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ABSTRACT 

Robust Semi-active Control of Aircraft Landing Gear System Equipped with 

Magnetorheological Dampers 

Ajinkya A. Gharapurkar 

Landing is the most critical operational phase of an aircraft since it directly affects the 

passenger safety and comfort. The factors such as the undesirable wind and ground 

effects, runway unevenness, excessive sink speeds and approach speeds and pilot errors 

can deteriorate the landing performance of an aircraft several times during its entire 

lifetime. When an aircraft lands, large amplitude vibrations get transmitted to the fuselage 

from the runway thereby causing safety and comfort problems and hence need to be 

suppressed quickly.  

Landing gear is an essential assembly that prevents the aircraft fuselage from the 

ground loads. A shock absorber which is considered as the heart of the landing gear 

assembly plays an important role in this process by absorbing the vibrations during 

landing. The existing Oleo-pneumatic shock absorbers are the most efficient in absorbing 

the vibrations during each aircraft operation. However, they are unable to provide the 

continuously variable damping required during the landing phase which might reduce 

their efficiency. Moreover, to account for the uncertainties during landing, a damper 

capable of providing the variable damping effect can play a vital role in increasing the 

passenger safety.  

A semi-active control system of a landing gear suspension can solve the problem 

of excessive vibrations effectively by providing a variable damping during each 
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operational phase. Magnetorheological (MR) dampers are one of the most efficient and 

attractive solutions that can provide the continuously variable damping required 

depending on a control command. 

This thesis focuses on the concept of the semi-active aircraft suspension system 

using the MR damper with the implementation of robust control strategy. Initially, the 

dynamic behavior of the MR damper is studied using the parametric modeling approach. 

Spencer dynamic model is adopted for simulating the dynamic behavior of the MR 

damper. This is followed by the analysis of the energy dissipation patterns of the MR 

damper for different excitation inputs. 

A semi-active suspension system is developed for a three degree-of-freedom (3 

DOF) aircraft model considering a tri-cycle landing gear configuration. A switching 

technique is developed in the simulation of the landing procedure which enables the 

system to switch from the single degree of freedom to three degrees of freedom system in 

order to simulate the sequential touching of the two wheels of the main landing gears and 

the nose landing gear wheel with the ground. For developing the semi-active MR 

suspension system, two different controller approaches, namely, the Linear Quadratic 

Regulator (LQR) and the H∞ control are adopted. The results of the designed controllers 

are compared for a particular landing scenario for studying the performance of the 

controllers in reducing the overshoot of the bounce response as well as the bounce rate 

response. The simulation results confirmed the improved performance of the robust 

controller compared to the optimal control strategy when the aircraft is subjected to the 

disturbances during landing. Finally, implementing the robust control approach, the 
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landing performance of an aircraft embedded with the semi-active suspension system is 

simulated and analyzed for different sink velocities considering the disturbances. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction and Research Motivation 

Aircraft structure is a complex assembly of a number of different components and sub-

assemblies. During its lifetime, the aircraft is subjected to different operational phases 

such as landing, take off, cruising and taxiing. Amongst all, the landing of an aircraft is 

the most critical operation as far as the passenger safety and airworthiness is concerned 

[1], [2]. According to the aircraft accident investigation reports [3]-[5] the probability of 

an aircraft meeting with an accident is more during the landing phase as compared to the 

other phases. The statistical analysis of the aircraft accidents from 1959 to 2001, by 

Boeing, reveals that the percentage of accidents occurred during the landing phase is 

45%, which clearly dominates the percentage of accidents occurred in any other 

operational phase [3]. Many fatal landing accidents have been reported previously, which 

involved large number of human casualties. The crash landing of the Iran Air operated 

Boeing 727 reveals that the percentage of passengers died because of the multiorgan 

crushing injury was more than 50%. Another accident caused due to the unsuccessful 

landing was reported in 2009 at Amsterdam. The percentage of survivals was only about 

25.7% [6]. 

 The above statistical data is a clear indication of the criticality of the landing 

phase and the hazards related to it. It is a well-known fact that the primary objective of an 

aircraft is to fly with the best achievable efficiency. However, the aircraft also spends 

considerable time on the ground during landing, take-off and taxiing phases. The airlines 
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specify the time spent by an aircraft on ground in terms of number of landings and take-

offs. During its lifetime, the aircraft should be able to perform approximately, up to 

90000 landings and take-offs [7]. Almost 50 % of the aircraft accidents take place during 

landing and take-off phases [2], [3], [7]. Therefore, it becomes necessary to take into 

consideration the safety factors involved during landing. The issue is directly related to 

the design of the landing gear. Even though the non-technical professionals consider the 

landing gear as no more than a set of wheels, it is the most critical and invaluable 

assembly for the aircraft designers because it directly relates to the passenger safety 

during various operational phases [1], [8], [9]. The function of the landing gear is not just 

to facilitate the aircraft for safe landing but also to sustain the aerodynamic forces during 

its retraction and extension. These conflicting requirements during the various phases 

pose limitations in its design and often make it a tedious process for the designers [9]. 

 The landing gear plays an important role by acting as an intermediate element 

between the aircraft body and the runway [1]. During the touchdown, large magnitude 

vibrations are transmitted to the aircraft fuselage through the landing gear because of the 

harsh landing conditions [10]. The influence of the landing impact on the aircraft 

structure depends upon the various factors such as the approach speed, the sink speed and 

the environmental conditions. According to the standards set by the airworthiness 

authorities, the civil aircraft are designed to land with a sink velocity of 3.05 m/s whereas 

the standard sink velocity for the fighters, trainers and the deck landing aircraft are 3.66 

m/s, 4.0 m/s and above 6.0 m/s respectively. The aircraft often experience hard landing 

conditions if the standard sink rates are exceeded during landing. The hard landing 

conditions are responsible for the transmission of the large magnitude vibrations which is 
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the primary reason for the passenger discomfort and sometimes, serious crash landing 

situations. Therefore, in order to soften the landing impact, the vertical kinetic energy 

must be absorbed and dissipated as quickly and effectively as possible which reduces the 

accelerations induced in the aircraft structure upon landing, thereby preventing structural 

damage. This important task is accomplished by the shock absorber, which is considered 

as the most prominent component of the landing gear assembly [1], [2], [9], [10], [11]. 

Consistent attempts have been made in the past to design efficient shock 

absorbers without compromising the weight of an aircraft. Since the World War II, many 

revolutionary shock absorber designs were implemented for the fighters as well as for the 

commercial aircraft. A good shock absorber should absorb most of the impact kinetic 

energy during landing and taxiing of an aircraft. Currently, Oleo-pneumatic shock 

absorbers are the most commonly used shock absorbers in aircraft landing gears because 

of their high efficiency and ability to absorb shocks and dissipate energy effectively. Due 

to the conflicting damping requirements during taxiing and landing phases, the 

performance efficiency of the aircraft with the passive Oleo dampers is often limited. The 

existing dampers are not capable of providing the variable damping depending upon the 

requirements during each operational phase. In order to improve the landing 

performance, a soft suspension would be desirable during compression, whereas a stiffer 

spring would be needed during extension. These variable damping and stiffness 

requirements cannot be achieved with the existing passive shock absorbers [12]. 

 The conflicting damping requirements pose limitations on the performance 

efficiency of the passive shock absorbers. In order to fulfill the need of variable damping, 

various designs of the active and semi-active suspension systems have been proposed by 



4 
 

researchers in recent years [12]-[16]. Though, the concept of the active and semi-active 

suspension design is limited in aircraft applications, it has been used to some extent for 

developing the intelligent suspensions for road vehicles [15]. None of the aircraft in 

today's era is embedded with an active or semi-active landing gear. However, intensive 

research has been going on since past four decades in order to stimulate the idea of the 

controllable landing gears to make the aircraft ride safer and more comfortable for the 

passengers [12], [13]. The active and the semi-active suspension systems have an edge 

over the passive systems when it comes to ride comfort problem. However, the actual 

implementation of these systems is a difficult task because of their high cost, weight and 

design complexities [14]. 

 In actual practice various actuation systems can be used for developing the active 

and the semi-active suspensions. The use of hydraulic actuators for developing the 

intelligent vehicle suspensions has been reported previously in the literature [17]. The 

other actuation strategies involve the use of Magnetorheological (MR) dampers [18], 

[19], [20]. The MR damper makes use of a smart fluid called Magnetorheological fluid 

which has a property of changing its viscosity upon the application of a magnetic field. 

This makes MR damper an effective controllable device for the intelligent suspension 

applications. The MR dampers are attractive because of their reliable operation 

irrespective of the changes in temperature and the condition of fluid. They offer wide 

temperature range from - 40° to +150° C. The range of obtainable dynamic yield stress of 

the MR fluid is 50-100 kpa for considerably low voltages which makes them the ideal 

actuators for the semi-active aircraft and vehicle suspension applications [21]-[24]. Also, 

in case of power failure the MR dampers can act as passive dampers, thereby not 
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restricting the ongoing operation. However, the utilization of the MR dampers is limited 

to some extent because of their inherent nonlinear hysteretic behaviour upon application 

of magnetic field which makes the design of the controllers a critical task [14], [18]. 

 Despite the difficulties in the design process, numerous control concepts have 

been developed and utilized for realizing the semi-active systems especially for road 

vehicles [25], [26]. However, the implementation of such systems in aircraft is yet to be 

tried, even if there are number of semi-active concepts available for developing the 

controllable landing gear [12]. 

 The primary focus of all the research and development programs is to develop 

new technologies which would take away the repetitive and routine tasks from human 

hands. In case of aircraft, the focus is to improve the ride quality, comfort and safety 

during their operational phases and to avoid as many accidents as possible. In recent 

years, a lot of research has been going on with the objective of improving the safety of 

aircraft, especially during landing. These studies involve the vibration analysis during 

landing impact which ensures the structural integrity. A two degrees of freedom (2 DOF) 

aircraft model is used initially by researchers for simulating the vibration response [27]-

[29]. The advantage of this model is the simplicity and the ease with which a control 

strategy can be developed. This model takes into account only the vertical motion of an 

aircraft after landing. However, during landing, the aircraft also undergoes the pitch and 

roll motions which must be identified in the analysis from the stability point of view. 

 In this thesis, a semi-active Magnetorheological (MR) landing gear system has 

been developed using two different control approaches, namely, the H∞ and the Linear 
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Quadratic Regulator (LQR) for a three degrees of freedom (3 DOF) aircraft model. The 

performance of both the controllers is compared for a particular landing situation in order 

to select the appropriate controller. After selecting the appropriate control strategy, the 

response of an aircraft with the passive shock absorber is compared with that with the 

semi-active shock absorber for different landing scenarios. The advantages of the semi-

active landing gear over the passive landing gear are analyzed from the obtained 

simulation results. 

1.2 Literature Review 

The proposed study focuses on designing a semi-active suspension for the existing 

landing gears using the H∞ and LQR control approaches. Therefore, in order to 

thoroughly understand the proposed concept, it is necessary to review the existing 

technologies, their advantages and limitations, and also technologies in the development 

phase which would be of great importance in near future. A thorough review of the 

relevant literature has been done in the following sections. 

1.2.1 Recent developments in landing gear technology 

The landing gear is one of the most essential aircraft assemblies, as the safety of the 

aircraft on the ground entirely depends upon its effective functioning. The primary 

objective of a landing gear is to absorb the vertical and horizontal kinetic energy which 

ensures the stability and safety of the aircraft during the ground operations. Therefore, 

with the advent of modern aircraft, researchers felt the need for developing more efficient 

landing gears. The design process of the landing gears has evolved in the last century 

from simple skids to sophisticated wheeled landing gears embedded with efficient shock 

absorbers [9]. Soon after the invention of the first ever aircraft by Wright brothers in the 
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early nineteenth century, an idea of the wheeled landing gears was implemented 

efficiently [1]. Few years after the initial implementation, during the World War I, many 

fighter aircraft were equipped with the tail wheel configuration landing gear system. 

Since then there has been a tremendous growth in the field of landing gear design. 

Throughout the development phase, more attention was focused on the efficient design of 

the shock absorber, which is considered as the most important component of the entire 

landing gear assembly. The earlier aircraft were equipped with the rugged struts attached 

to the airframes, which displayed very poor damping performance. The need for the high 

efficiency shock absorbers was not intense until the heavy weight aircraft started making 

their appearance on the aviation world. With increasing aircraft weights and sink speeds, 

it became necessary for the landing gear designers to look for more efficient solutions for 

the energy absorption during landing which would protect the aircraft structures from the 

ground loads [1], [9]. 

 Since the initialization of the first concept of the shock absorber design, lot of 

attempts have been made so far to make them as efficient as possible. Early aircraft used 

the simplest type of shock absorbers which consisted of bungee cord rings or bungee 

blocks fitted inside a tubular cross section. Though these shock struts were able to absorb 

part of the energy during the touchdown, they were not able to provide any damping 

because of which they became inefficient in restricting the recoil of an aircraft after the 

initial touchdown. This followed the shock absorber design with steel coil springs which 

could absorb the landing energy but were unable to provide effective damping. This 

design is still used for very lightweight aircraft. One of the most innovative shock strut 

designs was the torsion bar. This type of absorber was able to withstand torsional loads 
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during landing and absorb the energy at the time of touchdown. The drawback of all the 

three designs mentioned above is their inability to provide effective damping during 

landing because of which the aircraft equipped with these shock struts used to undergo 

bounce and sway motions during ground operations [1]. 

In order to address these challenges, a few new shock absorber designs were 

proposed which included pneumatic shock absorber, oil shock absorber and the 

combination of both, namely, the Oleo-pneumatic shock absorber. The efficiency of the 

air and oil shock absorbers was better compared to the previously used ones but their 

excessive weight posed some limitations on their applicability. Today, the Oleo-

pneumatic shock absorbers are most widely used in all aircraft because of their high 

efficiency and small weight [1], [2], [10], [30]. The Oleo-pneumatic shock struts are able 

to absorb the energy very effectively during each operational phase. Also, the absorbed 

energy is dissipated with a controlled rate in order to prevent the sudden loading on the 

airframe. Therefore, it becomes necessary to understand the basic functioning of the 

Oleo-pneumatic dampers before implementing the new shock absorber design concepts 

for the existing aircraft structures. 

1.2.1.1 Oleo-pneumatic struts: Heart of today’s landing gear technology 

The concept of oleo finds its roots back in 1905 when it was first implemented and 

patented as a recoil device for large cannons [30]. The struts are called Oleo-pneumatic 

because their principle of operation involves using the combination of compressible gas 

and incompressible fluid for providing the spring and the damping effects, respectively. It 

consists of two cylindrical chambers. The upper chamber is filled with gas charge while 

the lower one is filled with the kerosene based mineral oil. Because of the rapid 
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movement of the piston inside the cylinder, large amount of heat is generated which has 

to be dissipated effectively. Due to the high heat involved during this process, the gas 

charge to be filled in the upper chamber must be an inert gas which would prevent the 

explosion of the oil vapour in case of temperature rise beyond a certain level [31]. 

Therefore, for heavy aircraft it is mandatory for the shock absorber manufacturers to use 

the nitrogen or other inert gas as a gas charge. 

 The gas charge in the upper chamber supports the aircraft weight and the oil 

contained in the lower chamber provides the damping effect during the operation. At the 

time of touchdown, the strut operates by pushing the chamber of oil against the chamber 

of dry air or nitrogen. The dissipation of energy takes place when oil flows through one 

or more orifices. A landing aircraft inevitably rebounds after the initial impact. During 

this phase, the pressurized air forces the oil back to the lower chamber through the recoil 

orifices. The rate of flow of oil through the recoil orifices determines the extent of 

rebound. If oil flows too quickly through the orifice, aircraft rebounds upwards rapidly. 

On the other hand, if oil flow is too slow, the oscillations will not be damped out 

effectively during soft landing and taxiing phases [1], [2]. 

The spring force in an oleo strut is provided by the compression and expansion of 

gas and the damping force by the fluid passing through the orifice. The orifice area 

changes as the metering pin moves up and down through the orifice. By appropriately 

designing the metering pin, it is possible to achieve the required damping force [30], [31]. 

However, sometimes because of the conflicting damping requirements, the efficiency of 

Oleo dampers is reduced which necessitates the need for developing the controllable 

dampers which would be able to provide variable damping forces. Magnetorheological 



10 
 

dampers can provide a solution for improving the overall damper efficiency and 

performance of the system. 

 

Figure 1.1 Oleo-pneumatic shock absorber [2] 

1.2.2 Magnetorheological fluid dampers: Potential solution for future suspensions 

Magnetorheological fluids belong to a class of smart materials because of their 

controllable inherent rheological characteristics [32], [33]. Jacob Rainbow [34] can be 

credited for the discovery and the development of MR fluid devices in early 1950s. The 

other type of controllable fluids, namely, Electrorheological (ER) fluids, was discovered 

and developed by Willis Winslow [35] in the same era. However, the research programs 

in the field of MR fluids were more extensive compared to those in the field of ER fluids. 

The controllable rheological properties of the MR fluids make them suitable in the 

application of shock and vibration control devices. The rheological properties of these 

fluids refer to the elasticity, plasticity and viscosity [36]. The application of the controlled 

magnetic field to these fluids increases their viscosity thereby improving the shock 

absorption. Conversely, when the magnetic field is removed, they come back to the 
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normal state. This basic property can be utilized in the semi-active vibration control 

approaches. 

 Magnetorheological fluid is basically, a composition made of the magnetizable 

particles dispersed randomly in liquid medium, called carrier oil, with a stabilizer [37]. 

The liquid medium is usually an organic or aqueous solution with insulation properties. 

Commonly used liquid media for preparing the MR fluid includes petroleum based oils, 

silicon oil, kerosene, mineral oils, synthetic hydrocarbon oils, polyester, polyether, water 

etc. The liquid medium used for a particular application must possess good temperature 

stability [38], [39]. The particles dispersed in carrier oil are iron based micron-sized 

particles having size in the range of 1-10 μm. These particles are magnetically soft which 

helps their smooth transition from polarized state to a normal state when the magnetic 

field is removed. The most commonly used magnetisable particles are carbonyl iron 

powder based, which is a product of decomposition of iron pentacarbonyl. However, the 

high density of iron powders (7.8 g/cm3) compared to the carrier liquid poses some 

restriction on fluid re-dispersion as the particles settle down at the bottom. Research has 

been going on to reduce the size of these particles to a nano-scale in order to facilitate a 

smooth re-dispersion of a carrier fluid. The third element which completes the MR fluid 

composition is a stabilizer which serves the function of maintaining the agglomerative 

stability as well as the sedimental stability which prevent the particles from sticking 

together and settling down at the bottom with time. For a fluid immersed with coarse 

particles, silica gel is used as a stabilizer whereas the ionic surfactant such as oleic acid is 

used for the fluids immersed with finely dispersed particles [36]-[38]. 
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 Magnetorheological fluids possess a unique property of transforming from a free 

flowing state to a highly viscous semi-solid state when exposed to a magnetic field. In a 

typical MR damper device, when a current is passed through a coil placed adjacent to the 

fluid, the randomly dispersed iron particles in carrier oil acquire the dipole moment in 

alignment with the applied magnetic field. This process forms a chain of iron particles 

which is perpendicular to the direction of fluid flow thereby restricting it. In other words, 

velocity of fluid flow decreases. This effect continues as long as the magnetic field is 

maintained. Once the magnetic field is removed, iron particle chains are broken and the 

fluid comes back to its normal state. This phenomenon can be visualized from figure 1.2. 

This transformation takes place in milliseconds and is reversible, which allows the fluid 

to return back to its normal state when magnetic field is removed. This property can be 

utilized in MR fluid based devices to achieve variable damping, particularly in the shock 

and vibration attenuation applications [21]-[24]. In the absence of magnetic field, these 

fluids behave like Newtonian fluids having viscosity ranging from 0.1 to 1 Pa at room 

temperature. With the application of magnetic field of 150-200 kA/m, the dynamic yield 

strength of 50-100 kpa can be achieved which is significant in the applications where 

sudden impacts have to be attenuated quickly. The operating temperature range of these 

fluids span from - 40 to 1500 C with minimal variation in yield strength. Generally, these 

fluids are not affected by the contaminants during the manufacturing process. Because of 

the dispersed iron particles, the density of these fluids ranges from 3-4 g/cm3. The 

available devices which work on the MR effect typically requires 2-50 Watt power 

source [21]-[24], [38]-[40]. 
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Figure 1.2 MR fluid behavior for applied magnetic field [16] 

 Based on their phenomenal controllable properties, MR fluids can be used in 

developing the innovative devices, particularly dampers. The focus of the research and 

development programs is to develop efficient MR fluid based dampers which would be 

able to achieve the goal of improving the safety in variety of applications like civil 

structures, road vehicles, railway vehicles as well as airplanes. The most effective 

application of MR fluids is in linear dampers to develop semi-active seat suspensions for 

heavy vehicles and struts for passenger cars. The linear MR dampers also find their 

application in protection of civil structures from seismic loads [41]. 

 

Figure 1.3 Configuration of Magnetorheological damper [42] 
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 In recent years, researchers have developed new techniques for designing the 

suspension systems using Magnetorheological dampers for road vehicles to cope with the 

road irregularities and for improving the ride comfort. Wang et al [18], Kim and Jeon 

[43] and Lam and Liao [44] used the MR damper for designing a semi-active control 

system for a quarter car model and validated its applicability in improving the ride 

comfort. The implementation of semi-active MR damper concept for a full car model was 

also reported in literature [45] in which the primary objective was to improve the ride 

comfort when a car is subjected to road irregularities. Researchers have implemented the 

optimal control strategies for improving the performance of the semi-active MR 

suspensions to achieve the best ride quality [46]. A few studies validated the applicability 

of the MR damper for the seat suspensions where the aim was to supress the vibrations 

getting transferred to the human body through a seat [47].  

Apart from vehicle engineering, MR dampers can also be utilized effectively for 

railway [48-51] and civil engineering applications. The purpose of using these dampers in 

railway applications is to attenuate the vibrations and improve the lateral ride quality. 

Liao and Wang [49]-[51] developed a secondary semi-active MR suspension system for 

railway vehicles to attenuate the vibrations getting transferred to the main body due to the 

bounce, pitch and roll motions. Intensive research has been going on in civil engineering 

field to develop the high capacity MR dampers for protecting the buildings and bridge 

structures against the wind and seismic loads [52], [53]. The concept of using the 

controllable dampers in aircraft landing gears has gained significant attention recently. 

Researchers have developed the aircraft models analogous to the vehicle models and 

designed the semi-active Magnetorheological landing gears for reducing the vibrations 
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getting transferred to the fuselage during landing and taxiing phases. A 2 DOF aircraft 

model representing the aircraft mass and wheel mass is the most commonly used model 

for the vibration analysis during landing phase, particularly. Because of the wide range of 

applications these dampers offer, they can be considered as the most effective solution for 

developing the intelligent damping systems for the future applications. 

1.2.3 Semi-active suspension systems 

The controllable properties of the Magnetorheological fluids can be used for developing 

the semi-active dampers which are capable of providing the variable damping without 

compromising efficiency. The intelligent damping concept has been widely used in 

vehicles, civil structures, railway vehicles, as well as in aerospace systems. The primary 

goal of implementing a semi-active suspension concept in vehicles and aircraft is to 

improve the passenger comfort and safety and to increase the stability whereas in the civil 

engineering field, this concept has been widely used for the protection of buildings and 

bridges against the wind and seismic loads. 

 The existing passive suspension systems are capable of dissipating energy 

effectively at a constant damping rate. Because of the unchangeable damping properties, 

variable damping forces cannot be generated which makes them unsuitable for the 

applications where the varying damping force is required depending on the operating 

conditions. In order to generate a force corresponding to the excitation input, the concept 

of the active and the semi-active suspensions was proposed in early 1950s. In active 

suspension systems, the force generating device used is the hydraulic actuator which 

requires a hydraulic power supply to operate. The actuator replaces the spring-damper 

configuration in the conventional passive dampers and generates the force relative to the 
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excitation inputs and operating conditions. However, the application of these systems is 

restricted because of the increased weight and cost involved. The large power 

requirement is also a limitation. The drawbacks of the passive and active suspensions can 

be overcome by the semi-active systems to achieve the effective vibration isolation. The 

semi-active systems are capable of providing the variable rate of energy dissipation 

according to operating conditions with the minimal power requirements. Moreover, the 

failure of the power in these systems does not lead to a complete failure of the operation 

since they can act as passive devices when the power is cut off. Because of their smaller 

weight, low power requirements and the ability to provide the variable energy dissipation 

rate, the semi-active suspensions can be considered to be the most effective solution for 

the aircraft and the vehicle suspensions [15]. 

 

Figure 1.4 Configuration of passive, active and semi-active suspension systems [15]  

The suitability of the semi-active systems for different applications was validated 

in the past using different approaches. Margolis [16] used a bond graph technique for 

comparing the semi-active systems with the passive and the active systems for the simple 

as well as the complex dynamic models and proved the applicability of the semi-active 

systems using optimal control strategies. Youn and Hac [54] used the concept of the 
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semi-active suspension for the 2 DOF vehicle model by implementing the optimal control 

strategies for the purpose of improving the ride comfort, road holding and the suspension 

rattle speed. Sims and Stanway [55] developed a semi-active suspension system for a 

quarter car model to prove the performance gains of the semi-active suspensions over the 

passive suspensions. A controllable viscous damper with a force feedback concept was 

developed for this study. To improve the performance of the semi-active vehicle 

suspensions, researchers have developed the robust control strategies such as H∞ control 

in the recent past [17]. The application of the semi-active suspension systems in the 

aircraft landing gears is limited. No aircraft has been embedded with the semi-active 

struts so far. However, the research growth for developing the concept of the semi-active 

landing gears has been prolific [7], [12], [17], [28], [29], [56], [57]. Sivakumar and Haran 

[28] developed a semi-active landing gear for the 2 DOF aircraft model using the 

Proportional Integral Derivative (PID) controller to improve the ride comfort of the 

aircraft subjected to the runway excitations during landing, take-off and taxiing phases. 

Zapateiro et al [29] used the adaptive control approach for developing and comparing the 

performance of the active and the semi-active landing gears for the purpose of improving 

the passenger comfort during the aircraft ride. The concept of the adaptive aircraft shock 

absorbers was proposed by Mikulowski and Holnicki-Szulc [56] to cope with the 

variations in the landing conditions and to improve the impact absorption capacity. 

Kruger [57] designed a semi-active landing gear using three different control approaches 

and compared the simulated performance of the passive, active and the semi-active 

system for a multibody aircraft model of a transport aircraft. The criterion for comparing 

these systems was the vertical acceleration transmitted to the fuselage during landing. Su 
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et al [57] developed a predictive control algorithm for the nonlinear model to design a 

semi-active landing gear which could sustain the shocks during the landing and the 

taxiing phases and provide the adaptive damping for varying operating conditions. The 

reviewed literature is a clear indicator of the applicability of the semi-active systems in 

the aircraft landing gears as well as for other applications in near future. 

1.2.4 Control strategies for the development of intelligent suspensions 

The evolution of the development of the control approaches for building the most 

efficient semi-active suspensions for the vehicles [17], [19], [43], [55] and aircraft [12], 

[20] [28], [29], [56]-[60] has been remarkable so far. Lin et al [20] proposed a fuzzy PID 

controller for the landing gear system in order to reduce the accelerations transmitted to 

the fuselage during landing. A hybrid control algorithm combining the advantages of the 

PID and fuzzy control was developed and validated through a simulation approach. An 

active and a semi-active landing gear concept using a PID controller was used by Wang 

et al [27] and Sivakumar and Haran [28], respectively, to reduce the vertical motion of 

the aircraft body during landing and other phases. Considering the passenger comfort and 

aircraft fatigue life as the validation criterion, the applicability of the active landing gear 

concept was proved. Zapateiro et al [29] developed a concept of the adaptive 

backstepping control of the landing gear suspension using the robust H∞ control approach 

for the purpose of improving the damping performance during different phases of the 

aircraft operation.  

A few techniques to optimize the controllers for the landing gears were also 

reported, previously [56] by selecting the landing gear efficiency as an objective function. 

Kruger [57] used three different control approaches namely; a skyhook controller, a fuzzy 
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logic controller and a state feedback controller for developing the semi-active landing 

gear for the transport aircraft and designed a multi-objective optimization algorithm to 

optimize the control parameters of all the three controllers. A sliding model controller 

was utilized by Choi and Werely [59] to design the MR landing gear. Ghiringhelli [60] 

proved the applicability of the semi-active landing gears by optimally controlling the 

orifice area in the dampers to reduce the vertical impact on the aircraft during landing. 

Ghiringhelli and Gauldi [61] developed a multibody aircraft model through ADAMS 

simulation and validated the control approach for the landing gear drop test. The 

developed model is a good approximation of the real landing scenario. The primary goal 

of developing the semi-active landing gears using the optimal controllers is to provide 

safety and comfort to the passengers and reduce the fuselage vibrations during landing 

and taxiing. 

1.3 Problem Definition 

The aircraft, during its lifetime, is subjected to varying operating conditions in the air as 

well as on the ground. As landing is the most critical phase amongst all the operational 

phases, there is a need to design the most efficient landing gears. The shock absorber, 

which absorbs huge impact energy during the landing phase, is considered as the heart of 

the landing gear assembly and therefore, it becomes necessary to increase its performance 

efficiency and the life span. Though the existing shock absorbers are the most efficient 

till date, they are not able to meet the variable damping requirements to cope with the 

varying operating conditions. The problems such as bad weather conditions, runway 

unevenness and pilot inaccuracies might arise during the aircraft operation which could 

lead to accidents, sometimes. In such critical scenarios, it is necessary to have the most 
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efficient and the robust damping system which would prevent the aircraft from the 

potential accidents. The semi-active suspensions with the robust control strategies could 

prove to be a solid solution for preventing the potential aircraft accidents specifically, 

during landing. 

1.4 Thesis Objectives 

The literature review and the problem definition presented in the previous sections 

provide a strong basis for defining the objectives of this study. The specific objectives of 

this study are as follows: 

• Study and analyze the force-velocity characteristics of the Magnetorheological 

damper to understand their dynamic behaviour for the sinusoidal excitations. 

Spencer model and sigmoid model are selected and a force velocity dynamic 

behavior is simulated using MATLAB based on the data available in the previous 

literature to validate their applicability. 

• Analyze the energy dissipation characteristics of the MR dampers. Derive the 

equations for the energy dissipation of the MR damper in one cycle for a 

sinusoidal excitation and plot the graphs of the energy dissipated in one cycle 

against time. Plot the graphs of dissipated energy against the changing currents 

and frequencies.  

• Develop a 3 DOF dynamic model of an aircraft embedded with a tricycle landing 

gear system and derive the equations of motion. A state-space approach is utilized 

for representing the system and developing the controller. 
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• Synthesize two different controllers, namely, a Linear Quadratic Regulator (LQR) 

and a robust H∞ controller for developing the semi-active suspension system with 

MR damper as an actuator for the selected aircraft model. 

• Validate the applicability and robustness of the designed semi-active suspension 

system by subjecting the aircraft to different landing scenarios considering 

runway roughness. 

1.5 Thesis Organization 

A thorough review of the relevant literature is presented in chapter 1 for developing a 

basic understanding of the concepts that will be implemented in the subsequent chapters. 

A problem definition and the thesis objectives are also presented in chapter 1. 

Chapter 2 includes the study and analysis of the force-velocity characteristic of the MR 

damper in order to understand its dynamic behaviour. Various parametric and non-

parametric models are reported for understanding the dynamic behaviour of the MR 

dampers. Finally, the two models, namely, Spencer model and Sigmoid model are 

selected and the response of the damper for the sinusoidal excitations is simulated based 

on the data already available in the literature. 

Chapter 3 explains the basic concepts regarding the energy dissipation by the MR damper 

and its linearization. Spencer model which is used in chapter 2 for simulating the force-

velocity characteristics is selected for analyzing the energy dissipation behaviour of the 

MR damper in one cycle for a sinusoidal input. The graph of the energy dissipated in one 

cycle is plotted against the time for a particular displacement and frequency input. As 

Spencer model is a current dependent model, the relationship of the dissipated energy 
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with increasing currents with a fixed value of the frequency and the displacement input is 

depicted graphically. Similarly, the relationship of the dissipated energy with changing 

frequencies is plotted for fixed current values. 

In chapter 4, a 3 DOF dynamic model of an aircraft is developed and the equations of 

motion are derived. A state-space approach is followed for representing the system in 

order to synthesize two controllers for the developed system. The aircraft parameters are 

selected from the available literature. 

Chapter 5 involves the simulation of the actual landing scenario for different sink 

velocities. The performance of the two controllers is compared for the purpose of 

selecting the appropriate control law. Finally, the response of an aircraft embedded with 

the developed semi-active system is plotted and compared with existing passive system. 

The applicability and the robustness of the controller are validated by subjecting the 

aircraft to the rough landing scenarios. 

The important conclusions and the future recommendations are presented in chapter 6. 
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CHAPTER 2 

DYNAMIC MODELING OF THE HYSTERETIC 

CHRACTERISTICS OF A MR FLUID DAMPER 

2.1 Introduction 

The Magnetorheological dampers are currently the focus of researchers and engineers 

[12] because of their potential to be used for the various engineering applications such as 

vehicle suspensions, aircraft landing gears, railway suspensions. A few civil engineering 

as well as biomechanical engineering [62], [63] applications have also been reported. The 

primary reason for the wide range of applications of the MR dampers is their controllable 

viscosity. The current levels required for achieving the required viscosity are also 

nominal. These dampers exhibit unique characteristics which enable their rapid transition 

from a low viscosity state to a high viscosity state according to the current variations. 

Their ability to provide a rapid interface between the mechanical systems and the 

electronic controls can be utilized for developing the semi-active systems [21].  

In order to build the efficient MR fluid based dampers, it is imperative to 

understand their basic principle of operation. Moreover, these dampers exhibit a highly 

non-linear hysteretic behaviour which makes the process of the controller design critical. 

Therefore, it is necessary to understand the inherent hysteretic nature of these dampers to 

address the issue of the controller design. Various dynamic models have been proposed 

by the researchers, in the past, for accurately characterizing the behaviour of the MR 

dampers. In this section, the basic principle of the MR damper is presented first, followed 

by a critical review of the available dynamic models for characterizing the force-velocity 
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(f-v) hysteretic behaviour of these dampers. A simulation approach is adopted by taking 

into consideration two different dynamic models to plot and analyze the hysteretic 

behaviour of these dampers for a selected range of the sinusoidal excitations. As the data 

is taken from the previously available literature, the models are validated by comparing 

the simulation results of the f-v characteristics with the results available in the literature. 

2.1.1 Operational features of the MR fluid based devices 

The Magnetorheological fluid based devices are magnetic field dependent and are 

capable of producing high dynamic yield stress upon the application of a magnetic field. 

As mentioned in the literature, the achievable dynamic yield stress is about 100 kPa for 

typical MR fluid devices which makes them useful for the vibration mitigation 

applications. It is necessary to understand the behavior of the MR fluids under the 

influence of the magnetic field and analyze the stress development pattern. 

 

Figure 2.1 MR fluid behavior (non-Newtonian) in post-yield region [21] 
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Figure 2.2 MR fluid behavior in pre-yield and post-yield regions [21] 

 The figures depict the dynamic behavior of the MR fluid under shear [21]. In the 

above figures, shear stress is plotted against the shear strain and shear rate to understand 

the behavior of the fluid in two distinct regions which are the pre-yield region and the 

post-yield region. The MR fluid exhibits different mechanical properties in these two 

regions. When the shear stress is below the yield stress, the fluid is said to be in the pre-

yield region whereas it is said to be in the post-yield region when the shear stress exceeds 

the yield stress limit [64]. When the fluid is under the influence of a magnetic field, shear 

stress is developed which has two components; one of which is the viscous induced stress 

component and the other is the field dependent stress component. The field dependent 

stress component varies exponentially with the applied field. The MR fluid exhibits a 

linear viscoelastic behavior in the pre-yield region, a non-linear viscoelastic behavior in 

the yield region. Whenever, the shear stress exceeds the yield stress, the fluid enters the 

post-yield region showing a plastic behavior. It is important to understand the rheological 

properties of the fluid in these two regions to build MR fluid based devices [35]. 
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 As shown in the figure, the MR fluid devices can be operated in three different 

operational modes, namely, the flow mode, the direct shear mode and the squeeze flow 

mode or a combination of these three modes. The flow mode and the direct shear mode 

play a significant role in the development of  all types of rotary and  linear MR dampers 

whereas the squeeze film mode is used for developing the limited amplitude linear MR 

dampers [21], [65]. 

 

Figure 2.3 Operational modes of MR fluid (a) Shear mode (b) Flow mode (c) 

Squeeze mode [35] 

The configuration of a typical linear MR damper is as shown in the figure 1.3. 

The damper operates in a mixed mode combining a flow mode and a direct shear mode. 

The cylinder consists of an upper chamber and a lower chamber, separated by a piston. 

There is an annular gap between the inside wall of the cylinder and the outside wall of the 

piston where MR fluid flows. The magnetic circuit is built along the piston and the 

cylinder which can generate a magnetic field for a particular time depending upon the 

current applied. When MR fluid flows through the activation regions, they are exposed to 
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the magnetic field to achieve the desirable viscous force. This way, by controlling the 

level of current at specific times, it is possible to magnetize the fluid and obtain high 

dynamic yield stresses according to the application requirements [66]. For the aircraft 

applications, these devices can prove their potential in mitigating the excessive vibrations 

at the time of landing, by generating the required viscous forces for nominal current 

levels. 

2.2 Review of MR Damper Models 

The non-linear hysteretic characteristics of the MR dampers refer to the force-velocity 

and force-displacement relations. The MR dampers exhibit inherent hysteretic behavior 

which has to be predicted accurately by using different modeling techniques in order to 

effectively implement these dampers for the variable damping applications. The force-

velocity characteristic is a plot of variation of a damping force with the piston velocity 

which can be described in two distinct regions called the post-yield region and the pre-

yield region. The shape of the hysteresis loop varies according to the variations in the 

parameters such as frequency, amplitude and current of the applied excitation signals. 

Many models have been developed so far, for accurately predicting the dynamic 

hysteretic behavior of the MR dampers for the purpose of developing effective control 

strategies [21]. The developed models must be applicable for a wide range of excitation 

conditions and should satisfy the validity criteria such as robustness, simplicity, accuracy 

and reversibility. Based on their properties, the MR damper models can be classified into 

two main categories; the dynamic models and the quasi-static models. The quasi-static 

models prove their ability in designing the MR damper but are not able to predict the 

non-linear hysteresis characteristics. The drawbacks of the quasi-static models can be 
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overcome by the dynamic models which can predict the non-linear hysteresis, making the 

process of the controller design less complicated.  

The dynamic models can be further classified as the parametric dynamic models 

and the non-parametric dynamic models. The non-parametric modeling methods make 

use of the analytical approach for characterizing the behavior of the MR dampers. These 

models are applicable for the linear as well as non-linear systems because of their 

robustness [21]. Choi et al [67] proposed a polynomial model, which is a non-parametric 

model, to predict the MR damper hysteretic characteristics. In this model, the MR damper 

force is represented as a polynomial function in terms of piston velocity. However, the 

order of the polynomial was found out by trial and error method for accurately capturing 

the force-velocity hysteresis. Jin et al [68] proposed a black-box modeling technique for 

the MR dampers to cope with the structural control problems. The comparison between 

the non-linear black-box modeling and the semi-physical modeling is also reported in the 

literature [69]. The neural network model suggested by Wang and Liao [70] can be used 

for modeling and controlling the MR damper behavior as it is evident from the literature 

that the feed-forward neural networks can find an approximate solution for any 

continuous function. The other non-parametric models involve the fuzzy model, the 

Ridgnet model, the wavelet model and the multi-function model [21]. 

The parametric dynamic models represent the other class of the dynamic models. 

The parametric models represent a system as a collection of elements such as the springs 

and dampers and require a parameter identification procedure for modeling the dynamic 

behavior of the MR dampers. The complexity of the model can be judged depending 

upon the number of parameters to be identified. The parametric dynamic models fall into 
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various classes, namely, the Bouc-Wen hysteresis operator based dynamic models, the 

biviscous models, the sigmoid function based models, the Bingham model-based 

dynamic models, the viscoelastic plastic models, the hyperbolic tangent function models, 

the equivalent models and few others [21]. Werely et al [71] implemented four different 

parametric models for predicting the force-velocity hysteresis and the energy dissipation 

analysis of the MR dampers. These models involve the linearized equivalent viscous 

damping model, the non-linear Bingham plastic model, the non-linear biviscous model 

and the non-linear biviscous hysteretic model. The proposed Bingham plastic model 

assumes the material to be rigid in the pre-yield zone which starts flowing like a 

Newtonian fluid once the damper force exceeds the yield force. In the non-linear 

biviscous model proposed by Stanway [72], the material is assumed to be plastic in both 

pre-yield and the post-yield regions and the damping in the pre-yield condition is 

assumed to be significantly higher than that in the post-yield condition. The extension of 

the non-linear biviscous model is the non-linear biviscous hysteretic model, which is a 

four parameter model for accurately describing the hysteresis phenomenon in the pre-

yield region. The sigmoid function based models [73]-[75] use the symmetric and 

asymmetric sigmoid functions for depicting the force-velocity relation. The Bouc-Wen 

hysteresis operator based dynamic models are the most widely used models for accurately 

identifying the hysteretic characteristics for control purpose. Spencer [76] proposed a 

novel model based on the Bouc-Wen hysteresis model which could accurately predict the 

inherent non-linear behavior of the MR dampers. The accuracy of the model was 

validated for a wide range of operating conditions. Further modifications in the Bouc- 

Wen model were suggested and implemented by Dominguez et al [77], [78] for 
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improving the ability of the model to predict the dynamic behavior. These models were 

used for developing the semi-active systems for structural control. 

2.3 Modeling the Dynamic Behavior using Parametric Approach 

A parametric modeling approach can be adopted for simulating the dynamic behavior of 

the MR damper when subjected to excitation forces. This approach not only provides the 

ease of simulation but is also useful in reducing the complexity in controller design. The 

MR damper force depends on the frequency and amplitude of the excitation signal to 

large extent. However, the dependency of the MR damper force on current cannot be 

neglected and has to be taken into consideration for accurately simulating the dynamic 

behavior for a particular excitation signal [21], [79], [80]. The variations in the current 

levels significantly affect the peak MR damper force, the post-yield saturation and the 

hysteresis force magnitude [79]. Most of the reported parametric models represent a 

relation between its inherent parameter and a current. Therefore, the total MR damper 

force can be represented as a combination of the hysteresis force function and a current 

function as follows: 

 
(2.1) 

 

(2.2) 

Equation (2.1) represents the total MR damper force generated, FMR, for a 

sinusoidal excitation. FD is the hysteresis force which is a function of the piston 

displacement, velocity and acceleration as shown in equation (2.1). The expression for 

calculating FD differs according to the model configuration. Equation (2.2) represents 

non-linear current function FI which can be integrated with the hysteresis force to 

( ) ( , , ). ( )MR D IF t F x x x F I=  
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calculate the total MR damper force, FMR. Although, the method for calculating the 

hysteresis force differs for each model, the expression for the current function FI, to be 

integrated, remains the same. Therefore, in order to understand the effects of applied 

current on the MR damper force, Spencer model and Sigmoid model are selected for 

simulating the force-velocity hysteretic behavior of the MR damper. The parameters of 

Spencer and Sigmoid model presented in [79] and [80] are selected for analyzing the 

hysteretic behavior. The simulation results are compared and validated with the results in 

[79]. In the following sections, the equations for Spencer model and Sigmoid model are 

expressed to predict the dynamic behavior of the MR dampers analytically. A simulation 

approach is adopted and the force-velocity behavior is plotted in MATLAB/SIMULINK 

for both the models. 

2.3.1 Spencer model 

Spencer model is an extension of the Bouc-Wen model with the addition of the spring 

and damper elements for improving the smoothness of the hysteretic characteristics. The 

dynamic equations of Spencer model for the damper force calculations can be derived 

from the model configuration as shown in figure 2.4. [76], [79], [81]. 

 

Figure 2.4 Spencer (extended Bouc-Wen) model for MR dampers [76] 
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The total MR damper force generated by the system is 

0 0( ) ( ) ( )iD rF p c z q k z q k z zα= + − + − + −

 
(2.3) 

where, kr is the MR damper accumulator stiffness and zi is the initial displacement 

associated with spring kr and the control stiffness at larger velocities is represented by k0. 

The relative displacement between the ends of the MR damper is given by z and q 

represents the internal state to account for the roll-off effect caused by the damping 

coefficient cr. The restoring force FD involves the non-dimensional auxiliary variable p 

which represents the hysteresis of the MR damper model. 

 
(2.4) 

where, β and γ are the non-dimensional values to describe the hysteretic loop in the 

negative and positive slopes. Also, a is a non-dimensional value for defining the loop size 

with respect to the relative velocity of the two ends of MR damper. The transition of the 

MR fluid from elastic to plastic state should be smooth to eliminate the subjective feel of a 

damper. The smoothness of the transition between the two states is governed by a scalar n. 

The equation for q is presented as follows, 

 

(2.5) 

The parameter related to the MR fluid yield stress is designated by α. The viscous 

damping coefficient at larger velocities is represented by c0. The dashpot represented by cr 

is included in the model to account for the roll-off effect, which is observed at low 

1
1( ) ( )n np p p z q z q p A z qγ β−= − − − − + −     
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velocities. In order to consider the effect of the magnetic field on the model parameters, 

Spencer [76] suggested a linear relationship between the applied voltage and the 

parameters α, c0 and cr. However, for the simulation purpose, the methodology suggested 

by Wang [15] and Ma [79], [80] is adopted in order to improve the model prediction 

abilities. Therefore, a modification in Spencer model can be done by considering the 

parameters α, c0 and cr as constants and integrating the non-linear current function shown 

in equation (2.2) with the hysteretic force function for predicting the hysteretic behavior 

accurately [15], [21], [79], [80]. 

 

(2.6) 

For the ease of simulation, a hysteretic force function, FD, described in equation (2.3) is 

calculated separately and integrated with the non-linear current function. Equation (2.6) 

represents the total MR damper force for this model. 

2.3.2 Sigmoid model 

Sigmoid model is a parametric dynamic model which formulates the hysteretic force 

function using the symmetric sigmoid function. This function does not take into account 

the current dependency. To consider the effect of current on the MR damper hysteresis 

loop, a non-linear current function described in equation (2.2) can be integrated with the 

hysteretic force function. The hysteretic force function depends on the displacement, 

velocity and the acceleration of the input applied. This function can be described by the 

following equation [15], [21], [79], [80]. 
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      (2.7) 

 

In equation (2.7), the term FT represent the transition force. The transition force represents 

the value of the force at a particular point at which the hysteresis loop enters the post-yield 

region. The governing equation for the transition force can be described as follows, 

 
        (2.8) 

Another term that is involved in the hysteretic force function equation is the zero force-

velocity intercept, vh. The shape of the hysteresis loop, especially its width varies 

according to the variations in vh. The mathematical equation for calculating this term can 

be represented as shown below. 

 

     (2.9) 

It can be interpreted from the above equation that the input excitation conditions have a 

significant effect on vh. On the other hand, the dependency of vh on applied current is 

nominal. This indicates that for Sigmoid model, the current variations only have a slight 

effect on the width of the hysteresis loop.  

In equation (2.7), kp and µ are the linear rise coefficient and the hysteresis slope 

coefficient which can be formulated as, 

 
       (2.10) 
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       (2.11) 

From the equations presented above, it can be observed that the terms defined above 

depend on the term designated as vm which is the peak velocity. In actual practice, the 

values of vm cannot be measured directly. However, it is necessary to measure this velocity 

in order to depict the force-velocity relationship accurately. The peak velocity vm can be 

measured from the instantaneous displacement, velocity ad the acceleration of the applied 

input. The equation for measuring the peak velocity vm can be represented as follows. 

 
     (2.12) 

Therefore, the total MR damper force including the non-linear current function can be 

represented as shown in equation (2.13). The constants defined in the above equations are 

F0, i0, a0, a1, b1, k0, ka, kb, km and Ψ. 

 

(2.13) 

To simulate the response of the MR damper using the above equations it is necessary to 

identify the constant parameters involved in these equations. Wang [15] and Ma [79], [80] 

presented a methodology for the parameter identification. The parameters identified in 

[79] can be used for the simulation in order to validate the developed model. 
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2.4 Simulation Results 

Based on the hysteretic force equations and the current relationships, a hysteretic force-

velocity behavior is plotted using Spencer model and Sigmoid model described in the 

sections (2.3.1) and (2.3.2).  

In order to validate the accuracy of the developed Simulink model, the obtained 

force-velocity hysteresis curves are compared with the results in [79]. The accuracy of 

the Simulink model is necessary to validate since the built Simulink model will be used 

again for defining the actuation system for the semi-active aircraft landing gear which is 

the main objective of the study. According to the experimental analysis done in [15], 

[79], [80] the MR damper is excited by a sinusoidal signal with the amplitude of 6.25 

mm. Three different frequency values are selected which are 1.5 Hz, 2.5 Hz and 5Hz. The 

applied current values are 0.00 A, 0.25 A, 0.50 A, 0.75 A, 1.00 A, 1.25 A and 1.50 A. 

Maintaining the amplitude constant, the hysteretic behavior of the MR damper for a 

particular frequency is depicted for seven different current levels. The simulation results 

for the hysteretic f-v characteristics for Spencer model and Sigmoid model can be 

observed from the following figures. 

 Figures (2.5)-(2.7) show the results of the force-velocity hysteresis for Spencer 

model whereas figures (2.8)-(2.10) depict the behavior for Sigmoid model. 
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Figure 2.5 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 1.5 Hz using Spencer model 

 

Figure 2.6 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 2.5 Hz using Spencer model 
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Figure 2.7 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 5.0 Hz using Spencer model 

 

Figure 2.8 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 1.5 Hz using Sigmoid model 
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Figure 2.9 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 2.5 Hz using Sigmoid model 

 

Figure 2.10 Simulation of hysteretic f-v characteristics of MR damper for frequency 
of 5.0 Hz using Sigmoid model 
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2.5 Discussions 

The dynamic behavior of the MR damper can be analyzed from the simulation results of 

the hysteretic force-velocity characteristics. The important observations from the 

obtained results are summarized as follows: 

• For both models, the MR damper behaves as a linear viscous damper when there 

is no current applied in a circuit. The force varies approximately linearly with the 

velocity, which is depicted as the light grey curve in the figures. It can be 

interpreted that the MR damper behaves as a passive device whenever there is no 

current in the circuit. 

• For small increments in current levels, the magnitude of the MR damper force 

increases significantly. The path of the hysteresis loop follows a counter-

clockwise direction when plotted against time. Motion to the right corresponds to 

positive acceleration and vice versa. The mean curve of the hysteresis loop 

approximately corresponds to the viscous damping coefficient of the MR fluid. In 

the pre-yield region, a strong hysteresis can be observed. The force velocity 

relationship is linear for larger positive velocities in the post-yield region. 

• The variations in the frequency values of the applied signal have a significant 

effect on the magnitude of the force as well as on the hysteresis loop. The force 

increases with the frequency. Moreover, at higher frequencies, the width of the 

hysteresis loop increases in size, especially in case of Spencer model. 

• The upper curve in the hysteresis loop depicts the relationship of the MR damper 

force with the decreasing velocities whereas the lower curve represents the force 

with the increasing velocities. The force velocity relationship is linear for the 
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larger positive velocities. However, when the velocity decreases and before the 

loop enters the negative region, the force velocity relation drops off suddenly but 

smoothly. This rapid drop is due to bleed or blow-by of fluid between the piston 

and the cylinder. This non-linear effect is called the roll-off effect and it allows a 

smooth transition between the two operating regions of the MR dampers thereby 

avoiding a sudden shock like feeling. A simulation approach using Spencer model 

can satisfactorily consider this effect thereby proving its advantages over sigmoid 

as well as the other existing models, particularly for the suspension applications. 

2.6 Summary 

In this chapter, the literature regarding the basic principle of operation of the 

Magnetorheological dampers, their characteristics and the dynamic modeling strategies 

for describing those characteristics is thoroughly reviewed. A simulation approach was 

adopted in order to gain in-depth understanding of the force-velocity hysteretic 

characteristics of the Magnetorheological damper using two parametric dynamic models, 

namely, Spencer model and Sigmoid model. Both the models were built using 

MATLAB/SIMULINK. To validate the accuracy of the models, the results of the 

hysteretic force-velocity characteristics are plotted and checked with the results in the 

literature. Once the simulation results matched with the results in the available literature, 

the two models were compared in order to select the best out of two for further 

applications in the remaining part of the study. From the observations, it can be 

interpreted that the Spencer model is easy to build and is robust and accurate. Moreover, 

it also takes into consideration the roll-off in the lower velocity region of the hysteresis 

loop which plays a significant role in building MR damper actuating systems for the 
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semi-active suspensions. Therefore, Spencer model is used for the further analysis in the 

next chapter for studying the phenomenon of the energy dissipation by the MR damper 

through the simulation approach. 
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CHAPTER 3 

ANALYSIS OF THE ENERGY DISSIPATION BY THE 

MAGNETORHOLOGICAL DAMPER 

3.1 Introduction 

A thorough review of the literature suggests that the Magnetorheological dampers are 

capable of effectively controlling the vibration. They have a wide range of applications 

almost in every stream of engineering. However, achieving the effective vibration 

attenuation using the controllable MR dampers is a critical task because of their inherent 

non-linearity. The MR dampers exhibit a highly non-linear hysteretic behavior upon the 

application of the external signal which is evident from the force-velocity hysteresis 

results obtained through simulation in chapter 2. As mentioned in the literature, this 

inherent non-linearity poses some limitations in the controller design thereby making the 

task of semi-active suspension design more critical. 

 Since the primary objective of this study is to build an effective semi-active 

suspension system for the aircraft landing gears for vibration suppression during landing, 

it is necessary to understand completely, the non-linear characteristics of the MR 

dampers to facilitate the task of controller design. The force-velocity hysteretic 

characteristic gives an understanding of the dynamic behavior of the MR damper to some 

extent. However, it is also necessary to analyze the pattern of the energy dissipation by 

the MR damper over a cycle. The analysis of the energy dissipation can provide better 

understanding of the damping characteristics and also can facilitate the process of 

linearizing the MR damper for finding the equivalent viscous damping coefficient for the 

given operating conditions to simplify the non-linearity problem. 
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 In this chapter, an analysis of the energy dissipation behavior of the MR damper 

is carried out. Again, Spencer model, which was used in the previous chapter, is used for 

depicting the force-displacement characteristics of the MR damper which are useful for 

calculating the energy dissipation by the damper over one cycle. The excitation 

conditions are same as those in chapter 2. The energy dissipation behaviour is analyzed 

for three different frequencies and seven different current levels. An equivalent viscous 

damping coefficient is calculated for each operating condition in order to linearize the 

MR damper. Finally, the graphs of the energy dissipated versus the current and the 

frequency are plotted. Similarly, the graphs can be plotted for the calculated equivalent 

viscous damping coefficients. 

3.2 Linearization of the Magnetorheological Damper 

The Magnetorheological damper can be linearized using the concept of equivalent 

viscous damping [71]. In normal practice, the equivalent damping coefficient (Ceq) is 

calculated for approximating the performance of the non-linear MR damper by a 

conventional viscous damper. The equivalent viscous damping coefficient provides the 

same damping effect as that of the MR damper [82]-[85]. Linearization would facilitate 

the understanding of the damping characteristics of the MR dampers. 

In order to calculate the equivalent viscous damping coefficient, Ceq, it is 

necessary to calculate the amount of energy dissipated by the MR damper in one cycle 

for a given input signal. Moreover, since the dynamic behaviour of the MR damper is 

analyzed using the current dependent Spencer model, the effect of the current on the 

dissipated energy has to be taken into consideration. The rate of energy dissipation is the 
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important factor in determining the effectiveness of the damper for vibration mitigation 

applications. 

 The energy dissipated by the MR damper over a cycle for a particular sinusoidal 

input signal can be calculated from the force-displacement (f-d) characteristic which is a 

plot of the MR damper force versus the displacement. The f-d characteristics can be 

plotted similar to the force-velocity characteristics. The force-displacement characteristic 

takes a clockwise path, opposite to that of the force-velocity characteristic and is 

approximately elliptical in shape as shown in figure 3.1 [83]. 

 

Figure 3.1 Schematic of energy dissipated by MR damper in one cycle [83] 

As shown in figure 3.1, the energy dissipated by the MR damper in one cycle can 

be calculated by finding the area under the elliptical force-displacement loop for a 

particular sinusoidal input signal and a current. Ideally, the grey area in the diagram 

represents the energy dissipated in a cycle for a particular input. However, for the initial 

approximation, the energy dissipated can also be calculated by considering the ellipse as 

-X1 +X1 
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a rectangle and finding out the peak values of the force and the displacement. 

Accordingly, the energy dissipated can be calculated with reference to figure 3.1 as 

follows. 

 
  (3.1) 

The above equation calculates the approximate value of the dissipated energy by 

considering the rectangular area as shown in figure 3.1. However, in order to accurately 

calculate the amount of energy dissipated by the MR damper in one cycle, it is necessary 

to find the area under the elliptical loop. 

For a sinusoidal excitation signal,𝑥(𝑡) = 𝑋1 ∗ 𝑠𝑖𝑛 ɷ𝑡, where 𝑋1is the amplitude 

and ɷ is the frequency, the energy dissipated by the MR damper over one complete 

hysteretic cycle is represented by the grey area in figure 3.1 and is given by equation 3.2. 

[82]-[85]. 

 

  (3.2) 

Once the energy dissipated by the MR damper over a cycle is calculated using the above 

integral equation, the equivalent viscous damping coefficient can be calculated for each 

excitation input which would be useful for comparing the performance of the non-linear 

MR damper with its equivalent viscous damper. Following equations can be used for 

calculating the equivalent viscous damping coefficient. The Ceq, also exhibits a 

relationship with the applied current which will be analyzed in the results section. 
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(3.4) 

 

(3.5) 

 
(3.6) 

 

(3.7) 

 

Figure 3.2 Schematic representing equivalent viscous damping [71] 

3.3 Analysis of the Energy Dissipation by the MR Damper using Spencer model 

For characterizing the non-linear hysteretic force-velocity behavior of the MR damper, 

Spencer model was used previously using the parameters available in the literature. For 

the energy dissipation analysis, it is necessary to characterize the force-displacement 
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hysteretic behaviour of the damper. The force-displacement characteristic of the MR 

damper can be depicted using the Spencer dynamic model which was used previously. 

The MR damper is excited by a sinusoidal input signal with the amplitude of 6.25 mm. 

Three different frequency values are selected which are 1.5 Hz, 2.5 Hz and 5Hz. The 

applied current values are 0 A, 0.25 A, 0.5 A, 0.75 A, 1 A, 1.25 A and 1.5 A. Maintaining 

the amplitude constant, the hysteretic force-displacement behavior of the MR damper for 

a particular frequency is depicted for seven different current levels. The simulated results 

for the force–displacement characteristics are as shown in figs. 3.3-3.5. 

3.3.1 Simulation results for the force-displacement characteristics 

 

Figure 3.3 Simulation of hysteretic f-d characteristics of MR damper for frequency 
of 1.5 Hz using Spencer model 
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Figure 3.4 Simulation of hysteretic f-d characteristics of MR damper for frequency 
of 2.5 Hz using Spencer model 

 

Figure 3.5 Simulation of hysteretic f-d characteristics of MR damper for frequency 
of 5.0 Hz using Spencer model 
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It can be observed from the force-displacement curves that the area of the ellipse 

increases with increase in current. The energy dissipated can be calculated for each 

current level simply by calculating the area under the elliptical curve. The frequency 

variations largely affect the MR damper force. 

3.3.2 Simulation results for energy dissipation 

Based on the force-displacement characteristics, the energy dissipated by the MR damper 

can be calculated by using equation (3.2) and integrating it in SIMULINK with the 

developed Spencer model. Figs. 3.6-3.8 depict the results for the dissipated energy 

against time for three different frequencies. The effect of increasing current levels can 

also be observed from the obtained results. 

 

Figure 3.6 Energy dissipated by MR damper over one cycle for frequency of 1.5 Hz 
for increasing current levels 
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Figure 3.7 Energy dissipated by MR damper over one cycle for frequency of 2.5 Hz 
for increasing current levels 

 

Figure 3.8 Energy dissipated by MR damper over one cycle for frequency of 5.0 Hz 
for increasing current levels 
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The effect of the variations in the frequency and the current levels on the energy 

dissipation behavior can be observed from figs. 3.6-3.8. The exact numerical values of 

the dissipated energy at the end of one cycle for each operating frequency and current are 

extracted from the MATLAB workspace and summarized in the following tables. 

Table 3.1 Dissipated energy for input frequency of 1.5 Hz for increasing current 
levels 

No. Current I (Amp.) Energy Dissipated E (J) 

1 0 3.9739 

2 0.25 20.4856 

3 0.5 35.0747 

4 0.75 45.3059 

5 1 51.3764 

6 1.25 54.6267 

7 1.5 56.2719 
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Table 3.2 Dissipated energy for input frequency of 2.5 Hz for increasing current 
levels 

No. Current I (Amp.) Energy Dissipated E (J) 

1 0 4.2471 

2 0.25 21.8857 

3 0.5 37.4788 

4 0.75 48.4149 

5 1 54.9031 

6 1.25 58.3772 

7 1.5 60.1355 

 

Table 3.3 Dissipated energy for input frequency of 5.0 Hz for increasing current 
levels 

No. Current I (Amp.) Energy Dissipated E (J) 

1 0 4.8338 

2 0.25 24.9276 

3 0.5 42.6509 

4 0.75 55.0935 

5 1 62.4760 

6 1.25 66.4289 

7 1.5 68.4297 

 

Tables 3.1-3.3 summarize the numerical analysis of the dissipated energy with increasing 

levels of the current and the frequency. It can be interpreted that the amount of energy 
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dissipated per cycle increases with the frequency and current. As the frequency increases 

from 1.5 Hz to 5 Hz, the amount of energy dissipated per cycle increases. Moreover, for 

each frequency, the energy dissipation rate can be improved by applying a very nominal 

current. It can be observed from the numerical data that for a small increase in current, 

there is a significant increase in the dissipated energy.  

 

Figure 3.9 A graph of energy dissipated versus current 

For currents less than 1 A, the increase in the dissipated energy levels is 

significant. However, for the current values greater than 1 A, the dissipated energy levels 

increase slowly towards the end of the cycle. Similar pattern can be observed for all three 

input frequencies.  
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Figure 3.10 A graph of energy dissipated versus frequency 

The variation of the dissipated energy in one cycle for the increasing values of the 

currents and frequencies can be observed from figures 3.9 and 3.10, respectively. 

3.3.3 Simulation results for the equivalent viscous damping coefficients 

From the obtained numerical values of the dissipated energy for each frequency and 

current, the equivalent damping coefficient can be calculated from the equations (3.3)-

(3.7) for each case in order to linearize the MR damper. The relationship between the Ceq, 

with increasing levels of the current and frequency can also be established. The values of 

the Ceq are obtained from the previously calculated values of the dissipated energy and 

are summarized in the following tables. 
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Table 3.4 Ceq values for input frequency of 1.5 Hz for increasing current levels 

No. Current I (Amp.) Energy Dissipated E (J) Ceq (N-s/m) 

1 0 3.9739 3435.86 

2 0.25 20.4856 17712 

3 0.5 35.0747 30328.31 

4 0.75 45.3059 39175.01 

5 1 51.3764 44424.03 

6 1.25 54.6267 47234.5 

7 1.5 56.2719 48657.06 

 

Table 3.5 Ceq values for input frequency of 2.5 Hz for increasing current levels 

No. Current I (Amp.) Energy Dissipated E (J) Ceq (N-s/m) 

1 0 4.2471 2200 

2 0.25 21.8857 11353.85 

3 0.5 37.4788 19443.24 

4 0.75 48.4149 25116.67 

5 1 54.9031 27784.96 

6 1.25 58.3772 30284.91 

7 1.5 60.1355 31197.08 
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Table 3.6 Ceq values for input frequency of 5.0 Hz for increasing current levels 

No. Current I (Amp.) Energy Dissipated E (J) Ceq (N-s/m) 

1 0 4.8338 1254.55 

2 0.25 24.9276 6465.80 

3 0.5 42.6509 11062.92 

4 0.75 55.0935 14290.32 

5 1 62.4760 16205.22 

6 1.25 66.4289 17230.53 

7 1.5 68.4297 17749.51 

 

The tabulated data provides the values for the linearized viscous damping coefficient of 

the MR damper for each operating frequency and current.  

 

Figure 3.11 A graph of equivalent viscous damping coefficient versus current 
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Figure 3.12 A graph of equivalent viscous damping coefficient versus frequency 

The graphical relationships between the calculated Ceq and the varying frequencies and 

currents can provide a better means for analysing the obtained numerical data. The 

variations of Ceq with the varying currents and frequencies are depicted in figures 3.11 

and 3.12. 

3.4 Discussions 

The obtained simulation results play an important role in understanding the energy 

dissipation behaviour of the Magnetorheological damper. The important conclusions that 

can be drawn from the results are described as follows. 

• Figs. 3.3-3.5 depict the force-displacement characteristics of the MR damper for a 

sinusoidal excitation. The force-displacement hysteretic characteristic is elliptical 

in nature and follows a clockwise path. Initially, at zero current, the MR damper 

behaves like a linear viscous damper. As the current increases, the range of the 

MR damper force increases. For small increase in current, a considerable increase 
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in the damper force can be observed from the simulation results. It is necessary to 

depict the force-displacement characteristics of the MR damper accurately, as this 

characteristic is important in calculating the dissipated energy by integrating the 

area under the elliptical loop. 

• The energy dissipation characteristics of the MR damper for sinusoidal excitations 

can be observed from the figs. 3.6-3.8. It can be seen that the amount of energy 

dissipated in one cycle increases with increase in frequency. The energy 

dissipation curves follow a sinusoidal pattern. The current also has a significant 

effect on the dissipated energy. From the numerical values summarized in tables 

3.1-3.3, it can be concluded that the rate of energy dissipation increases with 

small increase in current levels. The highest amount of energy is dissipated when 

the input frequency is 5 Hz and a current of 1.5 A is applied in a circuit. 

• From the obtained numerical data, the graphical relationships depicting the 

variation of the dissipated energy with the increasing current and frequency levels 

are plotted which can be seen from figs. 3.9 and 3.10. For each input frequency, 

the energy dissipated increases initially linearly for small values of currents. 

However, the relationship is no longer linear when the current increases above 0.5 

A. A sharp rise in the dissipated energy can be observed for the current levels 

smaller than 1 A. As soon as the current increases above 1 A, the rise in the 

dissipated energy is not sharp towards the end of the cycle. Figure 3.10 depicts the 

plot of the dissipated energy against the frequency variations. The energy 

dissipation behaviour follows a linear pattern with increasing frequencies.  
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The numerical values of the calculated equivalent viscous damping coefficients 

are presented in tables 3.4-3.6. Based on this numerical data, the graphs of the 

equivalent viscous damping coefficient, Ceq, are plotted against the increasing 

levels of the current and the frequency. Figure 3.10 depicts the relationship 

between the equivalent viscous damping coefficient and the current. For the 

highest frequency of 5 Hz, the value of the Ceq obtained is the lowest at 0 A. As 

the current increases, the Ceq value also increases for each operating frequency. 

The highest values of the Ceq are obtained for the lowest frequency of 1.5 Hz. The 

relationship between the varying levels of the frequency and the Ceq can be 

observed from figure 3.11. 

3.5 Summary 

This chapter dealt with the analysis of the energy dissipation behavior of the 

Magnetorheological dampers using Spencer model. The basic principles of the energy 

dissipation analysis were reviewed initially, followed by deriving the equations for 

calculating the dissipated energy over one complete cycle by the MR damper. For this 

purpose, the force-displacement characteristics of the MR damper were plotted using 

Spencer dynamic model. From the obtained force-displacement characteristics, the 

dissipated energy was calculated for each operating frequency and current level. In order 

to linearize the MR damper, the equivalent viscous damping coefficients were calculated. 

The graphical relationships between the dissipated energy and the varying currents and 

frequencies were established.  
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Moreover, the graphs depicting the relationship of the equivalent viscous damping 

coefficient with varying frequencies and currents were also plotted. 

The results obtained in the present chapter as well as the previous chapter validate 

the applicability of the Spencer model for modeling the dynamic behaviour of the MR 

dampers. The model could analyze the energy dissipation behaviors which are extremely 

important to understand before using the MR dampers for the vibration mitigation 

applications. 
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CHAPTER 4 

SEMI-ACTIVE CONTROL OF AIRCRAFT LANDING GEAR 

SYSTEM USING H∞ AND LINEAR QUADRATIC REGULATOR 

(LQR) CONTROL APPROACH 

4.1 Introduction 

Most of the non-fatal aircraft accidents occur during landing. The landing gear plays an 

important role by acting as an intermediate cushioning element between the aircraft body 

and the runway. During the touchdown, large magnitude vibrations may get induced in 

the aircraft fuselage through the landing gear because of the harsh landing conditions. 

The landing gear shock absorbers must absorb the impact kinetic energy to maximum 

extent and dissipate this energy as quickly as possible in order to prevent large magnitude 

vibrations from getting transmitted to the fuselage. The oleo-pneumatic shock absorbers 

used in today’s aircraft are the most efficient means of accomplishing such reduction in 

vibrations. Also, they exhibit good rate of energy dissipation. Along with the vertical 

energy dissipation during the impact, the landing gear must also be able to provide the 

required stability and maneuverability after the impact, which requires variable damping. 

However, the oleo-pneumatic shock absorber is unable to provide variable damping. 

Consistent attempts have been made to implement the semi-active control strategies in 

aircraft landing gears to obtain the improved rate of energy dissipation during landing [1], 

[2]. 

It is evident from the reviewed literature that the semi-active suspension systems 

have the advantage over the conventional passive and the active suspension systems. 
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Semi-active systems are robust, easy to build and are more efficient. Moreover, these 

systems eliminate the need for high power actuators. In early semi-active suspension 

systems, the goal of developing the required damping force could be achieved by varying 

the orifice area of the conventional damper thereby resisting the fluid flow according to 

the damping requirements. By using the Magnetorheological damper as an actuating 

mechanism, an efficient semi-active system can be built as these dampers can provide the 

controllable forces for nominal current thereby eliminating the need for large power 

supply [86]. Moreover, there are numerous mathematical models available for modeling 

the hysteretic dynamic behavior and the energy dissipation behavior of the MR damper. 

As evident from the previous chapters, Spencer model could describe the non-linear 

dynamic behavior of the MR damper satisfactorily thereby facilitating the design of the 

controller. 

Various mathematical models of the aircraft system are available for the vibration 

analysis depending upon the particular landing gear configuration. Landing gear systems 

are classified depending upon the number of wheels carried by each landing gear and the 

pattern in which the wheels are arranged. Most of the aircraft have the tri-cycle landing 

gear configuration with two main landing gears at the back and one nose landing gear at 

the front. The number of wheels per landing gear is dependent on the aircraft weight and 

the loading conditions [2] .Hua-Lin et al [20], Wang et al. [27], Sivakumar & Haran [28] 

and Zapateiro et al [29], simulated two degrees of freedom (DOFs) aircraft model for the 

vibration analysis during landing impact. The advantage of this model is the simplicity 

and the ease with which a control strategy can be developed. This model takes into 

account only the vertical motion of the aircraft after landing. However, during landing, 
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the aircraft also undergoes pitch and roll motions which must be identified in the analysis 

from the stability point of view. Ghiringhelli and Gauldi [61], [60] simulated a multi-

body aircraft model to analyze the response during the impact.  

In this chapter, a methodology is developed for building the semi-active MR suspension 

for the aircraft landing gear system. A brief description of the contents of this 

methodology is as follows. 

• Three degrees of freedom (3 DOF) aircraft model is developed that takes into 

consideration the bounce, pitch and roll motions of the aircraft during the landing 

impact. The aircraft has a tri-cycle landing gear configuration with one wheel per 

landing gear. 

• Initially, the equations of motion for a 3 DOF aircraft with a passive suspension 

system are derived and the vibration analysis is carried out during the landing 

impact for different sink velocities. The purpose of this analysis is to validate the 

developed model. 

• This is followed by the development of a semi-active suspension for a 3 DOF 

aircraft model for the purpose of suppressing the excessive fuselage vibrations 

during landing. For building the efficient semi-active landing gear suspension, 

MR damper is used as an actuation mechanism for generating the required 

damping force for each landing scenario and the damper characteristics are 

defined by Spencer model. Two different control approaches, namely, the Linear 

Quadratic Regulator (LQR) and the robust H∞ are adopted for developing the 

semi-active controlled suspension system. 
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4.2 System Dynamics and Modeling 

Today’s aircraft are equipped with the conventional oleo-pneumatic dampers which have 

a good rate of energy dissipation. However, these dampers are not able to provide 

variable damping forces according to the different operating conditions which can reduce 

the damper efficiency over its lifetime. The implementation of semi-active dampers in the 

aircraft landing gears would be able to provide the variable rate of energy dissipation. 

Moreover, by adjusting the damping force to a desirable range, it is possible to control 

the excessive vibrations from getting transmitted to the aircraft fuselage, especially 

during the landing phase. For other aircraft operational phases such as taxiing, a lower 

damping force is sufficient which can be easily adjusted just by reducing the current.  

In this study, a 3 DOF aircraft model is developed for the analysis of the dynamic 

behavior of the aircraft during the landing impact. As the aircraft has a tri-cycle landing 

gear system, it is assumed that the MR damper replaces the conventional oleo-pneumatic 

damper in all the three landing gears. According to the methodology suggested by 

Batterbee et al [10] for the design of the MR damper based landing gear, the total force 

generated inside the damper is a combination of the gas spring force, a viscous damping 

force and a controllable MR force. The gas spring force acts as a spring element and also 

provides the necessary stiffness in order to support the aircraft weight. The current 

flowing inside the magnetic circuit embedded in a damper does not completely magnetize 

the full volume of the MR fluid. The volume of the fluid which remains unaffected acts 

as a viscous fluid with Newtonian behavior thus providing the viscous damping effect. 

By magnetizing the specific volume of the MR fluid, a controllable MR force can be 

achieved. This force is the only adjustable damping force which can be achieved 
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according to the requirements by implementing the controller. Spencer dynamic model 

described in section (2.3.1) can be used for calculating the controllable MR force. 

Therefore, while deriving the equations of motion, the factors, viscous damping force as 

well as the gas spring force has to be taken into consideration along with the controllable 

MR force. The developed model takes into account the bounce, pitch and roll motions of 

aircraft upon landing and is a good approximation of the real model considering the 

landing impact.  

As shown in Figure 4.1, the rotation of an aircraft around the x-axis passing from 

tail end to nose end is called roll. The vertical motion of an aircraft about the equilibrium 

position in z-direction is called bounce and the rotation of an aircraft around the 

horizontal y-axis is called pitch. The precision landing of an aircraft depends upon the 

factors such as sink speed, runway roughness, weather conditions and the pilot skills [2]. 

In reality, it is not possible to have an ideal situation during each landing scenario which 

may induce the uncontrollable levels of bounce, pitch and roll motions that are 

undesirable for passenger safety and comfort. Therefore, it is necessary to analyze these 

aircraft motions from the time when aircraft lands to the time when it attains the safe 

taxiing speed. Application of the Newton’s second law of motion yields the following 

equations of motion for the three DOF aircraft system. 
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Figure 4.1 Schematic of 3 DOF aircraft model 
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roll whereas φ represents the angle of pitch at the time of landing, k1, k2 and k3 represent 

the spring constants of the nose landing gear shock absorber, the left main landing gear 

shock absorber and the right main landing gear shock absorber, respectively. Constants 

c1, c2 and c3 represent the damping coefficients for nose landing gear shock absorber, left 

main landing gear shock absorber and right main landing gear shock absorber, 

respectively. The distance of the nose landing gear from center of gravity (C.G.) is 

represented by lf  whereas lr represents the distance of main landing gear from C.G. hl is 

the distance of the left main landing gear from the center point and hr is the distance of 

the right main landing gear from the center point. The MR damper forces corresponding 

to the nose gear, the left main landing gear and the right main landing gear are 

represented by F1, F2 and F3, respectively. 

4.2.1 Formulation of the MR damper forces 

The Magnetorheological damper is implemented as an actuation mechanism for 

developing the semi-active suspension system. The MR damper generates the required 

forces according to the operating conditions. The MR damper forces F1, F2 and F3 in 

equations (4.1)-(4.3), correspond to the nose gear, the left main gear and the right main 

gear and act as control input. To formulate the MR damper force in each landing gear, 

Spencer dynamic model is used. The dynamic equations of the model are derived as 

explained in section 2.3.1 and the parameters are selected from [87] for describing the 

dynamic behavior of the MR damper. Spencer model described by Yang et al [87] has a 

large force producing capacity of 200 KN. Since the required forces for absorbing the 

high impact energy during the aircraft landing are higher, a large capacity MR damper 

model is selected in order to build an efficient semi-active landing gear suspension. 
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However, for accurately predicting the MR damper behaviour, Yang et al [87] adopted a 

curve fitting approach for establishing a relationship between the current and the MR 

damper force instead of using the non-linear current function formulated in equation 

(2.2). Referring to the model described in section 2.3.1 and in [87], the overall model 

formulation can be done as follows. 
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(4.5) 
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The force generated by the MR dampers embedded in the main gears and the nose 

gear is given by equation (4.4) which depends on the parameters α, c0 and cr. As 

explained previously, the parameter related to the MR fluid yield stress is designated by α 

and it is a third order polynomial function of current which is presented in equation (4.7). 

The viscous damping coefficient at larger velocities is represented by c0. The dashpot 

represented by cr is included in the model to account for the roll-off effect, which is 

observed at low velocities. The relationship between the damping coefficient c0 and cr 

and the current i is represented by the third order polynomial function as shown in 

equations (4.8) and (4.9), respectively. The parameters of the selected Spencer model are 

summarized in the following table. 
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Table 4.1 Spencer model parameters for MR damper 

Symbol Entity Numerical value 

k0 Control stiffness at larger velocities 137810 N/m 

kr MR damper accumulator stiffness 617.31 N/m 

n A constant for adjusting the slope of 
the hysteresis curve 

10 

A1 A constant for adjusting the slope of 
the hysteresis curve 

2679 m-1 

β A constant for adjusting the slope of 
the hysteresis curve 

647.46 m-1 

γ A constant for adjusting the slope of 
the hysteresis curve 

647.46 m-1 

 

4.3 Synthesis of the Controllers 

Control systems theory has been applied for improving the performance efficiency of the 

industrial machinery for a long time. Intensive research programs are being carried out 

for improving the efficiency as well as the life span of the mechanical systems by using 

electronic controls. The purpose of this research is to facilitate the human life by getting 

rid of the routine and repetitive chores away from human operator and automate them. 

All the control strategies developed so far find their foundation in the feedback theory 

which is the primary reason for their wide application range. Controls engineering 

concepts can be applied in various fields such as the automotive engineering, aircraft 

engineering, building and civil engineering, electrical engineering and many others [88]. 

The applications involving the use of the control strategies for developing the smart 
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dampers for the vehicles and civil structures have gained a tremendous importance in 

recent past. A few implementations of the control strategies for developing the smart 

aircraft suspensions have also been reported. However, none of the aircraft has been 

equipped with such system till date. 

In reality, the mechanical systems are represented in the form of mathematical 

models for the ease of analysis. The model cannot predict the behavior of the actual 

system accurately. In case of uncertainties in the operating conditions, the behavior of the 

model can be different from the actual system. This fact has to be taken into 

consideration while designing the control laws for a particular system which accounts for 

the robustness analysis. Robustness refers to the stability of the system under 

disturbances. Therefore, it is necessary to develop a robust controller for the system in 

order to predict its behavior as accurately as possible under varying disturbances in actual 

practice [89]. 

Linear quadratic regulator (LQR) and the H∞ control strategies are amongst the 

most widely used control strategies for developing the semi-active suspension system for 

road vehicles [90]-[92]. Kumar and Vijayarangan [91] implemented the LQR controller 

for a quarter car model by considering the ride quality, road holding and suspension 

travel as the performance criterion. Similar approach can also be implemented to design a 

semi-active landing gear system for aircraft. Son et al. [93] used a model based H∞ 

controller for semi-active vehicle suspension to improve ride quality for irregular road 

disturbances and proved the effectiveness of H∞ controller for reducing the vertical 

accelerations of a sprung mass over wide range of excitation conditions. In addition, the 

application of the robust controller for developing a shimmy damper was also reported 
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[94]. The H∞ controller also proved to be a better control strategy for a semi-active 

landing gear suspension [29] because of its ability to deal with the uncertainties and 

nonlinearities in a systematic way. 

 In this analysis, two control approaches namely, the linear quadratic regulator 

(LQR) and the H∞ are adopted for controlling the bounce of the landing aircraft subjected 

to disturbances for the purpose of improving the landing performance during each 

landing scenario for the passenger safety. During each landing scenario, the vibrations are 

inevitably transferred to the fuselage which may affect passenger safety. The 

transmissibility of vibrations depends upon the effectiveness of the damper. The 

performance of the passive damper is poor during hard landing scenarios. The semi-

active controlled suspension system can reduce the fuselage vibrations for larger sink 

velocities during hard landing scenarios. The controller approaches aim at minimizing the 

bounce velocity of the fuselage. For facilitating the formulation of the design of the 

controllers, a state-space approach is adopted which is explained in the following section. 

4.3.1 Formulation of the H∞ controller using state-space approach 

For the systems involving complicated dynamics, the task of controller design becomes 

critical. A state-space modeling approach can provide a solution to simplify the 

complicated dynamics for the ease of controller design. The state-space approach is a 

time domain modeling which can be applied to multivariable systems and also time-

variant systems. The basic principle behind this modeling technique is to represent a 

physical system as a set of first order differential equations. The state of a system 

describes the condition of that system at any given time. For describing the dynamic 

behavior of a system at any given time, it is necessary to represent the system as a set of 
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minimum number of states called the state variables. Based on the past behavior of the 

system, the state predicts the future behavior patterns at a particular time. The number of 

states is twice that of the number of degrees of freedom of a mechanical system [95], 

[96]. 

 The state-space approach can be adopted for representing the 3 DOF aircraft 

model considered in this analysis in order to simplify the process of controller design. 

The state-space modeling approach for a simple system is presented in Appendix A. In 

order to represent the developed model in the state-space format, first consider the 

equations of motion derived in the equations (4.1)-(4.3). 

 

Figure 4.2 Block diagram of H-infinity control approach 

Based on the governing equations of aircraft, the system can be represented in state-space 

as follows, 
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where, X ∈ R6 represents a state vector as shown in equation (4.11) and u ∈ R3 represents 

the MR damper forces in each of the main landing gears and a nose landing gear as a 

control input. Vector w ∈ R6 is the disturbance vector due to the landing displacement and 

velocities as shown in equation (4.13). The system matrix [A] ∈ R6×6 is represented by 

equation (4.14), matrix [B] ∈ R6×3 defines the input for the system and the matrix [G] ∈ 

R6×6 defines the source of disturbances for each landing gear. The matrix [C1] ∈ R1×6 and 

the matrix [C2] ∈ R2×6 represent the output of the plant and C1 is also input to the 

controller, D11, D12 and D22 are null matrices in the above governing equations of the 

plant. 
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where, the matrices [Cv], [K], [b1] and [g1] are represented as follows, 
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Based on the state-space of the plant and controller, the controller can be presented as 

shown in equation (4.24). The controller is designed in two steps: (i) solving Riccati 

equations (ii) defining controller structure in state-space format. 

 For the controllable pair of A and B, and the observable pair of A and C1, the H∞ 

controller can be designed by solving the following Riccati equations [97]: 
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(4.24) 

 

(4.25) 

where, matrices M1 and N1 are the solutions of Riccati equations. Those matrices should 

satisfy the following controller criteria. 

 
(4.26) 

where, η is controller performance index which should be a real positive number. 

Based on the M1 and N1 matrices, the controller is presented in state-space as shown in 

equations (4.27) and (4.28), [97]. The output of control system is the input to the plant. 
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4.3.2 Formulation of the Linear Quadratic Regulator (LQR) controller using state-

space approach 

Linear quadratic regulator is a simple design methodology that acts as a basis for many 

control design approaches for linear systems [95], [98]. The advantages of the LQR 

method are that it is easy to compute and guarantees the stability of the closed-loop 

systems. This method is based on the conventional feedback control theory and provides 

an optimal control which can be effectively utilized for the variety of systems because of 

the simplicity in computations. Based on the state-space plant presented in the above 

sections, the block diagram of the LQR is as shown below. 

 

Figure 4.3 Block diagram of LQR control approach 

  The LQR control approach changes the system dynamics in order to obtain the 

gain required for the desired system response. The LQR controller operates by changing 

the location of poles of the system to the optimal place. The parameters of the dynamic 

system such as the overshoot, the time response and steady-state response depend upon 

the optimal location of the poles of the system. The system dynamics is controlled by the 

LQR by adjusting a matrix gain which is given by equation (4.30) which represents the 

performance index. The performance index function can be treated as an energy function 

Y 
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and the objective of the LQR control problem is to minimize this function. In other words, 

the goal is to minimize the energy of the closed-loop system. As the function J is an 

infinite integral of X, it can be interpreted from the equation (4.30) that the state X 

approaches zero as the time approaches infinity thereby validating the system stability. 

  The purpose of the LQR design is to maintain the deviation of the state within the 

acceptable range with less control effort. The control problem can be solved by 

minimizing the performance index function J in equation (4.30) by appropriately selecting 

the matrices [Q]and [R]. The selection of the matrices [Q] and [R] is very essential for 

achieving the optimal performance of the controller. The size of matrix [R] depends on the 

number of inputs whereas the size of the matrix [Q] can be determined from the number of 

states. For the problem defined in this study, the state-space plant represents six states 

since the system has 3 DOF. The number of excitation inputs applied is three since each of 

three landing gears is excited by a step input. Therefore, the matrix [Q] will represent a 

6×6 matrix and the matrix [R] will represent a 3×3 matrix. Initially, these matrices can be 

selected as the diagonal matrices as shown in equations (4.31) and (4.32). The elements of 

these matrices must be selected by trial and error method in such a way that the matrix [Q] 

must be at least positive semi-definite matrix with size of 6×6 and matrix [R] must be a 

positive definite matrix with size of 3×3. Selection of the matrices [Q] and [R] as the 

positive semi-definite matrix and positive definite matrix, respectively yields the solution 

which represent a positive definite Riccati matrix [S]. This selection criterion ensures that 

the homogeneous system is asymptotically stable. 
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(4.30) 

 

 

(4.31) 

 

(4.32) 

If the selected [Q] is large, the state must be smaller for minimizing the cost 

function J which indicates that the system response becomes steady state in less time. On 

the other hand, selecting larger [R] makes system more optimal. In this case, the system 

state decays to zero slowly, however, the control effort required is less. Therefore, the 

parameters of these matrices should be selected by trial and error based on the desired 

controller force and the maximum available energy of the MR damper. The selected [Q] 

and [R] weighting matrices based on the dynamic characteristic of the system for required 

control performance are presented in equations (4.33) and (4.34). The solution to the cost 

function J can be obtained from equation (4.35) which is called as the Algebraic Riccati 

equation (ARE) [95]. 
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(4.33) 

 

(4.34) 

The Riccati equation can be solved using different numerical procedures. The 

simplest method is to utilize MATLAB function when the numerical values of the other 

matrices are known. Therefore, for this case the matrices [A] and [B] represented in the 

equations (4.14) and (4.15), respectively, and the selected matrices [Q] and [R] are 

substituted in the Algebraic Riccati equation (4.35) to solve for the matrix [S] which will 

represent a symmetric positive semi-definite matrix and is the final solution of the 

equation (4.35). 

1 0T TAS SA SBR B S Q−+ + + =  
(4.35) 

After obtaining the solution of the Riccati equation, the optimal gain of LQR can be 

obtained from the equation (4.36) which finally changes the location of system closed 

loop poles to the optimal one.  

1 T
LQRK R B S−=

 
(4.36) 

Based on the solution of the Riccati equations and the selected matrix [R], the 

value of the gain matrix [KLQR] 3×6 can be obtained as follows, 
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KLQR = �
3.1915 −1.3696 6.5204 2.1971 −0.0538 −0.9809
−0.9107 0.3533 19.2777 2.9021 −1.3670 3.6651
−1.5674 1.1426 17.8890 2.9025 1.3795 3.8388

� 

The system matrix for this new gain can be obtained by equation (4.37), [99]. The 

controller input of the LQR controller is presented in equation (4.38). 

LQR LQRA A BK= −
 

(4.37) 

LQRu K x=
 

(4.38) 

 

The stability analysis of the designed system can be performed using the eigenvalues of 

the system matrices [A] and [ALQR]. The eigenvalues of these matrices represent the poles 

of the system and reflect important information which provides a consolidated theory for 

analyzing the system stability. 

Table 4.2 Representation of poles of the system matrices 

NO Eigenvalues of matrix [A] 
Eigenvalues of matrix 

[ALQR] 

1 -2.3586 + 5.6545i -35.5666 

2 -2.3586 - 5.6545i -2.5244 

3 -9.0654 + 6.3672i -4.8724 + 5.7544i 

4 -9.0654 - 6.3672i -4.8724 - 5.7544i 

5 -7.0617 + 6.9356i -8.3016 + 5.3904i 

6 7.0617 - 6.9356i -8.3016 - 5.3904i 
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  In equation (4.38), KLQR represents the optimal pole placement gain which shifts 

the poles of system to the left half plane close to real axis. As long as the poles of the 

system are in left half plane, the system is said to be asymptotically stable. For the case 

analyzed in this study, it can be observed from the following table that the system poles lie 

in left half plane which ensures system stability during landing procedure. Therefore, it 

becomes necessary in LQR problem to identify the eigenvalues of the system matrices for 

stability analysis under different inputs. The following table identifies the eigenvalues of 

the system matrices before and after the application of control. 

4.4 Summary 

In the presented chapter, the equations of motion for a 3 DOF aircraft model are derived 

considering the bounce, pitch and roll motions. A methodology is presented for 

developing the semi-active suspension system for the aircraft model implementing two 

different control strategies. The landing gear is equipped with the magnetorheological 

damper replacing the existing Oleo-pneumatic damper. The MR damper provides an 

effective actuation mechanism by providing the required damping forces for different 

operating conditions. The dynamic behavior of the MR damper is analyzed using Spencer 

model and the parameters of the model are selected from the literature. For designing the 

robust controller, a state-space modeling approach is adopted and the mathematical 

equations for synthesizing the robust H∞ controller and the LQR controller are derived. 

  The remaining part of the study will deal with analyzing the performance of the 

developed semi-active MR landing gear. In the next chapter, initially, the performance of 

the robust H∞ controller is compared with the LQR controller for a particular sink velocity 

with the goal of selecting the best control approach amongst the two. Later, the vibration 
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response of the aircraft for the uncertainties during landing is simulated to validate the 

applicability of the designed semi-active system in worst landing scenarios. 

  



84 
 

CHAPTER 5 

PERFORMANCE ANALYSIS OF THE AIRCRAFT WITH SEMI-

ACTIVE MAGNETORHEOLOGICAL LANDING GEAR 

5.1 Introduction 

The primary objective of this study is to develop a methodology for designing a semi-

active suspension for the aircraft landing gear for improving the passenger safety during 

the aircraft operations. The goal of designing a smart suspension system for the aircraft 

landing gear was achieved through the numerical methodologies adopted in the previous 

chapters. 

 This chapter deals with the validation of the designed semi-active system for the 

developed 3 DOF model through simulation approach. Initially, the vibration response of 

the passive system is compared with the semi-active system designed using both the 

control approaches presented in chapter 4 for a particular sink velocity. Later, the 

performance of the controllers is compared for the same sink velocity but taking into 

consideration the runway unevenness, which would provide a basis for the selection of 

the appropriate controller out of the two suggested ones. Once the selection process of the 

control approaches is completed, it is used for controlling the vibrations of the aircraft for 

higher landing velocities considering the runway roughness and other adverse operating 

conditions. Moreover, the analysis also takes into consideration the pilot inaccuracies 

which sometimes may cause damage during landing. 
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5.2 Simulation of Actual Aircraft Landing 

The simulation studies are performed using MATLAB/SIMULINK for 3 DOF aircraft 

model. The parameters used for simulating the response of an aircraft during the landing 

procedure are summarized in the following table [100]. 

Table 5.1 Aircraft parameters for simulation 

Symbol Entity Numerical value 

m Mass of aircraft fuselage 3345 kg 

Ix Mass moment of inertia in roll 56465.3 kg.m2 

Iy Mass moment of inertia in pitch 200879 kg.m2 

k1 Stiffness of the nose landing gear 
suspension 

102095 N/m 

k2 Stiffness of the left main landing gear 
suspension 

102095 N/m 

k3 Stiffness of the right main landing gear 
suspension  

102095 N/m 

c1 Damping coefficient of the nose landing 
gear 

1.9822e4 N.s/m 

c2 Damping coefficient of the left main  
landing gear 

1.9822e4 N.s/m 

c3 Damping coefficient of the right main 
landing gear 

1.9822e4 N.s/m 

lf Distance of nose landing gear form C.G. 11.6 m 

lr Distance of main landing gears form 
C.G. 

1.2 m 

hl Distance of the right main landing gear 
from center point p 

5.2 m 

hr Distance of the right main landing gear 
from center point p 

5.2 m 

f Actuator constant 10000 

η Controller preformance index 0.10 
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In order to simulate the actual landing scenario, it is assumed that the aircraft 

lands with the initial vertical sink velocity of 0.8 m/s. The main landing gears will touch 

the ground first followed by the nose landing gear. To deal with adverse conditions 

during landing, the pilot inaccuracies are taken into consideration. During each landing, it 

is not always possible that both the main landing gears touch the ground at the same time. 

Because of the pilot inaccuracies, it is possible that one of the main landing gears touches 

the ground prior to the other gear. However, the runway roughness is not taken into 

consideration for the first simulation. This approach simulates the landing of an actual 

aircraft allowing the sequential touching of the three wheels. A switching technique is 

developed in the simulation of the landing procedure which enables the system to switch 

from the single degree of freedom to three degrees of freedom system in order to simulate 

the sequential touching of the two wheels of the main landing gears and the nose landing 

gear wheels with the ground. The landing scenario for the sink velocity of 0.8 m/s can be 

visualized from figure 5.1. 

 

Figure 5.1 Landing scenario for initial sink velocity of 0.8 m/s 



87 
 

The left main landing gear touches the ground first followed by the right one with a delay 

of 0.15 seconds. The initial sink velocities are represented by dash and dash-dot lines in 

Figure 5. The nose landing gear touches the ground with a delay of one second after the 

initial touchdown of the main landing gears. Initially, when only the left landing gear is 

in contact with the ground, the MR damper force, the viscous damping force and the 

stiffness corresponding to this gear only will be taken into account. Therefore, a single 

DOF model is used for the simulation. When the right main landing gear touches the 

ground, the model is switched to two DOFs. Finally, with the touchdown of the nose 

landing gear, the system switches to a three DOFs model. A switching technique is 

developed in the Simulink which enables the system to switch from the single DOF to 

two DOF and finally a three DOFs model during the simulation procedure. This 

completely represents the actual landing scenario assuming that the aircraft is landing on 

a smooth runway. The simulated vibration response of the aircraft with the semi-active 

system for a normal landing can be visualized from figures 5.2 and 5.3. 

 

Figure 5.2 Performance comparison of passive and semi-active systems for bounce 
for sink velocity of 0.8 m/s 
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Figure 5.3 Performance comparison of passive and semi-active systems for bounce 
rate for sink velocity of 0.8 m/s 

It can be interpreted from figures 5.2 and 5.3 that for a normal landing scenario where the 

sink velocity is 0.8 m/s, the semi-active system with the robust H∞ controller is able to 

absorb the vibrations effectively as compared to the system with the LQR controller and 

the passive system. The implementation of the H∞ controller reduced the peak of 

oscillations by approximately 46% which is observable from the bounce and the bounce 

rate responses. The LQR controller is not able to reduce the peak of oscillations as 

effectively as the H∞. However, the LQR controller finds its advantages over the H∞ if the 

settling time is considered as a criterion for the comparison. As the focus of this analysis 

is to reduce the peaks in bounce and bounce rate responses, the H∞ controller has its edge 

over the LQR. 

 However, during the landing procedure, an aircraft is inevitably subjected to 

random excitations because of the roughness of an airstrip. Therefore, it becomes 

necessary to analyze the transmission of these random vibrations to the aircraft fuselage as 
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it is directly related to the ride comfort and structural safety. In order to study the 

transmission of random vibrations to the aircraft fuselage, it is assumed that the aircraft 

lands on a rough airstrip. To simulate the rough landing scenario, a random signal is 

generated in the form of a white noise and applied as input to one of the main landing gear 

wheels as a base excitation as shown in Figure 5.4. 

 

Figure 5.4 Noise signal under left main landing gear 

 To validate the robustness of the H∞ controller, the response is simulated in 

Figures 5.5 and 5.6 for a rough landing case including the white noise and compared with 

the response of the semi-active system with LQR and the passive system. When a random 

signal is generated in the form of white noise during landing and provided as input for the 

left main gear, large amplitude vibrations are transmitted to the fuselage. However, for this 

case, the H∞ controller is able to reduce the peaks in both the responses significantly. On 

the other hand, the semi-active system with the LQR controller fails to absorb the 

vibrations effectively.  
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Figure 5.5 Performance comparison of passive and semi-active systems for bounce 
considering noise signal under left main landing gear 

 

Figure 5.6 Performance comparison of passive and semi-active systems for bounce 
rate considering noise signal under left main landing gear 

  The reason for the better performance of the H∞ controller in case of random 

vibration analysis lies in the fact that the H∞ controller is designed to deal with any type of 
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disturbance and accordingly provides the required damping force for every case in order to 

suppress the vibrations. 

  Figures 5.7-5.9 compare the range of the MR damper force generated by the semi-

active system considering both control strategies. The comparison shows the effectiveness 

of the H∞ controller in applying the MR damper actuation force as soon as the system is 

excited thereby absorbing the vibrations getting transferred to the fuselage effectively. In 

case of the LQR controller, the delay in the application of the actuation force can be 

observed which deteriorates the performance of this controller for the rough landing 

scenarios. Therefore, the obtained results are clear indicators of the effectiveness and 

robustness of the H∞ controller for any landing situation. 

 

Figure 5.7 MR damper force for left main landing gear for sink velocity of 0.8 m/s 



92 
 

 

Figure 5.8 MR damper force for right main landing gear for sink velocity of 0.8 m/s 

 

Figure 5.9 MR damper force for nose landing gear for sink velocity of 0.8 m/s 

The robustness of the semi-active system with the H∞ controller is confirmed 

from the obtained results. It can be interpreted that the H∞ controller is adaptable to the 

uncertainties during landing thereby is capable of reducing the fuselage vibrations 

effectively. On the other hand, though the LQR controller works well for the normal 

landing case, it fails to absorb the fuselage vibrations when the aircraft is subjected to 
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uncertainties in landing situations. The effectiveness of the semi-active system with H∞ 

controller will be demonstrated in the next sections by predicting its ability to absorb the 

fuselage vibrations for higher sink velocities considering the runway roughness. 

5.3 Performance of the Semi-active System with H∞ Controller for Different 

Landing Conditions 

For simulating the landing performance of the aircraft and validating the effectiveness of 

the H∞ control approach, four different landing scenarios are considered each with 

increasing sink velocity. The sink velocities selected for simulating the response are 1.5 

m/s, 2.5 m/s and 3.6 m/s. For the fourth case, the sink velocity considered is 3.6 m/s but 

with the consideration of the runway unevenness for simulating the worst landing. 

5.3.1 Landing performance for sink velocity of 1.5 m/s 

For the first case the aircraft is assumed to be landing with a sink velocity of 1.5 m/s on a 

smooth runway. The landing scenario is depicted in figure 5.10. The left main landing 

gear touches the ground first followed by the right main gear after a delay of 0.15 

seconds. The nose gear touches the ground 2 seconds after the initial touchdown. The 

landing scenario can be observed from figure 5.10. 
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Figure 5.10 Landing scenario for initial sink velocity of 1.5 m/s 

The landing performance of the aircraft for the sink velocity is depicted in figures 5.11 

and 5.12. 

 

Figure 5.11 Performance comparison of passive and semi-active systems for bounce 
for sink velocity of 1.5 m/s 
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Figure 5.12 Performance comparison of passive and semi-active systems for bounce 
rate for sink velocity of 1.5 m/s 

For this case since the aircraft lands with a higher sink velocity of 1.5 m/s as 

compared to the previous case, an increase in the peaks of the bounce response can be 

observed. The H∞ controller could significantly reduce the fuselage vibrations for this 

sink velocity similar to the case of normal landing. The percentage reduction in the peaks 

of the bounce and the bounce rate response is 46% which is significant.  
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Figure 5.13 MR damper force for right main landing gear for sink velocity of        
1.5 m/s 

 

Figure 5.14 MR damper force for left main landing gear for sink velocity of 1.5 m/s 
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Figure 5.15 MR damper force for nose landing gear for sink velocity of 1.5 m/s 

It can be interpreted that the designed controller can effectively detect the 

required MR damper force for damping out the excessive vibrations by detecting the sink 

velocity each time during landing. The required range of force generated by each MR 

damper corresponding to the two main gears and a nose gear can be observed from 

figures 5.13-5.15. As the main wheels touch the ground, the MR damper generates a 

force of approximately 18 kN for damping out the fuselage vibrations. As soon as the 

nose wheel touches the ground, the MR damper corresponding to it generates a force of 

approximately 15 kN for vertical vibration reduction. 

5.3.2 Landing performance for sink velocity of 2.5 m/s 

In this case, the lading velocity is increased to 2.5 m/s considering identical landing 

conditions. The sequence in which the three wheels touch the ground is similar to the one 

in the previous cases. Again, the aircraft is assumed to be landing on the smooth airstrip. 

Figure 5.16 depicts the landing scenario for the sink velocity of 2.5 m/s. 
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Figure 5.16 Landing scenario for initial sink velocity of 2.5 m/s 

Although there is an increase in the landing velocity, the semi-active system 

performs efficiently during landing and absorbs the vibrations getting transmitted to the 

fuselage which can be observed from figures 5.17 and 5.18. It can be interpreted that the 

peak amplitudes increase with increase in the sink velocity. However, the designed semi-

active system with the robust controller could reduce the peaks by approximately 46% 

similar to the first two cases and is capable of stabilizing the aircraft in the shortest 

possible time after landing. 
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Figure 5.17 Performance comparison of passive and semi-active systems for bounce 
for sink velocity of 2.5 m/s 

 

Figure 5.18 Performance comparison of passive and semi-active systems for bounce 
rate for sink velocity of 2.5 m/s 
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As the input to the controller is the bounce velocity, the required MR forces for reducing 

the fuselage vibrations will increase with the velocity.  

 

Figure 5.19 MR damper force for right main landing gear for sink velocity of        
2.5 m/s 

 

Figure 5.20 MR damper force for left main landing gear for sink velocity of 2.5 m/s 
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Figure 5.21 MR damper force for nose landing gear for sink velocity of 2.5 m/s 

Figures 5.19-5.21 depict the required MR damper force for a sink velocity of 2.5 m/s. 

Compared to the previous case, the required forces are higher. To damp out the excessive 

vibrations effectively, the force generated by the MR damper in the main landing gears is 

approximately 30 kN whereas the MR damper generates a force of approximately 18 kN 

as the nose wheel touches the ground with a smaller velocity. 

5.3.3 Landing performance for sink velocity of 3.6 m/s considering runway 

unevenness 

It can be observed from results that the landing performance of the aircraft equipped with 

the semi-active suspension system with the H∞ controller is better compared to the one 

equipped with the passive suspension system. However, all the above cases are for the 

normal landing conditions where the aircraft is assumed to be landing with the normal 

velocities. In reality, the aircraft might exceed the regulation limits of the sink velocity 



102 
 

during landing because of the pilot inaccuracies. Moreover, the airstrip is not always 

smooth because of the weather conditions which may cause excessive fuselage vibrations 

and sometimes a crash at the time of landing. The objective of designing the semi-active 

suspension for the aircraft is to prevent it from such uncertain hazards during landing, 

especially. Although the designed control system works well for the cases analyzed 

above, it is extremely important to design for the worst landing scenarios. Therefore, for 

this case it is assumed that the aircraft lands with a sink velocity of 3.6 m/s on a rough 

airstrip. Similar to the first case, a disturbance signal is applied as an input to the left 

main landing gear in the form of white noise. This means that the left main gear lands on 

a bump with the sink velocity of 3.6 m/s. The landing scenario and the generated noise 

signal can be visualized from figures 5.22 and 5.23, respectively. 

 

Figure 5.22 Landing scenario for initial sink velocity of 3.6 m/s 
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Figure 5.23 Noise signal under left main landing gear at sink velocity of 3.6 m/s 

The landing performance of the aircraft for the worst landing case is simulated in figures 

5.24 and 5.25. 

 

Figure 5.24 Performance comparison of passive and semi-active systems for bounce 
considering noise signal under left main landing gear at sink velocity of 3.6 m/s 
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Figure 5.25 Performance comparison of passive and semi-active systems for bounce 
rate considering noise signal under left main landing gear at sink velocity of 3.6 m/s 

Figures 5.26-5.29 depict the MR damper force range for the worst landing case. 

 

Figure 5.26 MR damper force for right main landing gear for sink velocity of         
3.6 m/s 
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Figure 5. 27 MR damper force for left main landing gear for sink velocity of 3.6 m/s 

 

Figure 5.28 MR damper force for nose landing gear for sink velocity of 3.6 m/s 
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The bounce and the bounce rate responses depicted in the figures 5.24 and 5.25, 

respectively, clearly indicate the effectiveness of the designed semi-active system for the 

adverse landing conditions. The amplitude of the peaks increased as the aircraft landed on 

a rough airstrip with comparatively higher landing velocity. However, for the worst case 

landing also, the H∞ controller could damp out the vibrations getting transmitted to the 

fuselage effectively. It can be observed from figures 5.26-5.28 that the required MR 

damper forces have increased compared to the previous cases of landing. The MR 

dampers embedded in two main landing gears and a nose gears are required to generate a 

force of approximately 40 kN and 20 kN respectively, to supress the fuselage vibrations 

during the possible worst landing case described above. Moreover, the aircraft takes 

considerably less time to stabilize after the initial impact. 

 It can be interpreted from the results that the designed semi-active suspension 

with the H∞ controller is adaptable to the uncertainties during landing. The system can 

effectively reduce the fuselage vibrations both for the normal landing as well as the worst 

lading case. In real landing scenarios, if the aircraft exceeds its sink speed limit and lands 

on a rough airstrip, there is a possibility of accident during landing. From the results it 

can be observed that the designed system is able to supress the fuselage vibrations 

significantly not only for higher sink velocities but also in case of the other disturbance 

occurring during landing like runway roughness. 
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5.4 Summary 

In this chapter, the performance analysis of the designed semi-active MR landing gear 

system is carried out by taking into consideration different landing scenarios. The 

simulated results prove that the use of robust H∞ controller can significantly reduce the 

overshoot of the bounce and bounce rate responses which are related to the ride comfort 

of the aircraft after the initial landing impact. However, it is possible to carry out the 

LQR design at more than one operating points and attempt gain scheduling to further 

optimize the performance. Using robust control approach, the overshoot and settling time 

are significantly reduced. The simulation results prove the ability of the control strategy 

to generate required MR damper force for the initial landing scenario irrespective of the 

external environment. The robust analysis shows that the H∞ controller is more efficient 

than the LQR not only for the ideal landing but also for the worst landing case. The H∞ 

controller can accurately predict the required force corresponding to the MR damper 

current. Therefore, it can be interpreted that the semi-active MR damper suspension 

system using the H∞ approach is able to absorb the excessive fuselage vibrations 

effectively during each landing. By considerably reducing the rate of bounce for the 

realistic landing scenario, the passenger safety and comfort are improved during the 

landing operation. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

6.1 Thesis Contributions  

This study focuses on the development of the semi-active suspensions for the aircraft 

landing gears implementing a robust H∞ control strategy and an optimal Linear Quadratic 

Regulator (LQR) control strategy. The primary goal of designing an intelligent 

suspension is to supress the excessive vibrations that are transferred to the aircraft 

fuselage during the landing phase which is considered as the most critical operational 

phase. This issue is directly related to the passenger safety and comfort. Therefore, the 

goal is to make the aircraft landing as smooth and as comfortable as possible. It is evident 

from the literature that the Magnetorheological dampers can form the basis for 

developing intelligent suspension systems for aircraft. The unique ability of these 

dampers to provide a variable damping effect at nominal currents makes them very 

attractive for the suspension applications. These dampers can provide a rapid interface 

between the mechanical systems and the electronic controls. Moreover, in case of failure, 

they have the capability to act as passive damping devices. Because of their unique 

characteristics, the MR dampers and their applications in engineering has been the focus 

of many research studies. 

To fulfil the objectives of this study, a simulation approach was presented and a 3 

DOF aircraft model was developed which took into consideration the bounce, pitch and 

roll motions of the aircraft during landing. The aircraft was assumed to be equipped with 

a conventional tri-cycle landing gear system with one wheel per landing gear. An actual 
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landing scenario was simulated using MATLAB/SIMULINK by providing a specific sink 

velocity and a time delay between the touchdown of the main wheels and the nose wheel. 

A semi-active Magnetorheological suspension system was developed using a robust H∞ 

controller and an optimal LQR controller and the response of the aircraft was analyzed 

for different sink velocities during landing. The performance of the two controllers was 

compared for a particular landing scenario for the purpose of selecting the appropriate 

control approach. Finally, the applicability of the developed semi-active suspension 

system with the robust controller was tested by subjecting the landing aircraft to runway 

input. Based on the mathematical and the simulation studies done on the developed 

model, following are the important contributions of this study.  

• Based on the available Spencer model, the analysis of the energy dissipation 

characteristics of the MR damper is carried out. The energy dissipation patterns 

for different input frequencies are analyzed and the mathematical equations for 

linearizing the MR damper through simulation approach are presented. The 

relationship between the dissipated energy and the current is depicted through 

simulations. Similarly, the relationship between the equivalent damping 

coefficient and the current is also established. The analysis of the energy 

dissipation patterns of the MR damper and the graphically depicted relationships 

with the applied inputs can give a better understanding of the behaviour of the 

damper in order to effectively use it for the variable damping applications. 

• A 3 DOF aircraft model is developed for the vibration analysis which takes into 

consideration the bounce, pitch and roll motions of the aircraft. Most of the 

aircraft models developed in the previous studies were based on the conventional 
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quarter car model which could take into account only the vertical vibrations. 

However, the model developed in this study could be used to present the real 

aircraft equipped with a tri-cycle landing gear system. The effects of the roll and 

pitch motions on the vertical motion are also taken into consideration though 

these motions are not analyzed in this study. Since most of today’s passenger 

aircraft use a conventional tri-cycle landing gear system, this model can be used 

for the simulation studies of the prototypes. 

• The most important contribution is the simulation of the actual landing scenario 

for the developed 3 DOF aircraft model. A switching technique is developed in 

SIMULINK which enables the system to switch from a single degree of freedom 

to three degrees of freedom system in order to simulate the sequential touching of 

the two wheels of the main landing gears and the nose landing gear wheel during 

landing. This approach can provide a good approximation of the real landing 

scenarios in case of pilot inaccuracies and the other uncertainties. 
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6.2 Conclusions 

The proposed study focused on the two important aspects; analyzing the behavior of the 

Magnetorheological dampers using parametric dynamic modeling approach and 

developing the semi-active MR landing gear suspension using the robust H∞ and the LQR 

control strategies for reducing the fuselage vibrations. Based on the work done in this 

study, the important conclusions can be summarized as follows: 

• The Magnetorheological dampers can provide an effective solution for developing 

the semi-active suspensions for the aircraft. Although a few applications of these 

dampers have been reported in vehicle engineering field, aircraft landing gears 

have not been equipped with such damper. MR fluids have the ability to make 

rapid and reversible transitions in their rheological properties. This fact makes the 

MR damper a powerful device for achieving the variable damping in suspension 

systems with minimal power requirements. 

• Parametric dynamic modeling approach for studying the non-linear hysteretic 

characteristics of the MR dampers is a simple and robust modeling approach. The 

parametric modeling approach facilitates the numerical analysis as well as the 

simulation for studying the dynamic behavior of the MR dampers. 

• It can be interpreted from the force-velocity characteristics that the MR dampers 

operate in two distinct regions namely, the post-yield and the pre-yield region. 

The force-velocity characteristics show hysteretic behavior which has to be 

predicted accurately for implementing the control laws. Spencer dynamic model 

can accurately depict the behavior of the MR damper by characterizing the post-
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yield and the pre-yield hysteresis. The mathematical equations of Spencer model 

are easy to understand and implement in the simulation. 

• The energy dissipation results were also simulated using Spencer model. The 

model could accurately predict the energy dissipation patterns of the MR damper 

for varying input frequencies. 

• The MR damper can be an effective actuation mechanism for developing the 

semi-active suspension for the aircraft landing gears. The semi-active MR landing 

gear was developed using the H∞ and the LQR control strategies. The simulated 

results showed that the use of robust H∞ controller can significantly reduce the 

overshoot of the bounce and bounce rate response which is related to the ride 

comfort of the aircraft after the initial landing impact. 

• Using robust control approach, the overshoot and settling time are significantly 

reduced. The simulation results proved the ability of the control strategy to 

generate the required MR damper force for the initial landing scenario 

irrespective of the external environment. The robust analysis showed that the H∞ 

controller is more efficient than the LQR not only for the ideal landing but also 

for the rough landing case considering the uncertainties like runway roughness. 

The H∞ controller can accurately predict the required MR damper force based on 

the bounce velocity. Therefore, a semi-active MR landing gear suspension system 

using the H∞ approach is able to suppress the excessive fuselage vibrations 

effectively during each landing scenario. By considerably reducing the rate of 

bounce for the realistic landing scenario, the passenger safety and comfort are 

improved during the landing operation. 
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6.3 Future Recommendations 

The analyses done in the research provided a stimulus for further extending the 

dimensions of knowledge in the field of the aircraft landing and the passenger safety 

associated with it. The concept of development of smart dampers for the aircraft landing 

gears is amongst the emerging research topics which, if implemented considering the 

engineering constraints, can effectively reduce the impact loads during the landing phase. 

The primary focus of all the research programs is to make human life pleasant, 

comfortable and safe. Considering the human life as the utmost important factor can give 

a tremendous impetus for making progress in this research field.  

  This field has wide open scope, and some recommendations are made for the 

future studies. A few of them are summarized as follows. 

• In this study, a 3 DOF aircraft model is developed for the vibration analysis. A 

model considering the additional yaw DOF can be developed in order to consider 

the shimmy motion occurring during landing. The application of the smart MR 

damper for shimmy control is also recommended. 

• Since the primary objective is to improve the ride comfort and passenger safety, it 

is necessary to model the human body sitting inside an aircraft as a spring-mass-

damper system for analyzing the vibration transmissibility to the human body 

through the fuselage. The human body of a pilot inside a cockpit can be modeled 

for the transmissibility analysis as the safety of the pilot is extremely important. 

This analysis can provide an actual idea of the passenger comfort during landing. 

• The smaller capacity and light weight MR dampers can be used for the aircraft 

seats to attenuate the vibrations during the landing impact. However, this 
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application would involve high cost as the number of MR dampers required for 

each aircraft would be high which could be quite expensive.  

• It is recommended to consider the aerodynamic forces acting on the aircraft 

fuselage as well as the undercarriage during landing. This would provide a 

complete analysis from the aerodynamics point of view. Considering the effects 

of the factor such as the lift force, the drag force, the horizontal velocity and 

approach speed during landing could provide a better idea about the structural 

vibration analysis. Moreover, the presented study analyzed the aircraft landing 

under normal landing conditions and considered only the runway unevenness. 

However, it is necessary to analyze the cases where the aircraft is subjected to a 

cross wind landing scenario and other undesirable conditions. 

• In this study, only the passenger aircraft is taken into consideration. It is 

recommended to extend the research for the fighter aircraft landing on the deck of 

the aircraft carrier. The vibration analysis problem can become interesting in this 

case since the movement of deck due to ocean waves and its effect on the aircraft 

landing would lead to a critical dynamics. The MR dampers can be also used for 

developing the semi-active suspensions for the Unmanned Aerial Vehicle (UAV). 

• One of the recommended designs is to replace the oil in the oleo-pneumatic 

damper with the MR fluid and build the necessary current circuit to magnetize the 

fluid. 
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APPENDICES 

Appendix A: State-space Approach for a Single Degree of freedom System 

The state-space approach is a simplified method used in controls theory. In this thesis, a 

semi-active system is developed using two different control laws: (1) H∞ and (2) LQR. 

The basic understanding of the state-space approach is necessary in order to deal with the 

complicated control laws used in mechanical systems.  

 The state-space method can be used for representing the complicated higher order 

system as a combination of the N first order differential equations. A state represents the 

condition of a physical system at time t. A state-space approach provides a complete 

description of the system at any given time. This method facilitates the design procedure 

of the control laws as well as the simulation procedures [95]. 

 The state-space methodology for a simple SDOF system can be explained as 

follows: 

 

Figure A. SDOF system for state-space modeling 
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Figure A depicts the simplest SDOF system. The equation of motion for the system 

shown above can be derived using Newton’s second law of motion. The equation of 

motion is as follows: 

 
(A.1) 

 

(A.2) 

The above system can be represented in a state-space format as follows: 

 

(A.3) 

In above equations, x represents the state vector and y represents the desired output of the 

system. For this case, the state of the system at any given time can be represented by its 

displacement (𝑥) and velocity (𝑥̇). Therefore, a system has two states which can be 

represented using a state vector. 

Assumptions: Let 𝑥̇= v, be the velocity of mass MA. Therefore, we can substitute the 

acceleration𝑥̈, by 𝑣̇.  

Thus 𝑥̈=  𝑣̇ 

Substituting the above variables in the equation of motion yield the following expression, 
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The variable y represents the output of the system which is the displacement of the mass 

MA for this case. 

Therefore we have, 𝑦 = 𝑥 

Finally, to determine the elements of the matrices in the state-space plant, following 

equations can be used. 

 
(A.5) 

 

(A.6) 

Referring to the state-space equation (A.3), the system in state-space can be represented 

as follows: 

 

 

(A.7) 

In above equation, the matrices [A], [B] and [C] represent the system matrix, the input 

matrix and the output matrix, respectively. The dimensions of these matrices can be 

determined from the number of states, the inputs and outputs of the system. 

Let N represents the number of states, R represents the number of inputs and P represents 

the number of outputs of the system. The dimensions of the matrices can be defined as 

follows. 
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The system matrix [A] is N×N matrix; the input matrix [B] is N×R matrix and the output 

matrix [C] is P×N matrix. Matrix [D] represents the effect of the output on the input and 

it can be considered as zero for simple systems. The elements of these matrices can be 

determined using the equations A.5 and A.6. 

Equation A.5 is the first state equation and its coefficients are the elements of the first 

rows of the matrices [A] and [B]. Similarly, the elements in the second rows of these 

matrices can be determined by identifying the coefficients of the second state equation 

A.6. The elements of matrix [C] are the coefficients of the output equation A.7 for y. 

Therefore, the matrices can be represented as follows, 

 

(A.8) 

 

(A.9) 

 
(A.10) 

 
(A.11) 

The overall state-space model can be represented as shown in the following equation. 
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A state-space model can be represented in MATLAB using the inbuilt function and the 

required response for a particular input signal can be achieved. A similar methodology is 

adopted for a 3 DOF model used in this study which simplified the simulation 

procedures. 
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Appendix B: Publications Revevant to Thesis work 

In this section, the publications relevant to the study completed in this thesis are 

presented. Following are the abstracts of the two conference papers relevant to this thesis. 

1. 

Optimally Adaptive Oleo Strut Damping for Aircraft and UAV Using MR Fluid 

Authors: Ajinkya A. Gharapurkar, Dr. Chandra B. Asthana and Dr. Rama B. Bhat 

1st Annual International Conference on Industrial and Systems Engineering, 24-27 
June 2013, Athens, Greece 

ABSTRACT 

It would be most desirable to have the same oleo strut perform optimally during widely 

different landing conditions of an aircraft and Unmanned Aerial Vehicle (UAV). These 

landing conditions may impose different requirements such as controlling vertical 

acceleration in a desired manner. As the atmospheric conditions change and the axial load 

on the strut changes during compression, the ability to control the damping force as 

function of time would be of great advantage. In this paper, it is shown that by using MR 

fluid in the oleo strut, it is possible to achieve optimal damping performance in every 

particular landing situation. Three different forces act along a conventional oleo strut 

which are: that due to the compression/expansion of gas, that due to the passing of fluid 

through the orifice and that due to the viscous force. The first is the spring force while the 

second and the third are the damping forces. The second is proportional to the square of 

compression/extension rate and the third is proportional to just the rate of 

compression/extension. Incorporating a metering pin that can change the orifice diameter 

in a prescribed fashion can change the damping force to some extent within limits. By 

using MR fluid in a conventional oleo strut the damping force can be altered in a desired 
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manner. A simulation model for a SDOF aircraft system is developed and a landing 

scenario at a particular sink velocity is simulated. The parameters controlling the 

behavior of MR fluid damper are tuned to get the optimal performance during landing. 

 
2. 

Semi-Active Control of Aircraft Landing Gear System Using H-infinity Control 
Approach 

 
Authors: Ajinkya A. Gharapurkar, Ali Fellah Jahromi, Dr. Rama B. Bhat and Dr. 

Wen-Fang-Xie 

The 2nd International Conference on Connected Vehicles & Expo  
(ICCVE 2013), 2013, Las Vegas, USA 

ABSTARCT 

The landing of an aircraft is one of the most critical operations because it directly affects 

the passenger safety and comfort. During landing, the aircraft fuselage undergoes 

excessive vibrations that cause the safety and the comfort problem and hence need to be 

suppressed quickly. A semi-active control system of a landing gear suspension by using 

Magnetorheological damper can solve the problem of excessive vibrations effectively. In 

this paper, a switching technique is developed in the simulation of the landing procedure 

which enables the system to switch from the single degree of freedom to three degrees of 

freedom system in order to simulate the sequential touching of the two wheels of the 

main landing gears and the nose landing gear wheels with the ground. A semi-active 

Magnetorheological damper is developed using two different control strategies namely, 

the Linear Quadratic Regulator and the H∞. Spencer model is used to predict the dynamic 

behavior of the Magnetorheological damper. The results of the designed controllers are 

compared to study the performance of the controllers in reducing the overshoot of the 

bounce response as well as the bounce rate response. The simulation results validated the 
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improved performance of the robust controller compared to the optimal control strategy 

when the aircraft is subjected to the disturbances during landing. 

Appendix C: Calculation of current relative to MR damper force 

The output of the MR damper is the MR damper force, while the input of the MR damper 

model is a current signal function of time i (t). Therefore, a current signal corresponding 

to the damping force should be calculated. The inverse dynamic model of the MR damper 

using Spencer mathematical model is studied by Tsang et al. [101]. The mathematical 

relation between the force and the current is represented in equation. 

1 ( )

1 2

1( ) ln   1 3aj j b i t tF F
i t e j

d d
− −∆

 −
 = − + = −
 
 

 

where, Fa1-3 represents the actual force which can be measured during each iteration (Δt). 

F1-3 presents the MR damper forces which are computed by the controller and defined by 

equation derived by Spencer for the hysteretic damping force FD. The coefficients of the 

MR damper model d1 and d2 can be calculated by using the curve fitting approach based 

on the experimental results. 
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