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Abstract: The paper addresses the problem of decreasing the overshoot for underdamped second-order 
systems. A new technique to control the overshoot is proposed, which is based on Posicast control and 
proportional integral and derivative (PID) control, which performs switching between two controllers. 
The aim is to use open-loop feedforward control to increase tracking performance and PID control to deal 
with disturbance rejection. It has been shown that the proposed control scheme can have some 
advantages over the classical approaches without switching capabilities. 
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1. INTRODUCTION 

A deadbeat-response is often considered as an optimal 
closed-loop response, since it achieves minimum rise-time, 
no steady-state error and no overshoot, in a minimum number 
of time-steps. From the authors’ experience in designing 
second-order systems control, an important question is: how 
to achieve small or zero overshoot in the closed-loop step-
response for the second-order systems? This is a relevant 
issue, as there are many control applications in practice 
dealing with systems dynamics represented by second order 
models and requiring minimum overshoot. The 
representatives of such systems can be found in robot control 
(Singhose and Seering, 2005), crane control (Sorensen et al., 
2007) vibration control (Singer and Seering, 1990; Singhose, 
2009; Singh and Singhose, 2002; Dhanda and Franklin, 2005) 
and power-systems electronics (Li, 2009; Chiang et al., 
2009). 

Two of the most important control objectives are set-point 
tracking and disturbance rejection (or regulation). Indeed, for 
many industrial systems, the main control objective is not just 
to follow a reference input command. Indeed, this objective 
can often be accomplished by using a feedforward open-loop 
control. On the other hand, feedback is dealing with 
disturbances, model uncertainty and signal noise. Smith 
(1957) proposed a simple open-loop feedforward control 
approach for underdamped systems to achieve deadbeat 
responses (Tallman and Smith, 1958). This technique is 
based on splitting the input command signal, usually a step, 
in two fractions which are applied to the system at different 
instants. This technique was termed Posicast control (Smith, 
1957), and gave origin to most of the flexible systems and 
vibration control theory from the last 50 years (Singhose, 
2009). Despite of its simplicity and relevance, Posicast 
control is not present in most of Feedback and Process 

Control textbooks. Therefore, it is unknown to a great 
number of control teachers, researchers and plant operators 
who are not directly involved with flexible structures and 
vibration control. Despite of that, some research efforts have 
been directed recently to Posicast Control (Sugiki and Furuta, 
2006;Yildiz et al., 2010; Kalantar and Mousavi, 2010; Kucera 
and Hromcik, 2011). However, none of the prior involves 
PID control. 

This paper proposes a new control structure, which can be 
used to achieve fast closed-loop response with minimum 
overshoot for underdamped second-order systems, based on 
the Posicast input-command shaping concept and PID 
control. 

2. HALF-CYCLE POSICAST INPUT SHAPING 

A second-order system can be represented by: 
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where: ωn represents the natural system frequency and ζ the 
damping factor. The characteristic equation roots of (1) can 
be represented as follows: 

12
2,1 −±−= ζωζω nnp . (2) 

If damping factor is less than 1, (2) has complex roots and it 
can be written as: 

djp ωσ ±−=2,1 , (3) 

where ωd represents the underdamped natural frequency: 

21 ζωωζωσ −=−= ndn . (4) 

The first overshoot, δ, the underdamped time period (Td) and 
peak time (Tp) can be evaluated by: 
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The fundamental concept of Posicast (term derived from 
positive-cast) is splitting the input command in two fractions: 

)()()( 21 tututu +=  (8) 

The first fraction is applied at time zero, while the second 
fraction is delayed in relation to the first one by half of the 
underdamped time period: 
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Both input command fractions amplitudes, A1 and A2, are 
functions of the overshoot. As the delay of the second 
command input fraction is equal to half of the underdamped 
time period, it was termed as half-cycle Posicast and it is 
illustrated by Fig. 1. 
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Fig. 1. Half-cycle command splitting using a time-delay. 

Half-cycle (hc) Posicast pre-shaper transfer function can be 
obtained from Fig. 1: 
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Since the input is a normalized unit step, the sum of two step 
amplitudes equals one: 

1221 11 AAAA −=⇔=+  (12) 

Half-cycle transfer function is often represented in the 
following format (Hung, 2007): 
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Half-cycle Posicast acts as a compensator with complex 
zeros, which cancel the effect of two underdamped poles. The 
location of half-cycle Posicast zeros can be evaluated using 
the following expression: 
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Smith (1957) also proposed applying a sequence of two 
impulses convolved with the input command. This concept, 
illustrated by Fig. 2 (asterisk denotes convolution), was latter 
pursuit and extended by Singer and Seering (1990), in the 
context of flexible structures vibration control, resulting in an 
input command shaper called Zero Vibration (ZV). 

 

Fig. 2. Zero Vibration (ZV) shaping. 

  
The response of an underdamped second-order system to a 
single impulse is represented by: 
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with: A and t0 representing respectively the amplitude and 
time in which the impulse is applied. Thus, the system 
response for a sequence of n impulses can be expressed as 
(Singer and Seering, 1990): 
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where: 
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with: Aj and tj representing the amplitude and time of impulse 
occurrence, respectively. The percentage vibration equation 
(Singer and Seering, 1990) is represented by: 
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If desired closed-loop response should be without any 
oscillations and considering that the sum of impulse 
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amplitudes equals one (24), as well as minimizing the time of 
the second impulse, the ZV equation should be the following: 
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As it can easily be verified, expression (26) is equal to (5), so 
K is equivalent to the overshoot, and the two impulses 
amplitude expressions (25) are the same as the two steps 
amplitudes expressions (9) and (10).  The time of the second 
impulse is equal to the time of the second half-cycle step 
(27), showing the ZV shaper equivalence to the half-cycle 
Posicast. 

 

3. FEEDFORWARD-FEEDBACK PID CONTROL 

Most of the industrial control loops are controlled either by 
proportional and integral (PI) controllers or by proportional, 
integral and derivative (PID) controllers (Åström and 
Hägglund, 1995) due to a relatively high performance and 
robustness levels achieved in a wide range of plants. This 
type of controllers can be represented and implemented using 
several control configurations (Araki and Taguchi, 2003). 
This study considers PID control implemented with output 
filter, since controller output activity is significantly reduced 
in noisy systems (Vrančić et al., 2005). The PID controller 
adopted can be represented by: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+

++
=

f

ipd
c sTs

KsKKs
sG

1
1)(

2

 (28) 

Where: Kp, Ki and Kd represent the proportional, integral and 
derivative term gains, respectively, and Tf the filter time 
constant.  

A myriad of techniques have been proposed to solve the 
windup problem (Peng et al., 1996; Zaccariana and Telb, 
2002; Visioli, 2006), known as anti-windup or reset-windup 
techniques. Windup occurs as a practical limitation 
associated with all actuators, its saturation limits, which 
cause the controller integral part to increase significantly, 
deteriorating the closed-loop performance. Another problem 
related with the practical implementation of PI/PID 
controllers is the transition between manual to automatic 
operation mode. As this transition should be relatively 
smooth, the techniques are known as bumpless transfer. 
Some of the techniques proposed to deal with integral 
windup can be used for bumpless transfer, as will be 
explained later. The use of a transfer function shaper in the 
control loop raises the question: where should it be 
incorporated? In the original Posicast paper, Smith (1957) 
proposed the shaper incorporation into the feedback loop 

using two equivalent two-degrees of freedom configurations, 
illustrated in Fig. 3. This problem has been recently 
addressed by incorporating the shaper in series after the 
controller inside the control loop (Huey et al., 2008). 

 

Fig. 3. Feedforward-feedback configurations. a) The half-
cycle Posicast is used as a prefilter b) Equivalent 
configuration to a). 

The structure used to control underdamped second-order 
systems is represented in Fig. 4. The principle of the control 
structure is to use a half-cycle Posicast as feedforward control 
to achieve deadbeat response, in accordance to desired set-
point tracking, and PID control to deal with disturbance 
rejection. Structure in Figure 4 has an advantage over 
structure in Figure 3, since it improves the set-point tracking    
performance. Disadvantage is that the system is in the open-
loop configuration during set-point change. However, set-
point changes are usually not frequent in industrial 
applications.     

 

Fig. 4. Feedback control loop with the shaper used for set-
point tracking and the controller for disturbance rejection. 

Fig. 5 presents the proposed control structure in which the 
half-cycle Posicast shaper is used in an open-loop or manual 
(M) mode to perform set-point tracking, and the operation is 
changed to an automatic mode (A) to achieve disturbance 
rejection. This control structure uses an anti-windup and 
bumpless transfer protection by using the Conditioning 
technique (Hanus et al., 1987; Walgama et al., 1992; Bohn 
and Atherton,1995; Peng et al.,1996). The actuator amplitude 
and velocity limits are represented by a model. The controller 
with anti-windup protection is denoted as: 

( ) ( ) ( )( )r
AWcr UUsGYsGRsGU −−−=  (29) 

where U, Ur, R and Y are controller output, limited output, 
reference and the process output, respectively. GAW is anti-
windup protection. The anti-windup protection is realised by 
feeding amplified difference between signals U and Ur back 
to integrator’s input, as shown in Figure 5. 
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Fig. 5. Proposed feedback loop with: PID controller, Posicast 
and anti-windup protection. 

4. SIMULATION  

The system under study is represented by:  
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with: ωn=2 rad/s and ζ=0.35. The overshoot is determined 
using (5) as δ=0.31, and the peak time using (7), Tp=1.68s. 
Thus, the half-cycle Posicast transfer function is as follows: 
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It is interesting to simulate individual response of system Gp1 
on each Posicast step command, u1 and u2 (signals y1 and y2, 
respectively), and then sum the individual responses to obtain 
the final system response y. This procedure is illustrated in 
Fig. 6.  

 

Fig. 6. Simulink model for measuring the half-cycle step-
input responses (individual and superimposed). 

The simulation results are illustrated in Fig. 7.  
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Fig. 7. Half-cycle posicast individual and superimposed step 
responses, for system Gp1. 

The underdamped poles for system (31), evaluated using (3), 
are: j. .= -s , 87417021 ± .The first two zeros in expression (15) 
should be set at the same location. If expression (13) is used 
to evaluate (with k=0) the first pair of zeros location 
corresponding to half-cycle Posicast shaper, the same value is 
obtained for the cancelling zeros, j. .= -z , 87417021 ± .The 
equivalent ZV shaper for system (31) is represented by (35). 
As expected, the simulation results are the same to ones 
shown in Fig. 7. 
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Controller parameters were obtained from system (31) by 
using the Magnitude Optimum Multiple Integration (MOMI) 
tuning method (Vrančić et al., 2001). If the system with the 
first-order filter from controller (Tf) can be represented by the 
following expression: 
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with: KPR representing the process steady-state gain and Tdelay 
the pure time delay, the following characteristic areas 
(moments) can be calculated:  
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The PID controller parameters can be expressed from the 
areas (37) in the following way (Vrančić et al., 2001): 
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In our case, the process with the first-order controller filter 
with time constant Tf=0.1 is: 
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Therefore, the areas (37) are the following: 
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and the controller parameters (38) are: 
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Fig. 8 shows the system response with filtered PID controller 
in the closed-loop configuration with the process. The 
tracking and disturbance-rejection performance is stable and 
relatively fast all according to the MOMI tuning method.  
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Fig. 8. Step responses for PID control tuned with the areas 
method, for system Gp1. 

However, the overshoot can be reduced and the tracking 
performance can be made better by using control scheme 
presented in Fig. 5, with settings defined in (34) and (41). 
Fig. 9 presents the system output response to a unit step input 
signal obtained with three control structures: the PID 
controller, the PID controller with the half-cycle Posicast 
(PID-P) and the PID controller with anti-windup protection 
and the half-cycle Posicast (PID-AW-P), using the control 
implementation presented in Fig. 5. The switching time 
equals settling time of the process. In this case the switch in 
Fig. 5 changes to automatic mode (PID closed-loop control) 
at t=4s. A step input disturbance with amplitude of 0.2 has 

been applied to the process output at t=10s. Fig. 10 presents 
the control signals obtained in simulation.  
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Fig. 9. System output step response obtained with the PID 
controller, PID with half-cycle Posicast and the bumpless 
PID control configuration presented in Fig. 5. 
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Fig. 10. Control signal output for the step responses 
presented in Fig. 9.  

As it can be seen from Fig. 10, there is a relatively large 
change of controller output signal when switching into 
automatic mode with PID-P controller. On the other hand, 
anti-windup protection was more than efficient when using 
PID-AW-P controller, since there was no large change of 
control signal. The results indicate that the proposed 
methodology clearly improve the set-point tracking 
performance of the underdamped control system due to the 
Posicast compensator, while maintaining the regulatory 
performance of the PID controller. 
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6. CONCLUSIONS 

A new technique was proposed which integrates the half-
cycle shaper as a feedforward compensator to increase 
tracking performance and a PID controller to retain 
disturbance rejection properties. The transition between the 
manual feedforward set-point operation and automatic 
feedback PID control is accomplished by using an 
appropriate anti-windup and bumpless transfer technique. 
The proposed solution is especially efficient for decreasing 
the overshoots of underdamped second-order systems. 
Simulation results clearly indicate that the Posicast technique 
significantly improves the set-point tracking performance 
compared to the PID controller.  

The proposed control structure can be easily implemented 
and has a great margin for improvement. The issue of model 
parameter uncertainty is to be addressed in future research.   
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