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function of relative velocity and thus hysteresis behavior of MR damper. The polynomial 

coefficients in this approach are linearized with respect to the input current. One of the 

benefits of this approach is that it is an invertible model, i.e., it is possible to obtain the 

input current for a given velocity and a desired damping force.  

RNN algorithm is another controller approach that is commanding a continuous voltage 

signal to the MR damper. Due to the inherent nonlinear behavior of MR dampers, the RNN 

is used to match the nonlinearity in controlling the damping force through learning methods 

of the dynamic neural network models for MR damper [48].  

2.4.2  System controller 

Unlike the damper controller, the system controller generates the desired damping torque 

according to the dynamic response of the system to achieve optimized operation condition.  

Various types of system controllers have been introduced among which Skyhook controller 

has been widely used. Skyhook control is a popular and effective vibration control method 

because it can dissipate system energy at a high rate. Several studies were presented with 

a comprehensive analysis of semi-active systems incorporating skyhook scheme control 

[49-52]. The name skyhook is due to the fact that the controllable damper is hooked 

between the body (sprung) mass and the sky, as illustrated in Figure 2-10.  The basic 

concept of skyhook control is to reduce the transmissibility of the sprung mass.    
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Figure 2-10 Skyhook control scheme [53] 

In [50] a skyhook controller was designed and incorporated with the hardware-in-the-loop 

simulation for controlling a full car suspension system featuring four MR dampers. The 

results obtained through experimental tests showed that the intended skyhook control 

substantially improves both ride comfort and steering stability for the proposed semi-active 

suspension system.  

H-infinity control is another system controller that has been successfully implemented [54-

59]. In this method, the control problem is expressed as a mathematical optimization 

problem to find the optimal controller’s gain. A quarter car suspension system model with 

a MR damper is considered in [59] and a semi-active static feedback H-infinity control has 

been considered. The intended control scheme utilized the measurable suspension 

deflection and sprung mass velocity as feedback signals for active vehicle suspension. The 

proposed scheme is validated by numerical simulation under random excitation in the time 

domain and simulation results showed a significant improvement in suspension 

performance.  
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Linear Quadratic Regulator (LQR) control has also been used for vehicle suspension 

system with MR damper [60, 61]. LQR control is employed in [60] to study an active 

vibration control scheme for controlling torsional vibration of a rotor shaft due to 

electromagnetic disturbances or unsteady flow in large steam turbine generator sets. The 

proposed optimal LQR control scheme solved for each time interval with the weighting 

matrices, through the Ricatti equation to obtain the time varying gain matrices. Simulation 

results showed good reduction in torsional vibration response.   

Another robust system controller is the sliding mode controller that has been recently used 

in MR based systems [38, 45, 62, 63]. In addition to the fact that the system can be designed 

to be robust with respect to modelling imprecision, sliding mode control can be synthesized 

for the nonlinear semi-active system adequately [45]. This control scheme is effectively 

used in [45] for considering loading uncertainties for an automotive suspension system 

with MR damper. For evaluation of the controller performance, two kinds of excitation 

(bump and random) were created through a computer simulation in both time and 

frequency domains. The planned control policy showed its ability to reduce both peak and 

root mean square responses in comparison with the passive suspension system. In [63], 

Wereley and Choi demonstrated the feasibility and effectiveness of ER and MR Fluid-based 

landing gear systems on attenuating dynamic load and vibration due to the landing impact. 

A theoretical model of ER/MR landing gear system was constructed, and its governing 

equation was derived.  In this study, a sliding mode controller is formulated to attenuate 

the acceleration and displacement of the landing gear system during touchdown of the 

aircraft. It was shown that the acceleration and the displacement are attenuated regardless 

of parameter variations such as upper vehicle mass, viscous damping, etc. 
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2.5 Semi-active torsional vibration control systems 

From the available literature, unlike the MR brakes, the linear MR damper are among the 

most popular MR fluid devices. Although there have been a number of reported studies in 

automotive suspension system utilizing linear MR dampers, there are fewer studies in semi-

active control strategies with the application of MR brake, due to complexity in design, 

difficulties in measuring torque signals and difficulties in dealing with the torsional 

vibration response of a given system. This section gives an overview of the highlights on 

the relevant research in semi-active torsional vibration control strategies. 

One of the early studies in torsional vibration control was introduced by Den Hartog & 

Ormondroyd [64]. They related the constant optimal friction torque to the excitation torque 

applied to the main system, thus providing the optimum damping required for controlling 

the torsional vibration of the primary system. Based on this theory, Ye and Williams [65] 

developed an exact form of steady-state solution for a rotational friction damper, and a 

numerical method was used to determine the optimum friction torque.  

Subsequently, analytical and experimental investigations were carried out by Ye and 

Williams [66, 67] on the use of MR brake absorber for controlling torsional vibrations in 

rotating systems. In [51] two different strategies were examined for controlling the braking 

torque of the MR absorber. First, MR brake was implemented as an open-loop passive 

friction damper with variable friction torque by applying a constant current to the coil of 

the MR brake absorber. In the second strategy, the MR brake was implemented in a closed 

loop feedback control using skyhook damping control approach. In this approach, the 

damping torque in the MR absorber was adjusted by comparing the sign of the absolute 
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Chapter 7  
Conclusion, Contributions and Future Recommendation 

7.1 Conclusions 

Attenuation of torsional vibrations in many mechanical systems with rotating 

components have become very challenging in recent years. Centrifugal Pendulum 

Vibration Absorber (CPVA) is a simple and reliable passive vibration absorber that has 

been widely used in rotary system to attenuate torsional vibration. Past research has 

focused mainly on the analysis of CPVAs operating in horizontal plane in which the effect 

of gravity has not been considered. In this study, the rotor system integrated with the 

pendulum absorber has been investigated in both vertical and horizontal planes in order to 

assess the effect of gravity.  

It was determined that it is important to consider the effects of gravity at low 

operating speed where the torsional response amplitude of the shaft system is found to be 

considerably larger than that obtained when the absorber is operating in horizontal plane 

at which no gravity effect acted on the entire system. In automotive applications, the 

obtained results could serve as important guidelines in design stage since at low operating 

speed, torsional vibrations transmitted from cylinders to the crank at every power stroke 

could be quite high which may affect fatigue life of the crankshaft and system performance 

if not controlled properly. Consequently, it is important to take into account the gravity 

effect especially when the rotor system is operating at low speeds.  
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Also, it has been shown that there is no change in pendulum angular displacement 

amplitude when the absorber is operating either in vertical or horizontal plane. Moreover, 

the softening nonlinear behavior of CPVA is investigated over the operating speed range 

and it has been shown that the natural frequency of the pendulum decreases when the rotor 

speed increases. Hence, absorbers with circular paths exhibit softening nonlinear behavior 

in which their frequency decreases as the amplitude increases. To overcome this 

shortcoming in the circular path absorbers, a slight mistuning should be intentionally 

introduced to ensure stable and reliable operation of the CPVA. 

Although CPVA is one of the effective passive devices used for reducing torsional 

vibrations, semi-active control systems are becoming more popular because they offer both 

the reliability of passive systems and the versatility and adaptability systems of active 

control systems without requiring high power demands. It has been found that 

Magnetorheological (MR) fluid dampers can be very effectively used for adaptive vibration 

damping under essentially unpredictable environmental conditions as in an internal 

combustion engine where the load, speed, acceleration, braking and road conditions are 

highly unpredictable.  

This research presented the development of a novel hybrid torsional vibration 

damper combining conventional CPVA with the MR damper in which the conventional 

centrifugal pendulum is attached to the cylindrical housing of the MR damper. In order to 

develop an accurate model of hybrid torsional damper, the characteristic equations of the 

transmitted torque is derived to provide the theoretical basis for the design of the rotary 

MR damper using Bingham plastic model. Subsequently, the magnetostatic analysis for the 

magnetic circuit of the rotary MR damper has been carried out.  
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In addition, a FE model of the MR damper is developed in ANSYS in order to 

accurately simulate the magnetic field distribution through the MR fluid and test the 

effectiveness of the proposed design configuration as well as the selected material for the 

MR damper components.    

Moreover, a design optimization methodology has been developed to identify the 

optimal dimensions of the designed rotary MR damper (disc radius, bore diameter and disc 

width) in order to maximize the generated damping torque under size and volume 

constraints. Genetic algorithm optimization technique has been used first to obtain 

approximately the near global optimum point. Then the obtained results from GA are used 

as initial values for SQP algorithm. It has been shown that GA and SQP can be effectively 

combined together to capture the global optimum solutions accurately than if they are used 

independently. Optimization results showed considerable improvement in the damper 

dynamic range as well as large amplitude of the generated torque. 

A proof-of-concept of the optimally designed rotary MR damper has also been 

fabricated and experimentally tested to validate the simulation results. The experimental 

results showed that the damping torque increases when the applied current increases, 

reaching 20 N.m at 1.6 A, showing good agreement with the simulation predictions. 

Therefore it was concluded that the Bingham plastic model could satisfactory predict the 

operational torque range of the proposed damper.  
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Finally, a comprehensive evaluation of the dynamic performance of the proposed 

hybrid torsional vibration damper has been carried out. Both passive control and semi-

active control based on Skyhook algorithm have been investigated. It has been shown that 

the semi-active control offers an effective and reliable approach that increases the system 

performance and decreases the torsional vibration amplitude in the shaft system. 

Consequently, the proposed hybrid damper has proved to be one of the promising 

effective devices for semi-active control of torsional vibration due to the inherent fail-safe 

feature, low power requirement and capability to attenuate vibration under unpredictable 

environmental conditions.   

7.2 Contributions 

The major contributions of this dissertation research are summarized as follows: 

a. Developing an accurate theoretical model of CPVA investigating the torsional 

vibration amplitude in both vertical and horizontal planes in order to assess the 

effect of gravity, using an appropriate term in the potential energy. 

b. Investigating the torsional vibration amplitude of the rotor system at different 

operating speeds when the pendulum absorber is operating in both vertical and 

horizontal plane. 

c. Developing an accurate model of the MR damper based on the Bingham 

constitutive plastic model to provide the theoretical basis in the design of the hybrid 

torsional damper. 
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d. Developing an efficient and accurate design optimization algorithm to improve the 

performance of the designed hybrid torsional damper as well as maximizing the 

generated damping torque. 

e. Combining Genetic Algorithm (GA) and Sequential Quadratic Programming (SQP) 

optimization techniques to accurately capture the optimal geometric dimensions of 

the proposed hybrid damper. 

f. Developing a FE model to conduct magnetostatic analysis for the magnetic circuit 

of the rotary MR damper; thus, a rotary MR damper is designed successfully with 

a specified damping torque capacity and unsaturated magnetic flux density. 

g. Designing and fabricating a proof-of-concept rotary MR damper with the optimal 

dimensions. 

h. Designing an experimental test rig set up to validate the experimental model.   

i. Developing an effective control strategy that enhance the hybrid torsional damper 

dynamic behavior and minimizes the MR damper power requirements. 

j. Investigating the passive control approach for the hybrid torsional damper. 

k. Evaluating the semi-active Skyhook control algorithm with variable applied current 

applied to the system with hybrid torsional damper.  

Furthermore, this research has advanced the state of the art in the semi-active torsional 

vibration control and nonlinear dynamics, since new contributions have been accomplished 

by introducing the new proposed hybrid torsional damper. 
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7.4 Recommendations and future work 

The present research was comprehensive enough in bringing out some useful 

conclusions; however, further interesting studies are needed in order to understand 

the advantages and effectiveness of the hybrid damper in practical applications. The 

following is a list of research studies that can enhance the understanding of the 

behavior of the hybrid damper: 

 

1. Developing an experimental model of the proposed hybrid torsional damper. 

2. Design and development of different models of pendulum absorbers such as 

cycloidal and epicycloidal path with hybrid damper and evaluation of the dynamic 

performance for each case. 

3. Design and development of a drum type or T-shaped rotary MR damper and seek 

the torsional amplitude of the shaft system for each type.  

4. Investigating of other advanced semi-active control algorithm for controlling the 

magnetic field in the MR damper. 
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