shaper to errors in
natural frequencies of the system can be increased by taking the derivatives of V1 and V2 to zero. Setting the
derivatives to zero is equivalent to producing small changes in vibration corresponding to the frequency changes.
The level of robustness can further be increased by increasing the order of derivatives of V1 and V2 and set them
to zero. Thus, the robustness constraints can be obtained as

            ;   (19)1 0
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 2 0
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For the case of avoid the problem of large amplitude impulses, each individual impulse must be less than
one to satisfy the unity magnitude constraint. Hence by setting V1 and V2 in equation (17) to zero, 

     And solving this yields to a two impulse sequence with parameters such as
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where 

                 ,  
21K e





 21d n   

ωn and ς representing the natural frequency and damping ratio respectively. For the impulses, tj and Aj are the
time location and amplitude of impulse j respectively.

The robustness of the input shaper to error in natural frequencies of the system can be increased by solving
equation (19) with i = 1, Setting the derivative to zero is equivalent of producing small changes in vibration with
corresponding changes in the natural frequency. Thus, additional constraints are incorporated into the equation,
which after solving, yields three impulse sequences with parameter as
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where K is as in equation (20)
The positive ZVDD input shaper is obtained by solving equation (17) and (19) to zero and solving with the

other constraint equations. Hence a four impulse sequence can be obtained with the parameters as
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where K is as in equation (20)

5. Embedded Input Shaping:
In this section, the circuit connection of each module is discussed. The circuit connection of each module

is explained elaborately which include the architecture, operations, functionality and features of each device. The
hardware design is consists of serial communicator module and Microcontroller module. The system board is
designed based on the requirement of this project. A microcontroller is as programmable digital component that
incorporates the functions of a central processing unit (CPU) on a single semiconducting integrated circuit (IC).
It is much smaller and simplified so that it can include all the function required on a single chip. 

PIC18F14K50 USB Flash Microcontrollers is chosen as embedded tools in this project. This PIC18 family
offers the advantages of namely, high computational performance at an economical price. It also with the
additional of high-endurance, flash program memory. This PIC microcontroller features a full speed USB 2.0
compliant interface that can automatically change clock sources and power level upon connection to host, making
it an exceptional device for low power applications.  On top of these features, the PIC18 family introduces design
enhancements that make this microcontroller a logical choice for many high performances, power sensitive
applications. It is very suitable application in this project as an embedded algorithm function.

This PIC microcontroller contain large number of data storage which is 16kB for program memory and 768
bytes is for data memory. It is able to embedded a complex positive input shaping algorithm into program
memory of PIC microcontroller. Figure 4 shows the relationship between CPU, the bus, and the memory system.
Note that every address bus is unidirectional, which means that data on the address bus goes one way, from CPU
to memory space. On the other hand, the bidirectional data may be writen to or read from memory.

Figure 5 shows the connection bus of bidirectional between each module, which is include timer, I/O ports,
analog to digital converter, serial port and other peripherals. The timer in this achitecture can opearate as either
a timer or a counter. There are three ports available in this microcontroller. Some pin of the I/O are multiplexed
with an alternate function form the peripheral features on the device. The analog to digital converter(ADC) of
PIC18 is allow conversion of an analog input signal to a 10 bit-binary represntation of that signal.
PIC18LF14K50 microcontroller include several other features, such as oscillator selection, interrupts and universal
serial bus peripheral. 
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This module is the core module of the project. This module consists of PIC18LF14K50 and the FTDI chip.
The microcontroller contain a full speed, compatible USB serial interface engine. That allows PIC embedded with
positive input shaping algorithm can be fast communication with USB host. FTDI module is used to interface
device between the USB host and PIC microcontroller. The FTDI module have a internal power circuit, which
able to share power from USB hub to the microcontroller and FTDI chip. The connection of FTDI and
microcontroller is shown in Figure 6. 

Figure 7 shows the overview of FTDI RS232RL basic breakout board. FTDI chip RS232RL is a type of USB
UART interface integrated circuit devices which able to do asynchronous serial data transfer interface to PIC
microcontroller. Since the cost and the size of circuit board is very limited, so the complete set basic breakout
board for the FTDI FT232RL was chosen. 

The breakout board is included with the voltage regulator and clock circuit. It also has TX and RX LEDs
that make user to indicate serial traffic on the LEDs to verify if the board is working or not. The pin out of this
board is connected to microcontroller, such as the power 3.3 V, ground, pin RX and pin TX. The schematic
diagram of FTDI breakout board is shown in Figure 8.

6. Implementation and Result:
Figure 9 shows the result of bang-bang torque input convolved with positive input shaping algorithm in PIC

and shaped input with different order derivative in matlab simulation. The PIC is embedded with positive input
shaping with different derivative order. From the Figure 9, it is observed that the result of the PIC is almost same
with the results from the Matlab simulation. The shaped bang-bang torque is capable to built or design in PIC. 

It has slightly different in amplitude in certain time interval. The error is due to the limitation of PIC
microcontroller in order to show the output value in more than two decimal. The last digit after two decimal is
automatically disappeared in this case.  Therefore the PIC microcontroller is less accurate compare to the matlab
simulation due to the decimal number constraint of PIC microcontroller in programming.

Moreover, the time consumption for calculation process in PIC is much longer than time consumption for
simulation in Matlab software. This can be considered a time delay in the PIC during calculation compare with
Matlab simulation by using PC. This is because the rate of processing and random access memory in PIC
microcontroller is much smaller than Matlab software in PC.  In evaluate that, the input shaping algorithm
embedded into PIC is not suitable to use for the long input duration and complex algorithm.

Figure 10 shows the comparison of power spectral density (PSD) of the end-point acceleration of the flexible
manipulator system between PIC and the Matlab simulation with different order of derivation. It is to compare
the behavior of the system between PIC and Matlab simulation. It is found that the maximum magnitude for the
power spectral density (PSD) of the end point acceleration in PIC embedded with positive input shaper algorithm
is same with the maximum magnitude for Matlab simulation in different order of derivation. This noticed that
the behavior of the system in PIC and Matlab simulation is same. However, the magnitude of the end point
acceleration in PIC is slightly different as compared to Matlab simulation at certain frequency. The different is
more significant when the positive input shaping derivative order is higher. This is due to the limitation of PIC.
The embedded PIC is unable to show the digit more than two decimal places.  More decimal places are needed
to consider for the higher order of derivative to make sure the results is accurate.

Figure 11 shows the end-point acceleration of embedded PIC and Matlab simulation with different derivative
order. From this figure, the end-point acceleration using the embedded PIC is conforming in very detail as
compared to the end-point acceleration in Matlab simulation. The positive input shaper algorithm in PIC is
verified.

The comparative assessment of hub angle response of the flexible manipulator to the shaped bang-bang
torque input with exact natural frequency between embedded PIC microcontroller and Matlab simulation is shown
in Figure 12. Figure 13 shows the bar chart of rise and settling time of the hub-angle using embedded positive
input shaping and positive input shaping in Matlab simulation. It is noticed that the vibration in the hub-angle
of embedded PIC and Matlab simulation is reduced in same response. Table 1 summarize the rise time, settling
time and overshoot of the hub-angle response using the embedded PIC microcontroller. Based on the rise time,
settling time and overshoot of the hub angle data, it is found that the speed of the system response reduces with
the increase in the number of impulses. It is noted that the embedded positive input shaping in PIC
microcontroller have same characteristic with the positive input shaping process in Matlab simulation. The
embedded positive input shaping algorithm into PIC is verified.

From the results, it is found that the speed of the system response reduces with the increase in the number
of impulses. This also means that the higher order positive input shaper will reduce the speed of the system
response. Also found that the transient response of shaped input control is smoother compare to bang-bang torque
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input control and further improved using higher derivative order. The vibration of the system can be reduced
effectively by using positive input shaping technique with higher order derivative.

Embedded positive input shaping using PIC microcontroller is capable to shape the bang-bang torque input.
The outcome of embedded input shaping in PIC is same with positive input shaping in Matlab simulation in
terms of time response specifications and vibration reduction.  However, the embedded PIC provides less
accuracy and slower processing speed compared to Matlab simulation in computer. This is because the
microcontroller chip has its limitations. The embedded PIC is unable to calculate the digit more than two decimal
places and processing rate of PIC is slow compare to the common PC.

Fig. 1: Description of flexible manipulator.

Fig. 2: The block diagram input shaping control configuration.

Fig. 3: The block diagram input shaping control configuration for next session.

Fig. 4: PIC18 memory bus structure.
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Fig. 5: Internal architecture of PIC18.

Fig. 6: The connection between FTDI and PIC microcontroller.

Fig. 7: The overview of FTDI RS232RL basic breakout board.

Fig. 8: FTDI schematic diagram.
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Fig. 9: The comparison graph of result in embedded positive input shaping and Matlab simulation.
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Fig. 10: PSD of embedded positive input shaping and the Matlab simulation with different derivative order.
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Fig. 11: End-point acceleration of embedded positive input shaping and matlab simulation in different order of
derivation.
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Fig. 12: Comparisons in embedded PIC and Matlab simulation with different derivative order for hub-angle
response.

Fig. 13: Rise and settling time of the hub-angle using Matlab simulation and embedded positive input shaping.

Table 1: Rise time, settling time and overshoot for hub-angle response using embedded positive input shaping.
Input Shaper Rise time (s) Settling time (s) Overshoot (%)
PZV 0.420 0.828 0.242
PZVD 0.437 0.862 0.015
PZVDD 0.441 0.902 0.001

Conclusion:
The vibrations in a system can be reduced effectively using positive input shaping techniques. For any

vibration system, the vibration reduction can be accomplished by convolving any desired system input with an
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impulse sequence. This yields a shaped input that drives the system to a location without vibration. This method
is based on feed-forward control strategy that requires simple estimated values of the natural frequencies and
damping ratios. The higher number of impulse provides higher level of vibration reduction. However, with more
impulse, the system response will become very slow. From the results, the higher levels of vibration reduction
were obtained with positive ZVDD shaper as compared to the shaped input with positive ZVD and ZV shaper.
The speed of the system response reduces with the increase in the number of impulse. The vibration can be
further reduced as the number of derivative is increased. The implementation of embedded positive input shaping
algorithm with different order of derivative have been validated with simulation work in Matlab. The response
of the embedded input shaping show almost similar results as compared to Matlab simulation. However, the
processing time is much longer as compared to the processing time in Matlab software by using PC and less
accurate due to the limitation of PIC controller.  
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