










































































































































































































































































































Chapter 7 Augmented control scheme for input tracking and vibration suppression 

7.3.1 Input signal 

A fin ite step input signal with a magnitude of 0.3 volt, depicted in Figure 7.3, 

referred as a reference signal is applied to the system to extract its response. The 

signal is designed off-line separately and then read from the workspace through 

MA TLAB /SIMULINK environment to evaluate the performance of the developed 

controllers. 
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Figure 7.3: Finite step input 

7.3.2 4-impulsc input shaper 

Ba ed on the procedure presented in Chapter 5 (sections 5.2.1 and 5.32), a four­

impulse sequence input haper, repre enting the feedforward controller, was 

de igned ba ed on the natural frequency (0.35156 Hz) and the damping ratio 

(0.0 101) for the main dominant mode of the TRMS. The de igned input shaper wa 

then employed for pre-proce ing the command input in order to reduce motion and 

uneven ma induced vibration in the TRMS rig during it operation. 

igure 7.4 how the de igned 4-impulse shaped input and it corre ponding 

impulse equence for the developed input haper. Analogou to the analy i carried 

out in hapter 5, for digital implementation of the input- haper, location of the 

impulse were elected at the neare t ample time-step. The amplitude and 

corresponding time location of the 4-impulse equence of the de igned input hap r 

are given in Table 7.1. 
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Chapter 7 Augmented control scheme fOr input tradi ng and vibration suppression 
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Figure 7.4: 4-impulse input shaper 

Table 7. J: Amplitudes and time locations of impulses for 4-impulse input shaper 

Input shaping Impulse Amplitude Time Sample 
technique Number A; (volt) location location 

t; ( ec) (,,+If 
1 0.131 0 1 

2 0.381 1.5 16 
4-impulse input shaper 

3 0.369 3.0 31 

4 0.119 4.5 46 

* n = t;/-r -r = ample period = 0.1 sec 

7.3.3 Feedback control strategies 

Three feedback control methods that were de igned In the preceding chapter are 

utilized here in combination with the 4-impul e input shaper to form three different 

augmented control schemes. The details of the de ign procedure and parameter 

tuning mechanisms were di cussed in details in Chapter 6. The fir t augmented 

control cheme comprises a conventional pro compensator with 4-impulse input 

shaper (PID+IS), a schematic diagram of which is shown in Figure 7.5. 
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Chapter 7 Augmented control scheme for input tracking and vibration sllppression 

:-..................................... ! 
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Figure 7.5: Schematic diagram of augmented (PID+IS) control scheme 

Figure 7.6 shows the schematic diagram of the second augmented control 

scheme, which comprises a hybrid PO-type fuzzy control and PlO compensator 

augmented with 4-impulse input shaper (FPDPIO+IS). 

i 
... _._ ....... _ ..•....... _._ ............•........... _ ...................... _ ....... J 

~ 

Tuning 
Mechanism 

TRMS y(t) 

Plant 

Figure 7.6: Schematic diagram of augmented (FPDPID+IS) control scheme 
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Chapter 7 Augmented control scheme (or input tracking and vibration suppression 

The third augmented control scheme comprises a hybrid PD controller and 

PID compensator augmented with 4-impulse input shaper (PDPID+IS), as depicted 

in Figure 7.7. 
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Figure 7.7: Schematic diagram of augmented (PDPID+IS) control scheme 

y(t) 

In all three cases, the augmented controller is constructed in such way that 

the input shaper resides outside the feedback control loop. It is employed to pre­

process the raw command signal without affecting the feedback control method. 

Thus, the feedback controller is used for rigid body motion (i.e. tracking 

performance control). 

The developed control strategies were designed and implemented in both 

simulation and real-time environments of the TRMS ng through 

MATALB/SIMULINK interface, described in Chapter 2. The aim of the developed 

augmented controllers is to satisfy performance criteria such as command tracking, 

fast system response and minimum residual vibration. Therefore, the controlled 

output (elevation angle) is expected to have low overshoot, quick settling time of 

residual oscillation and reasonably fast speed of response. 
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7.4 Results 

The proposed control schemes are implemented and tested within both simulation 

and real-time environments of the TRMS platform and the corresponding results are 

presented in the following subsections. The performances of the augmented 

controllers are assessed in terms of time domain performance objectives (overshoot 

(OS), rise-time (RT), settling-time (ST) and steady state error (SSE» as well as level 

of vibration reduction in comparison to system performance in open loop without 

control. The level of vibration reduction is obtained from corresponding power 

spectral density (PSD) profiles of the system response in the frequency domain. 

The obtained results revealed that the proposed augmented hybrid controllers 

are capable of reducing the system vibration while maintaining the input tracking 

performance of the TRMS rig. In both simulation and real-time experimental 

exercises, the three controllers demonstrated superior performances, in comparison 

to the system response in open loop configuration and with the feedback controllers 

alone (Le. without input shaper), in tracking the reference signal. Their responses 

were characterised by relatively small overshoot, consistent settling time with 

minimum residual vibration. However, in all control cases, the system response 

suffers from a slow rise-time. This delay, which is equal to the length of the input 

shaper, is due to incorporation of the feed forward control component. 

7.4.1 Simulation results 

Performances of the employed control strategies within the simulation environment 

are summarised in Table 7.2 and illustrated in Figures 7.8 - 7.11. The controllers 

were evaluated in both time and frequency domains. The developed control 

strategies have resulted in good system performance in terms of tracking the 

reference command as well as attenuating the residual vibration during the TRMS 

movement. 
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Table 7.2: Performances of the employed control strategies in simulation exercises 

Applied control strategy Time-Domain Parameters 

OS RT ST SSE 

(%) (sec) (sec) (%) 

Open loop (OL) 95.35 0.50 39.80 -41.37 

Open loop with Input-shaper (OL+IS) 0 3.20 4.20 -0.91 

PID (PID) 3.33 1.50 4.50 0 

PID with input-shaper (PID+IS) 1.42 3.60 5.50 0 

Hybrid FPOPID (FPOPID) 1.61 1.70 2.40 0 

Hybrid FPOPID with input-shaper (FPOPID+IS) 0.25 3.60 6.10 0 

Hybrid POPID (POP ID) 0.76 2.00 2.90 0 

Hybrid POP ID with input-shaper (PDPID+IS) 0.75 3.60 6.1 0 0 

OS = Overshoot RT= Rise time ST = Settling time SSE = Steady state error 

The TRMS model response to shaped and unshaped finite step input in open 

loop configuration is shown in Figure 7.8. It is noted that the performance of the 

model with the input shaping open loop control, denoted by red solid line, is 

characterised by a smooth response with a considerable rise-time of 3.2 sec, no 

overshoot, and settling-time of 4.2 sec, as compared with the system response 

without input shaper with which the response was unsatisfactory and characterised 

by a significant overshoot (95%) and long settling time as denoted by blue dashed 

line. The corresponding power spectral density (PSD) profiles also show that 

significant reduction of residual vibrations (54.49 dB) was recorded at the system's 

resonance mode, when input shaper was incorporated in the control scheme. 
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Figure 7.8: Open loop system response 
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The tracking capability of the three augmented control schemes in following 

the commanded finite-step input along with their abilities in reducing the residual 

vibrations are depicted in Figures 7.9, 7.10 and 7.11, respectively. Figure 7.9 shows 

the system response with PID+lS augmented controller. A smooth system response 

was observed with no significant overshoot (1.42%) and a rise-time of 3.6 sec. The 

system response with this controller settled within 5.50 sec. As shown in the 

corresponding PSD profile, a noticeable amount of vibration reduction (39.68 dB) 

was achieved at the system's resonance mode, when input shaper was incorporated 

in the control scheme. 
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Figure 7.9: System response with augmented (PID+IS) controller 

Similar to the first augmented control scheme, FPDPID+IS exhibited fairly 

good performance in terms of tracking the reference command and minimising the 

residual vibrations. This is in comparison to the system response with FPDPID 

feedback control method alone, as shown in Figure 7.10. With FPDPID+IS control 

scheme, the system response recorded a rise-time of 3.6 sec, small overshoot of 

0.25% and the system response settled within 6.10 sec. A considerable amount of 

vibration reduction (\ 6.20 dB) was also recorded with this controller as compared to 

the system response to the unshaped input. 
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Figure 7.10: System response with augmented (FPDPID+IS) controller 

The system response with the PDPID+IS augmented controller is illustrated 

In Figure 7.11. A closer observation reveals a very similar system response to 

FPDPID+IS controller, with a marginal difference. It is noted that the magnitude of 

vibration at the system's resonance mode was dramatically reduced by 32.77 dB, as 

compared to the system response without input shaper. With PDPID+IS controller, 

the system response recorded a rise-time of 3.6 sec with a reasonable overshoot of 

0.75%, and required 6, 10 sec to settle down. 
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Figure 7,11: System response with augmented (PDPID+IS) controller 
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7.4.2 Experimental results 

The crucial test for any control paradigm is when implemented on the real system in 

the presence of real world uncertainties and disturbances. Real-time experimental 

results with employed control strategies are summarised in Table 7.3 and depicted in 

Figures 7.12 -7.15. 

It is noted from the system responses with the employed control strategies 

that the input command was followed reasonably well with acceptable overshoot and 

also displaying a good settling time characteristic, as compared with that in open­

loop configuration (without feedback control component). It is also found that there 

are minor oscillations in the system response that are due to inherent characteristic of 

the TRMS, which exhibits a minor oscillatory tendency even in the steady state. 

Thus, good settling behaviour is assumed. 

Furthermore, by adding the feed forward control component (4-impulse input 

shaper), the control results in improved behaviour. This is a significant improvement 

over the feedback controller alone (i.e. without input shaper). However, this is at the 

cost of increased rise-time equal to the length of the input shaper. This problem 

could be tackled by further tuning of the closed-loop control gains, and then, the 

system response could be improved without affecting the other performance criteria, 

as well be demonstrated later in section 7.5.3. 

Table 7.3: Performances of the employed controllers in real-time experiments 

Applied control strategy Time-Domain Parameters 

OS RT ST SSE 

(%) (sec) (sec) (%) 

Open loop (OL) 14.54 1.20 39.30 1.24 

Open loop with Input-shaper (OL+lS) 3.29 3.50 39.40 0.22 

PlO (PID) 2.27 10.13 39.79 2.27 

PlO with input-shaper (PIO+lS) 2.27 10.48 37.95 0.22 

Hybrid FPDPIO (FPDPIO) 40.10 1.37 12.73 -0.80 

Hybrid FPDPIO with input-shaper (FPDPID+lS) 18.63 2.49 14.68 0.22 

Hybrid PDPIO (PDPIO) 39.08 1.39 12.95 0.22 

Hybrid PDPIO with input-shaper (PDPIO+lS) 17.61 2.59 14.52 0.22 

os = Overshoot RT= Rise time ST = Settling time SSE = Steady state error 
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Figure 7.12 shows the real-time system response to the shaped and unshaped 

command signals, within open-loop configuration of the system along with the 

corresponding PSD plots. The actual TRMS response with 4-impulse input shaper 

resulted in a better performance than the one to the unshaped input. With the input 

shaping technique, the system response is characterised by a smooth response with a 

small overshoot of 3.29% and settled within 39.40 sec, but at the expense of a longer 

rise-time of 3.5 sec. This is in comparison with the system response without input 

shaper, which is characterised by an oscillatory response, especially at the negative 

cycle. Moreover, the input shaper is found to be able to handle the residual vibrations 

induced during the TRMS motion, as a significant reduction in system vibration was 

observed (22.78 dB). 
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Figure 7. J 2: Open-loop system response 

As demonstrated in Figure 7.13 , the performance of the PID+1S controller at 

input tracking control is maintained; it recorded a rise-time of 10.48 sec and an 

overshoot of 2.27%. The system response with th is controller needed 37.95 sec to 

settle down. Moreover, with this controller a significant reduction in system 

vibration was observed (1 5.93 dB). 

144 



Chapter 7 Augmented control scheme for input tracking and vibration suppression 

- Sys res (Unshaped Up) 

0.4 ........ . - Sys res ( •• Imp shaped Up) 

I 0.3 .......... '-' .. - ---"" 

o 

.0.1 '--_--'-_ _ -'--_~ __ __'_ _ ___.J 

o 20 40 60 80 100 
Time (sec) 

(a) System response (time domain) 

10· ,---;--?=====c===~==~ 
- Sys res (Unshaped Up) 
- SYI rei (4-imp shaped Vp) 

I • , , 

{ 10" ····r·······r·······r········:········· 
-; 10" 

! ·····r········r········T·········r········· 
~ 10" ..... . ,.iQJI-a.:. ·AIl~U\MrJtiJ\dlLiaJIG 

2 3 4 5 
Freauency 1Hz) 

(b) Power spectral density profile 

Figure 7.13: System response with augmented (PID+IS) controller 

Figure 7.14 shows the system performance with FPDPID+IS augmented 

control. It is noted that the TRMS response recorded a rise-time of 2.49 sec and 

reached the desired position within 14.68 sec with a reasonable overshoot of 18.63%, 

in comparison to the system response with the feedback controller alone. Moreover, 

as expected with the FPDPID+IS, an 8.25 dB reduction in the residual vibrations of 

the system at the resonance mode was achieved. 
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Figure 7.14: System response with augmented (FPDPID+IS) controller 

For the TRMS response incorporating PDPID+IS controller, a similar trend 

of improvement was observed in comparison to the previous controller. Figure 7.15 

shows the resulting elevation angle and its corresponding PSD profile. It is noted 

that a smoother system respon e was obtained with the augmented controller as 
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compared to that with the feedback control law only. With this controller, the system 

response recorded a rise-time of 2.59 sec, overshoot of 17.61 % and settled within 

14.52 sec. Furthennore, a vibration reduction of 8.83 dB was recorded with this 

controller at the resonance mode of the system as compared to the system response 

to the unshaped input. 
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Figure 7.15: System response with augmented (PDPID+IS) controller 

7.5 Comparative performance assessment 

This section presents a comparative assessment of the developed control strategie In 

tenns of input tracking perfonnance, level of vibration suppression and improvement 

in system response (i.e. rise-time). 

7.5.1 Input tracidng performance 

Table 7.4 summarie the quantitative achievements of the employed control 

strategies in tenns time domain sy tern behaviour; over hoot (OS), rise-time (RT), 

settling-time (ST), and steady-state error (SSE). Among the employed control 

techniques, the augmented control strategie have resulted in better perfonnance than 

the other controllers. This is evidenced by the time domain specification analy is in 

both simulation and real-time experimental exercises. 
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Table 7.4: Performances of the employed control strategies in the time domain 

Applied control strategy Time-Domain Parameters Environment 

OS RT ST SSE 
(%) (sec) (sec) (%) 

Open loop (OL) 95.35 0.50 39.80 -
41.37 

Open loop with Input-shaper (OL+IS) 0 3.20 4.20 -0.91 

PID (PID) 3.33 1.50 4.50 0 

PID with input-shaper (PID+IS) 1.42 3.60 5.50 0 

Hybrid FPDPID (FPDPID) 1.61 1.70 2.40 0 

Hybrid FPDPID with input-shaper 0.25 3.60 6.10 0 Simulation 
(FPDPID+IS) 

Hybrid POP ID (PdPID) 0.76 2.00 2.90 0 

Hybrid POP ID with input-shaper 0.75 3.60 6.10 0 
(PDPID+IS) 

Open loop (OL) 14.54 1.20 39.30 1.24 

Open loop with Input-shaper (OL+IS) 3.29 3.50 39.40 0.22 

PlO (PID) 2.27 10.13 39.79 2.27 

PID with input-shaper (PID+IS) 2.27 10.48 37.95 0.22 Experimental 
Hybrid FPDPID (FpdPID) 40.10 1.37 12.73 -0.80 

Hybrid FPDPID with input-shaper 18.63 2.49 14.68 0.22 
(FPDPID+ IS) 

Hybrid PDPID (PDPID) 39.08 1.39 12.95 0.22 

Hybrid PDPID with input-shaper 17.61 2.59 14.52 0.22 
(PDPID+IS) 

OS = Overshoot RT= Rise time ST = Settling time SSE = Steady state error 

7.5.2 Level of vibration reduction 

The level of vibration reduction, in both simulation and real-time exercises, achieved 

by the augmented control schemes is summarised in Table 7.5 and demonstrated in 

Figure 7.16. 

The results obtained reveal that the augmented control strategies have 

significantly reduced the residual vibrations at the system's resonance mode. In the 

simulation phase, the highest level of vibration reduction (54.49 dB) was achieved 

by OL+lS controller, followed by PID+lS of 39.68 dB, followed by PDPID+lS of 
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32.77 dB, and then FPDPID of 16.20 dB. In the experimental phase, the highest 

amount of vibration reduction at the resonance mode was recorded with OL+IS as 

22.78 dB, followed by PID+IS at 15.93 dB, followed by PDPID+lS at 8.83 dB, and 

finally the FPDPID+IS at 8.25 dB. 

Table 7.5: Amount of vibration reduction achieved with the control strategies 

Augmented Control strategy Amount of vibration reduction 

Simulation 

Open Loop with input-shaper (OL+IS) 54.49 

PID compensator with input-sbaper (PID+IS) 39.68 

Hybrid FPDPID with input-shaper (FPDPID+IS) 16.20 

Hybrid PDPID with input-shaper (PDPID+IS) 32.77 
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Figure 7. 16: Level of vibration reduction achieved with the control strategies 
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7.5.3 Improvement of system response 

To overcome the drawback of command shaping technique, which resulted in a 

delay in the system response equal to the length of the input shaper (Pao, 2000; 

Singhose et at., 1995), the parameters of the feedback controllers were further tuned 

using a heuristic approach. In this investigation, the system rise-time was further 

accentuated by further tuning of the feedback control gains within the augmented 

control schemes. The obtained results, shown in Figures 7.17, 7.18 and 7.19, reveal 

that the system response with the augmented controllers was considerably improved, 

without any degradation of other performance criteria. 
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Figure 7.17: System response with augmented (PID+IS) controller 
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Figure 7.18: System response with augmented (FPDPID+IS) controller 
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Figure 7.19: System response with augmented (PDPID+IS) controller 

The anticipated improvement in the rise time of the system perfonnance with 

the augmented control schemes is evident from Table 7.6 and Figure 7.20. Among 

the three augmented control schemes, the fastest system response was recorded using 

the FPDPID+lS augmented control scheme in both simulation and real-time 

experimental exercises. The rise-time of the system response with this controller was 

decreased by 57.78% and 35.74% in the simulation and real-time experimental 

phases, respectively. Analogous to FPDPID+lS controller, the PDPID+IS augmented 

control scheme has also improved the system response in both simulation and real­

time experimental exercises. After further tuning of its feedback control gains, the 

system response with the PDPID+IS controller was improved by 52.50% in the 

simulation phase and by 34.36% in the real-time experimental exercise. Finally, the 

rise-time of the system response with the PID+lS augmented control strategy was 

decreased by 55.83% in the simulation exercise, while it recorded an improvement 

by 4.58% in the real-time experimental phases only. 
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Table 7.6: Rise-time analysis after further tuning of closed loop control parameters 

Rise-time 

Control strategy Before tuning After tuning Improvement Environment 

(sec) (sec) (%) 

PID+IS 3.60 1.59 55 .83 

FPDPID+IS 3.60 1.52 57.78 Simulation 

PDPlD+IS 3.60 1.71 52.50 

PID+IS 10.48 10.00 4.58 

FPDPID+IS 2.49 1.60 35 .74 Experimental 

PDPID+IS 2.59 1.70 34.36 
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Figure 7.20: Improvement in rise-time after further tuning of closed-loop control 

parameters 

7.6 Summary 

This chapter ha witne sed the design and implementation of an augmented control 

tructurc in which three fonn of feedback control schemes are combined with a 4-
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impulse input shaper for rigid body motion (i.e. reference command tracking 

performance) and vibration suppression during the TRMS operation. The developed 

control strategies have been designed and implemented within both simulation and 

real-time environments of the TRMS rig through MATALB/SIMULINK interface, 

described in Chapter 2. 

It has been apparent from the real-time experimental results that due to very 

sensitive and oscillatory nature of the TRMS even in steady state mode, response 

profiles are found to have occasional sharp peaks and mild oscillations. Even though, 

the employed control strategies demonstrated acceptable performances. The obtained 

results have shown that much improved tracking is obtained on positive and negative 

cycles of the reference signal, as compared to that without any control action, 

implying good damping and hence tighter control. There is hardly any overshoot 

with smooth and acceptable settling time. 

The system performance with the feedback controller was significantly 

improved when the feed forward control component was added. This process has 

resulted in a significant reduction in the system's residual vibrations. Quick 

elimination of residual oscillations is important for fast manoeuvring platforms, 

where the command signal changes rapidly. The advantage of this method is that it is 

not necessary to change the feedback control law in order to attenuate system's 

vibration. 

In conclusion, an appropriately designed augmented control strategy that 

combines both feed forward and feedback controller is a practical approach to satisfy 

the design specifications and is highly desirable for fast manoeuvring systems with 

rapidly changing command input. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

Research interest in new generations of air vehicles such as unmanned air vehicles 

(UA V's) is rapidly growing. The interest stems from the fact that such air vehicles 

are highly agile, stealthy, multi-purpose and capable of executing different tasks 

such as surveillance, aerial mapping and inspection, which are beyond the domain of 

their conventional counterparts. These new generation air vehicles have presented a 

variety of unprecedented challenges and opportunities to aerodynamicists and 

control engineers. This research has investigated dynamic modelling and control of 

the vertical movement of a twin rotor multi-input multi-output system (TRMS), 

which is a laboratory platform representing a flexible manoeuvring structure and 

resembles essential characteristics of an air vehicle. Although, the TRMS does not 

fly, it has a striking similarity with a helicopter, such as system nonlinearities and 

cross-coupled modes. The TRMS, therefore, can be viewed as an unconventional and 

complex "air vehicle" and possesses formidable challenges in modelling, control 

design and analysis and implementation. 

Reasonable linear system models are essential for controller design and 

nonlinear models for subsequent controller evaluation. In this research, a black-box 

system modelling was adopted to achieve a fairly good system representation. Linear 

models, characterising the TRMS in hovering mode, have been obtained with no a 

priori knowledge of plant model order or parameters providing any insight into 

physical characteristics of the plant using RLS and GA system identification 

approaches. The identified models have been exhaustively validated using time and 

frequency domain tests in order to instil confidence in the models for their 

subsequent use in the controller design. The modelling procedure adopted is suitable 

for a class of new generation air vehicles whose dynamics are not well-understood or 

difficult to model from first principles. The approach presented here is an important 
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contribution of this thesis. The identified models include the rigid as well as the 

flexible plant dynamics. 

To study the performance of next generation air vehicles researchers are 

increasingly relying on nonlinear modelling and control techniques. Therefore, a 

nonlinear plant model is essential for predicting the system behaviour accurately in 

order to evaluate the controlled system performance, as well as for controlling a 

highly nonlinear plant by the dynamic inversion control method. In this research, 

neural networks were utilised to obtain the nonlinear system model. MLP based NN 

model was identified for the vertical movement of the TRMS. The nonlinear 

modelling method adopted in this work is appropriate for modelling complex new 

generation highly agile air platforms with significant nonlinearities. The main aim of 

NN based modelling has been to achieve a highly accurate model. It has been noted, 

however, that the nonlinear model is only slightly better than the linear model. For 

this reason, the nonlinear model is not incorporated in the controller evaluation; 

rather the linear model is used for simplicity. 

Vibrations due to random excitation of structures are common phenomena 

experienced by large space structures with flexible appendages, ships, flexible 

aircraft and missiles. Although flexible structures are desirable, the vibrations are 

not. These vibrations may cause discomfort to passengers and degrade system 

performance. Vibration suppression can be accomplished via active, passive or 

hybrid active and passive means. Passive treatment is essential but is limited in 

rendering the desired accuracy. Hence, active control is needed. The modelling 

exercise for the TRMS revealed the presence of resonance system modes, which are 

responsible for inducing unwanted vibrations during and at the end of system 

manoeuvres. 

For vibration suppression open-loop control methods have been developed on 

the basis of the system's vibration modes detected through the analysis of the plant 

spectral responses obtained during the modelling process. 2-impulse, 3-impulse and 

4-impulse input shapers have been designed to pre-process the command signals. 

This method ensures that the system does not experience the undesirable resonance 

frequencies, thereby preventing the excitation of vibrational modes. The 

effectiveness of this concept has been demonstrated on the TRMS rig, with 
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significant reduction in vibration. This is evident from smooth time domain 

responses as well as from the attenuated resonances in the frequency domain. 

In addition to vibration attenuation, it is also desirable to achieve other 

performance criteria such as command tracking, disturbance rejection and fast rise 

time. These objectives cannot be achieved by open-loop mechanisms alone, thus 

closed-loop strategies have also been investigated. Different forms of feedback 

controllers including hybrid control schemes have been designed and implemented in 

both simulation and real-time experimental environments for the control of TRMS 

rig. The developed feedback control mechanisms demonstrated satisfactory 

performances in terms of time doinain behaviour; over-shoot, rise-time, settling-time 

and accumulated steady-state error. However, they have shown inadequate authority 

over residual system vibration. This problem was resolved by further augmenting the 

system with a feed forward control component based on input shaping technique. 

Finally, an augmented feedforward and feedback control scheme (AFFCS) 

has been designed and implemented for input tracking control and vibration 

suppression of the system. The advantage of this method is that it is not necessary to 

change the feedback control law in order to attenuate system's vibration. Three 

forms of feedback controllers have been combined with a 4-impulse input shaper for 

rigid body motion control and vibration suppression during the TRMS operation. 

The developed control strategies were designed and implemented within both 

simulation and experimental environments of the TRMS rig. 

Experimental and simulation results have shown that the proposed strategies 

are feasible, where much improved tracking responses were obtained on both 

positive and negative cycles of the reference signal, as compared to that without 

control action, implying good damping and hence tighter control. Furthermore, the 

system performance with the feedback controllers was significantly improved when 

the feed forward control component was added. This process has resulted in a 

significant reduction in the system's residual vibrations. Appropriately designed 

augmented control strategy that combines both feedforward and feedback control is a 

practical approach and highly desirable for fast manoeuvring systems with rapidly 

changing command input. 
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8.2 Suggestions for future work 

Due to time limitations in this research work many other ideas could not be 

implemented. A number of investigations emanating from this research can be 

investigated and implemented in a future research. Some of the proposed methods 

and ideas are identified below: 

8.2.1 Dynamic modelling and control of MIMO TRMS platform 

In this research alOOF modelling exercise has been carried out on the elevation 

angle (pitch movement) of the TRMS plant. Consequently, a single-input single 

output (SISO) control design has been investigated. An obvious extension is, 

therefore, to obtain a dynamic model of 200F representing both yaw and pitch 

movements of the TRMS platform. Then, a mUlti-input multi-output (MIMO) 

controller design could be investigated. A 200F autopilot to control pitch and the 

yaw movements would involve the decoupling objective of the two channels. 

8.2.2 Development of roll movement of the TRMS 

An interesting development of this work would be to study the roll control of the 

TRMS. This is a non-trivial task that will necessitate modification of the TRMS rig 

to provide an additional degree of freedom for roll movement. The modified TRMS 

would then mimic the hover mode for a vertical take off and landing (VTOL) type 

aircraft. Thus, the design objectives would then be roll as well as pitch and yaw 

control. 

8.2.3 Reconfigurable control system 

Reconfiguration is highly desirable in many advanced aerospace systems such as 

advanced tactical fighters, adaptive structures and autonomous robots. The main 

motivation of reconfiguration is greater survivability and controllability, attained 

through the ability of the feedback system to reorganise itself in the presence of 

actuator/sensor failures and surface damage. The TRMS rig is an ideal platform upon 

which the reconfigurable control strategies can be tested. 
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8.2.4 Adaptive input shaping for vibration suppression 

Input shaping has been shown to provide significant reduction In the residual 

vibration during the TRMS motion. Adaptive input shapers (AIS) would be worthy 

to investigate and their performances in vibration suppression of the system may be 

evaluated in comparison to the standard input shapers developed in this work. 

8.2.5 Intelligent techniques for tuning rule-bases and membership functions of 

fuzzy logic controllers 

A heuristic tuning of rule-bases and membership functions of the employed fuzzy 

logic controllers (FLCs) has been utilized through a trial and error mechanism. 

However, for increasingly larger numbers of input and output rules as well as 

membership functions, even with a priori expert knowledge, the method becomes 

more difficult as the number of rules rise exponentially. Therefore, intelligent 

techniques such as Artificial Neural Network (ANN) and GA can be advocated as 

solutions to this problem. ANNs can be used to learn FLC rule-bases or to tune given 

membership functions. Such an approach combines the learning capability of the 

ANN with the reasoning power of fuzzy logic. Alternatively, the search for suitable 

rules or membership function parameters of an FLC knowledge base can be viewed 

as an optimization problem to which a GA can be applied. 
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