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Abstract Vertical vibrations in the ambulance patient compartment due to road 
disturbances can cause serious injury to patients. In the present study, after extracting 
the vibrations entering an ambulance with passive suspension system, the use of a 
new active vibration isolation system between the patient's Compartment and the 
ambulance body is proposed. This isolation system includes an air spring, a linear 
shaft motor and a suitable active controller, which is abbreviated as AVI system. In 
this paper, instead of using one AVI system to control the vibrations of the stretcher, 
four AVI systems are used to control the vibrations of the patient's Compartment. 
The accurate modelling for ambulance with passive suspension system in both types 
non-isolated and active isolated patient's Compartment has been done by 
SOLIDWORKS software. Then by extracting the mathematical model, differential 
equations and state space model, the comparison of both types was done using 
MATLAB-SIMULINK software and finally the results were optimized using the 
Model Reference Adaptive Control (MRAC). In this control method, the functional 
parameters automatically adapt themselves by changing the position of the centre of 
gravity. The results obtained according to the IS02631 standard, show that with the 
present method, vertical vibrations are reduced by more than 80%.  
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1 INTRODUCTION 

Patient's body is extremely sensitive to sudden impulses, 

and patient's body vibrations are intolerable in cases 

where they reach the resonant frequency that is beyond 

human toleration limit. Ambulances are important in 

that they not only transport injured patients quickly but 

are also capable of providing first aid to patients. Many 

of the patients carried by an ambulance are in serious 

condition, with brain injuries, cardiac issues and so on. 

Such patients are particularly sensitive to even small 

amounts of vibration. 

Since the transfer of patient and vibrations entered the 

ambulance may induce various physiological alterations 

which may adversely affect the prognosis of the patient, 

the sensitivity of the patient's body to vibrations should 

be considered. [1]. Although enhanced roads quality and 

reduced road disturbances have provided the ground for 

travel comfort at high velocities, vertical deflections 

such has speed bumps are installed on roads in an 

attempt to control the unbridled speed of vehicles. In 

curved roads, such deflections can cause dangerous 

vibrations in the patient carrying ambulances. Given that 

the patients who are transported in ambulances are 

mostly in acute and severe conditions such as heart 

surgery, brain and vertebral conditions and new-born 

babies their body is sensitive to the slightest vibrations 

[2].  

Most patients also believe that the most terrible causes 

of injury incidence and exacerbation are experienced 

when route to the nearest medical centre on an 

ambulance, and attribute this problem to old ambulances 

[3]. Moreover, Karlsson investigated the effect of in-

ambulance medical care on an under 7-year-old kid, his 

hear analysis and the extent to which his body vibrations 

exceed the recommended limit [4]. Since ambulances 

use suspension systems that fit the basic vehicles, they 

cannot control the vibrations that are exerted to the 

patient and paramedics' body, thus, attempts are made in 

several studies to attenuate such vibrations. In most of 

these studies, the approach to attenuation of vibrations 

in patients' body is mostly focused on the stretcher 

system [5].  

Abd-El-Tawwab investigated the Vertical vibration 

damping through a low-speed active isolation system for 

a stretcher with hydrodynamic dampers [6]. Henderson 

and Raine investigated a suspensions system that 

introduced a semi-active pneumatic damper within a 

stretcher system [7-8], Raemaekers minimized the 

vibrations applied to the patient by isolating the stretcher 

from the body of the ambulance patient's compartment 

by an active isolation system. The system was a 

combination of pneumatic and electromagnetic forces to 

reduce vertical forces.  

 

He was able to optimize the active vibration isolation 

system by creating a quarter car model of an ambulance 

and using a Skyhook controller. Finally, the isolation 

results provided patient comfort conditions in 

accordance with ISO 2631 [9]. Niu Fu et al also 

conducted an experimental study on a vibration isolator 

system for an ambulance stretcher using a spring and 

plastic-metal structure.  

In this system, he also investigated the comfort standards 

for patients in lying position and vibrations exerted to all 

organs when the ambulance is moving along asphalt, 

rail, and dirt roads at the velocity range of 10-80 km/h 

and showed that the acceleration exerted to patients in 

these roads ranges from 0.0316 m/s² to 1.216 m/s², which 

is indicative of patients' discomfort. Using this 

mechanism, he managed to attenuate this acceleration 

and reduce the vibrations exerted from ambulance 

compartment to the stretcher, by 17 to 47% [10]. It 

should be noted that, the previous studies only cover the 

measures taken to attenuate the stretcher vibrations, and 

do not deal with attenuation of vibrations exerted to 

patient and paramedics.  

By isolating the bed stage from the ambulance body 

using four Magnetorheological dampers installed in four 

comers of the bed stage, Choi and Chae managed to 

propose a model that could attenuate the vibrations that 

patients and paramedics are exerted to in the ambulance 

and provide them with comfort when the ambulance 

moved along different winding roads or over speed 

bumps. Using the sliding mode controller and by 

measuring the stimulus signal using accelerometers, 

they managed to create the damping force of the MR 

dampers. They also used the full-scale vehicle model to 

obtain the control equations [11].  

Hengmin Qi et al selected a typical sport utility vehicle 

with 10 degrees of freedom to conduct the dynamic 

simulation, the results indicated that, by controlling 

hydraulically interconnected suspension key parameters, 

the vehicle dynamic performance can be effectively 

controlled in both roll and lateral planes [12]. Fialho and 

Balas introduced a road adaptive control design for 

active suspension systems, which includes two levels of 

adaptation that are based on the nonlinear characteristics 

of the suspension system and the road conditions, 

respectively [13]. Motivated by the desirable 

performance of the model reference adaptive control 

(MRAC) approach, various literature studies have 

investigated its performance in diverse linear and 

nonlinear practical systems [14-15]. Drawing on the 

previous experiences and investigations, in the present 

study, the main purpose of this study is to isolate the 

patient's compartment from the body and the passive 

suspension system of the ambulance, which is achieved 

by installing four active vibration isolation systems in 

the lower four corners of the compartment (“Fig. 1ˮ ).  
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Fig. 1 Layout of the proposed patient's Compartment 

isolated from the ambulance body by an AVI system and the 

location of air cushion. 
 

This system is designed based on the combination of 

pneumatic and electromagnetic forces associated with 

the ambulance data. After developing the full-scale 

model of the ambulance equipped with the passive 

suspension system and developing a dynamic model for 

that, the equations used to calculate the forces exerted on 

the wheels when the vehicle is passing curved roads or 

speed bumps will be obtained.  

In addition, the obtained data were used to calculate the 

forces exerted on the edges of the isolated part in the 

patient compartment in order to design the AVI system. 

Given that AVI system is of great importance in the 

dynamic equations, the ambulance data, and ambulance 

limitations in general, and the patient compartment 

limitations in particular were used to develop the 

isolated part of the patient compartment along with the 

AVI systems.  

Moreover, the adjustable air cushions were installed in 

the top comers of the vehicle between the patient 

compartment and the ambulance ceiling in order to 

contribute to the AVI system performance and develop 

the passive compartment model when the patient 

compartment is vacant.  

In other words, this model allows for activation and 

deactivation of the above-mentioned system in the 

patient compartment. When in motion, all vehicles have 

three main control movements: z axis is along the 

vertical axis of the vehicle (z), Roll is the rotation of a 

vehicle about the longitudinal axis (ø) and Pitch is the 

rotation of a vehicle about the transverse axis (θ). And 

this also holds true for the ambulance in this study. Since 

four AVI systems are installed at the comers of the 

isolated part in the patient compartment, 4 active 

actuators'(Flm1, Flm2, Flm3, and Flm4) need to be 

designed to control the effect of the three main 

vibrational motions. To this end, the conventional 

vibration control techniques are used for performance 

evaluation purposes. 

2 DESIGNING AN ACTIVE VIBRATION ISOLATOR 

SYSTEM 

The AVI system is supposed to tolerate heavy weights 

and develop the required active dynamic and static 

forces as well as adjustable reciprocating moves. Power 

consumption in this system is negligible compared to 

other systems. The required static force must offset the 

allowed load on the AVI system, and the active dynamic 

force must accomplish the isolation process by 

generating effective and adjustable reciprocating moves. 

Moreover, the guide system must be free from any 

friction or backlash effect so that the system can function 

properly. Thus, in the present study a customized air 

spring that meets the linear conditions and tolerates 

heavy weights at the same time, is used to supply the 

required static force.  

This absorber is preferred over hydraulic systems and 

conventional old springs that had some intrinsic 

disadvantages such as backlash as well as relatively high 

weight and stiffness. The electromagnetic motor was 

selected, from among a variety of oilier options, in order 

to generate the active dynamic reciprocating move. The 

advantages of this motor include: low stiffness (near 

zero), friction-less function, extremely high band-width 

and low energy dissipation. This actuator is a linear shaft 

motor or an electromagnetic motor with non-cylindrical 

stator that generates a linear force, rather than rotational 

moment, along the stator.  

This linear shaft motor includes a set of moveable coils 

that surround the magnetic shaft (forcer). The magnetic 

field around the shaft is not transferred to other areas. In 

such motors, the forcer can use the maximum magnetic 

current, therefore the air gap between the forcer and 

shaft is not critical (within the 0.5 to 1.75 mm). These 

motors take full advantage of magnetic current and do 

not need to be cooled down, that's why they do not 

include additional parts. Moreover, they do not have any 

backlash or vibration which makes them very effective. 

The linear shaft motor is equipped with an analogue hall 

encoder.  

This encoder is used to feedback locations to the 

controller. Therefore, in order to optimally design an 

AVl system that is composed of a set of air springs, 

linear shaft motors and guidance systems, it is necessary 

to design the air spring according to the weight and road 

inputs it is supposed to tolerate and select an 

electromagnetic motor that fits the air spring. The force 

dial created by the air spring is used to eliminate the 

static force of the isolated patient compartment and 

maintain its balance. The electromagnetic force of the 

linear shaft motor is used for rapid reaction to vertical 

forces and modification of air spring force variations.  
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Therefore, in order to determine the forces exerted to the 

AVI system, it is necessary to specify the location of this 

system in the Ambulance vehicles used in Iran (Sprinter 

314 GIFA). Since, the location of AVl systems is of 

great importance in dynamic equations, the SolidWorks 

modeling software has been used to design AVI systems 

and their installation position in the four corners of the 

compartment. Distances and location of AVI systems 

were designed according to the sizes that had already 

been specified in the ambulance construction plan. The 

transversal and longitudinal distance between two AVI 

systems is 1441mm and 2959.5 mm respectively. The 

distance between the AVl system in the rear part of the 

patient room and rear axle of the ambulance is 813 mm, 

while the distance between the AVl system in the front 

part of the patient compartment and the front axle of the 

vehicle is 1406 mm. 

After the isolation process, the patient compartment 

underwent some formal changes and its layout in the 

simulated model was specified (See “Fig. 1ˮ ). The 

centre of gravity will be of great importance in the 

dynamic model that will be required in the following 

stages. Therefore, in order to determine the centre of 

gravity, it is necessary to specify the weight of patient 

compartment including the weight of patient, paramedic, 

the compartment body, the stretcher and other 

accessories. The body of van compartments is usually 

made of Acrylonitrile butadiene styrene or propylene. 

The selected polymer for designing the compartment in 

the present study was Acrylonitrile butadiene styrene. 

After selection of this polymer in the simulation 

software, the weight of this compartment was equal to 

925 kg. assuming that the a typical individual and 

stretcher weigh about 80 kg and 20 kg, respectively, die 

total weight obtained for the patient compartment was 

1105 kg.  

Air spring stiffness is one of the most important design 

features of the AVI system design. According to the 

above-mentioned information, it can be argued that die 

rigidness of the air spring is equal to the force required 

for shrinkage or expansion of the air spring per its height 

unit. Thus, the air spring stiffness can be calculated 

using “Eq. (1) ˮ . 

 

 𝐾𝑎 =  
𝛾𝑝0 𝐴𝑐

2

𝑉0

=  
𝛾𝑚𝑔 𝐴𝑐

𝑉0

 (1) 

 

In this equation, the air spring is designed in accordance 

with the required displacement stroke and the weight it 

is supposed to tolerate. The stroke of this spring is 

simulated based on passage of the ambulance over 

different speed bumps such as Watt profile with the 

height of 100 mm (See “Fig. 2ˮ ). The maximum 

displacement stroke will be about 15 cm and the linear 

shaft motor should also feature the same displacement 

stroke [9]. In “Eq. (1)ˮ , weight of each air spring is 

equal to 0.25 of the total patient compartment weight and 

since the patient compartment mass was assumed to be 

1105 kg, the mass of each air spring is equal to 276.25 

kg in the static mode. A linear shaft motor will be 

embedded within each air spring in such a way that the 

net air volume is reduced in proportion to the volume of 

the linear shaft motor. 

 

 
Fig. 2 Speed bump with Watt profile. 

 

Considering that the air hole volume is equal to 

0.00724994 mm³, the effective air space based on the air 

spring's dimensions will be 0.016587658 mm², and the 

stiffness coefficient of the air spring, obtained from the 

“Eq. (1) ˮ  will be equal to 8680.6 N/m. 

 

𝑓𝑛 =  
1

(2𝜋)√𝜌𝑔𝐴𝑉0

 (2) 

 

According to “Eq. (2) ˮ , the resonance frequency is 

equal to 3.91Hz. Since the highest vibration sensitivity 

range in human body is 4-8 Hz, and the actuator's 

bandwidth must be below this frequency range, actuator 

would be a suitable choice in this case. The required 

electromagnetic force of the active system is to a great 

extent dependent on the actuator's stroke and the air 

spring stiffness. For example, in simulation of Watt 

profile according to “Eq. (3)”, the minimum required 

force of the linear shaft motor is equal to 1.3 kN. 

 

𝑘𝑎 × Stroke = 𝐹𝑙𝑚= 8680.6 × 0.15 =1302.09 

N  
(3) 

 

The selected linear shaft motor is of XTB3808 type and 

its parameters and values are listed in “Table 1ˮ .  

 
Table 1 The XTB3808 Linear Shaft Motor specifications 

Specifications Unit Value 

Peak Force (N) 1488 

Continuous stall Force (N) 232.1 

Peak Acceleration (m/s²) 295 

Maximum Speed (m/s) 3.5 

Maximum stroke (mm) 1219 

Forcer Mass (kg) 5.05 

Thrust rod mass/meter (kg/m) 8.3 

Rod diameter (mm) 38 
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The guiding system is composed of three guiding wheels 

that are assembled on a linear shaft motor at an angle of 

120 degrees and in case they are loaded properly, they 

can bring about an appropriate guidance with minimum 

friction. Two wheels are fixed and the third one is firmly 

pressed against the shaft by a spring. This pre-tension 

assures that all the wheel are continuously in contact and 

thus backlash will he avoided. The shaft of the linear 

motor is made of stainless steel and the wheels are made 

of Polyoxymethylene that has a low modulus of 

elasticity (E2=2.8 GPa) compared to steel (E= 210 GPa) 

and therefore the contact stress will be lower when POM 

wheels are used instead of steel wheels. Figure 3 shows 

the location of these wheels and three displacement 

strokes of the assembled AVI system. 

 

 
Fig. 3 Three displacement strokes of the assembled AVI 

system where the guiding system and the selected linear shaft 

motor are embedded within a customized air spring. 

3 INVESTIGATION OF PASSIVE SUSPENSION 

SYSTEM IN OF THE AMBULANCE 

3.1. Motion Equations and the State Space Model 

In the present study, the ambulance selected in Iran has 

a passive suspension system. According to the Sprinter 

314 user manual, the position of the center of gravity and 

the distance between the road disturbances force input 

and center of gravity are available. These positions and 

distances are shown in “Table 2ˮ . 

 
Table 2 The longitudinal and transversal distances to 

Ambulance CG - without isolation of patient's Compartment 

Specifications Unit Value 

a1 (mm) 3281 

b1 (mm) 1082.75 

c1 (mm) 712 

d1 (mm) 714 

 

The state space model of the ambulance motion 

equations with passive suspension in both types of non-

isolated and active isolated patient's compartment can be 

used to understand the level of discomfort for patients 

and paramedics. According to Newton's second law and 

the mechanical model of the ambulance presented in 

“Fig. 4ˮ , which has 7 degrees of freedom, “Eqs. (4-10)” 

are obtained.  
 

 
 

Fig. 4   Mechanical model of the ambulance with passive 

suspension system and non-isolated patient's compartment. 

 

�̈�𝑤1 = 𝐾𝑏1(𝑍𝑏1 − 𝑍𝑤1) + 𝐶𝑏1(�̇�𝑏1 − �̇�𝑤1)

− 𝐾𝑤1(𝑍𝑤1 − 𝑍𝑟1)
− 𝐾𝑏1(𝑎1 − 𝑒1)𝜃1

− 𝐶𝑏1(𝑎1 − 𝑒1)�̇�1

+ 𝐾𝑏1(𝑑1𝜑1) + 𝐶𝑏1(𝑑1�̇�1) 

 

(4) 

𝑀𝑤2�̈�𝑤2 = 𝐾𝑏2(𝑍𝑏2 − 𝑍𝑤2)

+ 𝐶𝑏2(�̇�𝑏2 − �̇�𝑤2)

− 𝐾𝑤2(𝑍𝑤2 − 𝑍𝑟2)
− 𝐾𝑏2(𝑎1 − 𝑒1)𝜃1

− 𝐶𝑏2(𝑎1 − 𝑒1)�̇�1

+ 𝐾𝑏2(𝑐1𝜑1) + 𝐶𝑏2(𝑐1�̇�1) 

 

(5) 

𝑀𝑤3�̈�𝑤3 = 𝐾𝑏3(𝑍𝑏3 − 𝑍𝑤3)

+ 𝐶𝑏3(�̇�𝑏3 − �̇�𝑤3)

− 𝐾𝑤3(𝑍𝑤3 − 𝑍𝑟3)

+ 𝐾𝑏3(𝑏1𝜃1) + 𝐶𝑏3(𝑏1�̇�1)

+ 𝐾𝑏3(𝑑1𝜑1) + 𝐶𝑏3(𝑑1�̇�1) 
 

 

(6) 

𝑀𝑤4�̈�𝑤4 = 𝐾𝑏4(𝑍𝑏4 − 𝑍𝑤4)

+ 𝐶𝑏4(�̇�𝑏4 − �̇�𝑤4)

− 𝐾𝑤4(𝑍𝑤4 − 𝑍𝑟4)

+ 𝐾𝑏4(𝑏1𝜃1) + 𝐶𝑏4(𝑏1�̇�1)

− 𝐾𝑏4(𝑐1𝜑1) − 𝐶𝑏4(𝑐1�̇�1) 

 

(7) 
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𝑀𝑏�̈�𝑏 = −𝐾𝑏1(𝑍𝑏1 − 𝑍𝑤1)

− 𝐶𝑏1(�̇�𝑏1 − �̇�𝑤1)

− 𝐾𝑏2(𝑍𝑏2 − 𝑍𝑤2)

− 𝐶𝑏2(�̇�𝑏2 − �̇�𝑤2)

− 𝐾𝑏3(𝑍𝑏3 − 𝑍𝑤3)

− 𝐶𝑏3(�̇�𝑏3 − �̇�𝑤3)

− 𝐾𝑏4(𝑍𝑏4 − 𝑍𝑤4)

− 𝐶𝑏4(�̇�𝑏4 − �̇�𝑤4)

+ 𝐾𝑏1(𝑎1 − 𝑒1)𝜃1

+ 𝐶𝑏1(𝑎1 − 𝑒1)�̇�1

+ 𝐾𝑏2(𝑎1 − 𝑒1)𝜃1

+ 𝐶𝑏2(𝑎1 − 𝑒1)�̇�1

− 𝐾𝑏3(𝑏1𝜃1) − 𝐶𝑏3(𝑏1�̇�1)

− 𝐾𝑏4(𝑏1𝜃1) − 𝐶𝑏4(𝑏1�̇�1)

− 𝐾𝑏1(𝑑1𝜑1) − 𝐶𝑏1(𝑑1�̇�1)
+ 𝐾𝑏2(𝑐1𝜑1) + 𝐶𝑏2(𝑐1�̇�1)
− 𝐾𝑏3(𝑏1𝜑1) − 𝐶𝑏3(𝑑1�̇�1)
+ 𝐾𝑏4(𝑐1𝜑1) + 𝐶𝑏4(𝑐1�̇�1) 

 

(8) 

𝐼𝑦𝑦�̈�1 = [𝐾𝑏1(𝑍𝑏1 − 𝑍𝑤1)(𝑎1 − 𝑒1)

+ 𝐶𝑏1(�̇�𝑏1 − �̇�𝑤1)(𝑎1

− 𝑒1) − 𝐾𝑏1(𝑎1 − 𝑒1)2𝜃1

− 𝐶𝑏1(𝑎1 − 𝑒1)2�̇�1]

+ [𝐾𝑏2(𝑍𝑏2 − 𝑍𝑤2)(𝑎1

− 𝑒1)

+ 𝐶𝑏2(�̇�𝑏2 − �̇�𝑤2)(𝑎1

− 𝑒1) − 𝐾𝑏2(𝑎1 − 𝑒1)2𝜃1

− 𝐶𝑏2(𝑎1 − 𝑒1)2�̇�1]

+ [−𝐾𝑏3(𝑍𝑏3 − 𝑍𝑤3)𝑏1

− 𝐶𝑏3(�̇�𝑏3 − �̇�𝑤3)𝑏1

− 𝐾𝑏3(𝑏1)2𝜃1

− 𝐶𝑏3(𝑏1)2�̇�1]

+ [−𝐾𝑏4(𝑍𝑏4 − 𝑍𝑤4)𝑏1

− 𝐶𝑏4(�̇�𝑏4 − �̇�𝑤4)𝑏1

− 𝐾𝑏4(𝑏1)2𝜃1

− 𝐶𝑏4(𝑏1)2�̇�1] 
 

(9) 

 

𝐼𝑥𝑥�̈�1 = [−𝐾𝑏1(𝑍𝑏1 − 𝑍𝑤1)𝑑1

− 𝐶𝑏1(�̇�𝑏1 − �̇�𝑤1)𝑑1

− 𝐾𝑏1(𝑑1)2𝜑1

− 𝐶𝑏1(𝑑1)2�̇�1]

+ [𝐾𝑏2(𝑍𝑏2 − 𝑍𝑤2)𝑐1

− 𝐶𝑏2(�̇�𝑏2 − �̇�𝑤2)𝑐1

− 𝐾𝑏2(𝑐1)2𝜑1

− 𝐶𝑏2(𝑐1)2�̇�1]

+ [−𝐾𝑏3(𝑍𝑏3 − 𝑍𝑤3)𝑑1

− 𝐶𝑏3(�̇�𝑏3 − �̇�𝑤3)𝑑1

− 𝐾𝑏3(𝑑1)2𝜑1

− 𝐶𝑏3(𝑑1)2�̇�1]

+ [𝐾𝑏4(𝑍𝑏4 − 𝑍𝑤4)𝑐1

− 𝐶𝑏4(�̇�𝑏4 − �̇�𝑤4)𝑐1

− 𝐾𝑏4(𝑐1)2𝜑1

− 𝐶𝑏4(𝑐1)2�̇�1]   

(10) 

 

Other parameters used in simulation process and in the 

state space mode, can be seen in “Eqs. (11-18)”. 

 

𝑍𝑏1 = −(𝑎1 − 𝑒1)𝜃1 + 𝑑1𝜑1 + 𝑍𝑏  (11) 
  

�̇�𝑏1 = −(𝑎1 − 𝑒1)�̇�1 + 𝑑1�̇�1 + �̇�𝑏 (12) 
  

𝑍𝑏2 = −(𝑎1 − 𝑒1)𝜃1 − 𝑐1𝜑1 + 𝑍𝑏 (13) 
  

�̇�𝑏2 = −(𝑎1 − 𝑒1)�̇�1 − 𝑐1�̇�1 + �̇�𝑏 (14) 
  

𝑍𝑏3 = 𝑏1𝜃1 + 𝑑1𝜑1 + 𝑍𝑏  (15) 
  

�̇�𝑏3 = 𝑏1�̇�1 + 𝑑1�̇�1 + �̇�𝑏 (16) 
  

𝑍𝑏4 = 𝑏1𝜃1 − 𝑐1𝜑1 + 𝑍𝑏 (17) 
  

�̇�𝑏4 = 𝑏1�̇�1 − 𝑐1�̇�1 + �̇�𝑏 (18) 

 

The open-loop state space form is developed according 

to “Eqs. (4-18)”. 

 

�̇�(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡) (19) 
𝑌(𝑡) = 𝐶𝑥(𝑡) + 𝐷𝑢(𝑡)   

 

According to “Eq. (19)”, in the state space model, A is 

the "state (or system) matrix" (n×n), B is the "input 

matrix" (n×m), and C is the "output matrix" (r×n), D is 

the "feedthrough (or feedforward) matrix" (in cases 

where the system model does not have a direct 

feedthrough, D is the zero matrix (r×m), According to 

seven dynamic equations, we will have 14 state variables 

(n=14). 
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Defining the state variables of passive suspension 

system: X₁ =𝑍𝑤1₁ , X₂ =�̇�𝑤1, X₃ =𝑍𝑤2, X₄ =�̇�𝑤2, 

X₅ =𝑍𝑤3, X₆ =�̇�𝑤3, X₇ =𝑍𝑤4, X₈ =�̇�𝑤4, X₉ =𝑍𝑏, X₁ ₀ =Ż𝑏, 

X₁ ₁ =θ₁ , X₁ ₂ =�̇�1, X₁ ₃ =φ₁ , X₁ ₄ =�̇�1. 
The road roughness will serve as 4 inputs of the 

ambulance suspension system (m=4), that are introduced 

into the wheels (ZW₁ , ZW₂ , ZW₃ , ZW₄ ). This system has 

6 outputs (r=6). Defining the outputs of passive 

suspension system: Y₁ = X₉ , Y₂ = X₁ ₀ , Y₃ = X₁ ₁ , Y₄ = 

X₁ ₂ , Y₅ = X₁ ₃ , Y₆ = X₁ ₄ . 
The state space equations of passive suspension system 

are obtained:  �̇�1 = 𝑋2, �̇�2 = �̈�𝑤1, �̇�3 = 𝑋4, �̇�4 = �̈�𝑤2,

�̇�5 = 𝑋6, �̇�7 = 𝑋8 ,   �̇�8 = �̈�𝑤4, �̇�9 = 𝑋10, �̇�10 = �̈�𝑏 , �̇�11 =
𝑋12,   �̇�12 = �̈�1, �̇�13 = 𝑋14, �̇�14 = �̈�1  and  Finally 

Matrices A, B and C are obtained through the state space 

equations. 

 
(a) 

 
(b) 

Fig. 6   The response of the passive suspension system of an 

ambulance with non-isolated patient's compartment to the 

Step profile input: (a): vertical displacement, and (b): vertical 

acceleration. 
 

 

3.2. Investigation of the Passive Suspension System 

Response to Different Inputs 
In order to investigate a suspension system, first we 

should check its inputs. Road-induced disturbances are 

introduced in form of sine waves, step functions, or 

specific road profiles such as Watt, Step and... Thus, 

investigation of the system response to such inputs is of 

vital importance in this case. In investigation of system 

responses, it should always be noted that a favorable 

system has two main features: 

1- It does not experience irritating vibrations or jolts, in 

other words, it has an acceptable overshoot level. 

2- It has a very low setting time; in other words, it 

eliminates the vibration soon and helps the vehicle get 

back to the stable and ideal state.  

Therefore, in this investigation, two widely-used inputs 

known as Step and Watt profile are examined in the 

simulation process. The outputs to be examined here 

include vertical displacement, rotation round the X axis 

[Roll-∅] and rotation round the Y axis [Pitch-θ]. That are 

derived from introduction of road-induced inputs into 

the suspension system of the ambulance. The results 

obtained from the Step input and Watt profile are 

presented in “Figs. 6-7ˮ . 

 
(a) 

 
(b) 

Fig. 7   The response of the passive suspension system of an 

ambulance with non-isolated patient's compartment to the 

Watt profile input: (a): vertical displacement, and (b): vertical 

acceleration. 
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According to diagrams (b) in “Figs. 6-7ˮ , as well as the 

scale of discomfort (suggested by IS0 2631 standard) in 

“Table 4ˮ , it can be argued that in the step input the 

highest and lowest accelerations are 12.5 and -3.5 m/s² 

that stand in the "extremely uncomfortable".  

 
Table 4 Scale of travel comfort suggested by ISO 2631 

Acceleration [m/s²] Scale of discomfort 

Less than 0.315 Not uncomfortable 

0.315 - 0.03 A little uncomfortable 

0.5 - 1 Fairly uncomfortable 

0.8 - 1-6 Uncomfortable 

1.25 - 2.5 Very uncomfortable 

Larger than 2 Extremely uncomfortable 

 

The highest and lowest accelerations in the Watt profile 

are 0/4 and -2.8 m/s², respectively that stand in the "a 

little uncomfortable" acceleration range according to the 

same criterion. Hence it can be argued that the 

suspension system in this ambulance exerts a highly 

accelerated vertical force to the individuals in the patient 

compartment and may cause discomfort or injury when 

the vehicle is in motion. In addition, vertical 

displacement resulting from the forces is relatively high 

during their setting time, but the range of rotation around 

the X and Y axes is very negligible. Thus, the 

ineffectiveness of this suspension system, especially in 

terms of vertical forces exerted to the patient, is proved 

and it is deemed necessary to modify the structure of this 

system in order to provide the patient with a comfortable 

travel along with critical cares. 

4 INVESTIGATIONS OF RESPONSES TO THE 

ACTIVE ISOLATED PATIENT'S COMPARTMENT 

According to “Fig. 8ˮ , it can be argued that the patient 

compartment has been isolated by four AVI systems and 

the analysable dynamic model of each AVI system has 

been replaced with a spring, a damper and an actuator so 

that their parameters are denoted by Ka, Ca, Flm 

respectively.  

The numerical values of the model parameters are 

provided in “Table 3ˮ . The dynamic equation of the 

new system is the same as the passive system equations 

except that the patient compartment and its rotation 

around the X and Y axes have added three additional 

equations to the system. However, the impact of patient 

compartment on the equations of passive suspension 

system should not be overlooked. 
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Fig. 8   Mechanical model of the ambulance with passive 

suspension system and active isolated patient's compartment 

(with four AVI). 
 

Table 3 Mechanical properties related to the ambulance 

motion equations with passive suspension system in both 

types: non-isolated patient's Compartment and active isolated 

patient's Compartment 

Parameters Unit Value 

Mt (kg) 3500 

Mb (kg) 2395 

Mpc (kg) 1105 

Kb1=Kb2 (kN/m) 24 

Cb1=Cb2 (Ns/m) 4200 

Kb= (2Kb1+2Kb3) (kN/m) 88 

Kb3=Kb4 (kN/m) 20 

Cb3=Cb4 (Ns/m) 2500 

Mw (kg) 60 

Kw3=Kw4 (kN/m) 287 

Kw1=Kw2 (kN/m) 446 

Ka 1,2,3,4 (N/m) 8680.6 

Ca 1,2,3,4 (Ns/m) 10 

 

Finally, the added and modified equations are as 

follows: 

 

𝑀𝑏�̈�𝑏 = 𝑇ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 “𝐸𝑞. (8)”
+  𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1)

+ 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)

+ 𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)  

+ 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2)  

+ 𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)  

+ 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3)

+ 𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)  

+ 𝐶𝑎2(�̇�𝑎4 − �̇�𝑏4) − 𝐹𝑙𝑚1

− 𝐹𝑙𝑚2 − 𝐹𝑙𝑚3 − 𝐹𝑙𝑚4  
 

(20) 
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𝑀𝑝𝑐�̈�𝑎 = −𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1) − 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)

+ 𝐹𝑙𝑚1 − 𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)

− 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2) + 𝐹𝑙𝑚2

− 𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)

− 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3) + 𝐹𝑙𝑚3

− 𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)

− 𝐶𝑎4(�̇�𝑎4 − �̇�𝑏4) + 𝐹𝑙𝑚4

+ 𝐾𝑎1(𝑎2𝜃2) + 𝐶𝑎1(𝑎2�̇�2)

+ 𝐾𝑎2(𝑎2𝜃2) + 𝐶𝑎2(𝑎2�̇�2)

− 𝐾𝑎3(𝑏2𝜃2) − 𝐶𝑎3(𝑏2�̇�2)

− 𝐾𝑎4(𝑏2𝜃2) − 𝐶𝑎4(𝑏2�̇�2)

− 𝐾𝑎1(𝑑2𝜑2) − 𝐶𝑎1(𝑑2�̇�2)
+ 𝐾𝑎2(𝑐2𝜑2) + 𝐶𝑎2(𝑐2�̇�2)
− 𝐾𝑎3(𝑑2𝜑2) − 𝐶𝑎3(𝑑2�̇�2)
+ 𝐾𝑎4(𝑐2𝜑2) + 𝐶𝑎4(𝑐2�̇�2) 

   

(21) 

𝐼𝑦𝑦�̈�1

= 𝑇ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 “𝐸𝑞. (9)”

− [𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1)𝑎1 + 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)𝑎1

+ 𝐹𝑙𝑚1(𝑎1)+ 𝐾𝑎1(𝑎1)2𝜃1 + 𝐶𝑎1(𝑎1)2�̇�1]
− [𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)𝑎1 + 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2)𝑎1

+ 𝐹𝑙𝑚2(𝑎1)+ 𝐾𝑎2(𝑎1)2𝜃1 + 𝐶𝑎2(𝑎1)2�̇�1]
+ [𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)(𝑏1−𝑒2)
+ 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3)(𝑏1−𝑒2)
+ 𝐹𝑙𝑚3(𝑏1−𝑒2)− 𝐾𝑎3(𝑏1−𝑒2)2𝜃1

− 𝐶𝑎3(𝑏1−𝑒2)2�̇�1]
+ [𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)(𝑏1−𝑒2)
+ 𝐶𝑎4(�̇�𝑎4 − �̇�𝑏4)(𝑏1−𝑒2)
+ 𝐹𝑙𝑚4(𝑏1−𝑒2)− 𝐾𝑎4(𝑏1−𝑒2)2𝜃1

− 𝐶𝑎4(𝑏1−𝑒2)2�̇�1]  
 

(22) 

𝐼𝑥𝑥�̈�1 = 𝑇ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 “𝐸𝑞. (10)”

− [𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1)𝑑1

+ 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)𝑑1

+ 𝐹𝑙𝑚1(𝑑1)+ 𝐾𝑎1(𝑑1)2𝜑
1

+ 𝐶𝑎1(𝑑1)2�̇�
1
]

− [𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)𝑐1

+ 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2)𝑐1

+ 𝐹𝑙𝑚2(𝑐1)+ 𝐾𝑎2(𝑐1)2𝜑
1

+ 𝐶𝑎2(𝑐1)2�̇�
1
]

+ [𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)(𝑑1)

+ 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3)(𝑑1)
+ 𝐹𝑙𝑚3(𝑑1)− 𝐾𝑎3(𝑑1)2𝜑

1

− 𝐶𝑎3(𝑑1)2�̇�
1
]

− [𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)(𝑐1)

+ 𝐶𝑎4(�̇�𝑎4 − �̇�𝑏4)(𝑐1)
+ 𝐹𝑙𝑚4(𝑐1)− 𝐾𝑎4(𝑐1)2𝜑

1

− 𝐶𝑎4(𝑐1)2�̇�
1
]  

 

(23) 

𝐼𝑦𝑦�̈�2 = [𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1)𝑎2 + 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)𝑎2

− 𝐹𝑙𝑚1(𝑎2)− 𝐾𝑎1(𝑎2)2𝜃2

− 𝐶𝑎1(𝑎2)2�̇�2]

+ [𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)𝑎2

+ 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2)𝑎2

− 𝐹𝑙𝑚2(𝑎2)− 𝐾𝑎2(𝑎2)2𝜃2

− 𝐶𝑎2(𝑎2)2�̇�2]

+ [−𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)(𝑏2)

− 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3)(𝑏2)

+ 𝐹𝑙𝑚3(𝑏2)− 𝐾𝑎3(𝑏2)2𝜃2

− 𝐶𝑎3(𝑏2)2�̇�2]

+ [−𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)(𝑏2)

− 𝐶𝑎4(�̇�𝑎4 − �̇�𝑏4)(𝑏2)

+ 𝐹𝑙𝑚4(𝑏2)− 𝐾𝑎4(𝑏2)2𝜃2

− 𝐶𝑎4(𝑏2)2�̇�2] 

 

(24) 

𝐼𝑥𝑥�̈�2 = [−𝐾𝑎1(𝑍𝑎1 − 𝑍𝑏1)𝑑2

− 𝐶𝑎1(�̇�𝑎1 − �̇�𝑏1)𝑑2

+ 𝐹𝑙𝑚1(𝑑2)− 𝐾𝑎1(𝑑2)2𝜑2

− 𝐶𝑎1(𝑑2)2�̇�2]

+ [𝐾𝑎2(𝑍𝑎2 − 𝑍𝑏2)𝑐2

+ 𝐶𝑎2(�̇�𝑎2 − �̇�𝑏2)𝑐2

− 𝐹𝑙𝑚2(𝑐2)− 𝐾𝑎2(𝑐2)2𝜑2

− 𝐶𝑎2(𝑐2)2�̇�2]

+ [−𝐾𝑎3(𝑍𝑎3 − 𝑍𝑏3)(𝑑2)

− 𝐶𝑎3(�̇�𝑎3 − �̇�𝑏3)(𝑑2)

+ 𝐹𝑙𝑚3(𝑑2)− 𝐾𝑎3(𝑑2)2𝜑2

− 𝐶𝑎3(𝑑2)2�̇�2]

+ [𝐾𝑎4(𝑍𝑎4 − 𝑍𝑏4)(𝑐2)

+ 𝐶𝑎4(�̇�𝑎4 − �̇�𝑏4)(𝑐2)

− 𝐹𝑙𝑚4(𝑐2)− 𝐾𝑎4(𝑐2)2𝜑2

− 𝐶𝑎4(𝑐2)2�̇�2]  

(25) 

 

 

Other parameters used in the simulation process are as 

follows: 

𝑍𝑎1 = −(𝑎2)𝜃2 + (𝑑2)𝜑2 + 𝑍𝑎 (26) 
  

�̇�𝑎1 = −(𝑎2)�̇�2 + (𝑑2)�̇�2 + �̇�𝑎 (27) 
  

𝑍𝑎2 = −(𝑎2)𝜃2 − (𝑐2)𝜑2 + 𝑍𝑎 (28) 
  

�̇�𝑎2 = −(𝑎2)�̇�2 − (𝑐2)�̇�2 + �̇�𝑎 (29) 
  

𝑍𝑎3 = 𝑏2𝜃2 + 𝑑2𝜑2 + 𝑍𝑎 (30) 
  

�̇�𝑎3 = 𝑏2�̇�2 + 𝑑2�̇�2 + �̇�𝑎 (31) 
  

𝑍𝑎4 = 𝑏2𝜃2 − 𝑐2𝜑2 + 𝑍𝑎 (32) 
  

�̇�𝑎4 = 𝑏2�̇�2 − 𝑐2�̇�2 + �̇�𝑎 (33) 
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After obtaining the dynamic equations of a passive 

suspension system in an ambulance with active isolated 

patient compartment, the open-loop state space form will 

be as follows: 

 

�̇�(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡) + 𝐵𝑑𝑑(𝑡) 
(34) 

𝑌(𝑡) = 𝐶𝑥(𝑡) + 𝐷𝑢(𝑡)   
 

In the state space method, A is the system matrix (n×n), 

B is the matrix of actuator input into the active isolated 

patient compartment (n×m), Bd is the matrix of road 

disturbance input into the wheels (n×m), and C is the 

output matrix (r×m). According to 10 dynamic equations 

resulting from the suspension system and the active 

isolated patient compartment, we will have 20 stale 

variables, (r=10, m=4, n=20). Defining the state 

variables of active isolated patient's compartment: 

X₁=ZW₁, X₂=ŻW₁, X₃=ZW₂, X₄=ŻW₂, X₅=ZW₃, X₆=ŻW₃, 

X₇=ZW₄, X₈=ŻW₄, X₉=Zb, X₁₀=Żb, X₁₁=Zpc, X₁₂= Żpc, 

X₁₃=θ₁, X₁₄=�̇�1, X₁₅=φ₁, X₁₆=φ֗₁, X₁₇=θ₂, X₁₈= �̇�2, 
X₁₉=φ₂, X₂₀= φ֗₂ . 

Defining of the System outputs for active isolated 

patient's compartment: Y₁= X₉, Y₂= X₁₀, Y₃= X₁₁, Y₄= X₁₂, 
Y₅= X₁₇, Y₆= X₁₈, Y₇= X₁₉, Y₈= X₂₀. 

The state space equations of active isolated patient's 

compartment:  �̇�𝟏 = 𝑿𝟐, �̇�𝟐 = �̈�𝒘𝟏, �̇�𝟑 = 𝑿𝟒, �̇�𝟒 =

�̈�𝒘𝟐, �̇�𝟓 = 𝑿𝟔, �̇�𝟔 = �̈�𝒘𝟑, �̇�𝟕 = 𝑿𝟖, �̇�𝟖 = �̈�𝒘𝟒, �̇�𝟗 = 𝑿𝟏𝟎,

�̇�𝟏𝟎 = �̈�𝒃, �̇�𝟏𝟏 = 𝑿𝟏𝟐, �̇�𝟏𝟐 = �̈�𝒑𝒄, �̇�𝟏𝟑 = 𝑿𝟏𝟒, �̇�𝟏𝟒 = �̈�𝟏,

�̇�𝟏𝟓 = 𝑿𝟏𝟔, �̇�𝟏𝟔 = �̈�𝟏, �̇�𝟏𝟕 = 𝑿𝟏𝟖, �̇�𝟏𝟖 = �̈�𝟐, �̇�𝟏𝟗 =
𝑿𝟐𝟎, �̇�𝟐𝟎 = �̈�𝟐   and Finally Matrices A, B, Bd and C are 

obtained through the state space equations. 

4.1. Investigation of the Suspension System Stability 

with Active Isolated patient's compartment 
Systems stability is always dependent on the location of 

their transfer function's poles, G(s). In the state space 

model of the system, the special values of the matrix A 

are the transfer function's poles, G(s). In order to 

examine the stability of the system in the state space, the 

eigenvalues of matrix A need to be specified. These 

values are either real or complex conjugate. When even 

one single point of the eigenvalues of matrix A stands in 

the right side of the imaginary axis, the system is 

unstable.  
 

Bd

Bu

A

D

Cx C

-K

Y

 
Fig. 9   Block diagram of state-feedback control system. 

 

According to the above-mentioned and the orders in the 

MATLAB software. Four values of matrix A stand in the 

right side of the imaginary axis and the instability of the 

system can be definitely attributed to these values. By 

enforcing the control law, the poles can be steered to the 

proper location to stabilize the system. 

As it is evident from “Fig. 9”, K is the state feedback 

gain (m×n). After obtaining the open-loop system poles, 

some design processes were conducted in order to 

specify appropriate poles. 

Finally, the appropriate poles were obtained. The matrix 

of feedback K (for the multi-input system) is determined 

in a way that it can place the closed-loop system poles in 

their proper position in accordance with U(t)= -K×x(t). 

Obviously, matrix K is not unique in the multi-input 

systems. In the passive suspension system, the 

previously obtained results were considered important 

because the stretcher was on a patient's compartment in 

which the compartment and the vehicle body were not 

isolated and any vertical acceleration or displacement 

induced by road roughness was directly transferred to 

the patient. Therefore, the study of the accelerations and 

displacements that the active isolated compartment is 

exposed to is of vital importance because the stretcher is 

directly attached to the compartment.  

(a) 

(b) 
Fig. 10   The response of the passive suspension system of 

the ambulance with isolated patient's compartment to the step 

input: (a): vertical displacement, and (b): vertical 

acceleration. 
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According to diagrams in “Figs. 10-11ˮ  and “Table 4ˮ , 

the results are obtained from re-examination of widely-

used step and Watt profile inputs in the passive 

suspension system with active isolated compartment. 

Due to the step input diagram in “Fig. 10bˮ , the 

acceleration that the patients are exposed to ranges from 

-0.4 to +0.4 m/s² that stands within the "a little 

uncomfortable". In “Fig. 10aˮ , the greatest 

displacement for the AVl systems ranges from -0/01 to 

+0/01 m and its setting time is less than 3 seconds. Also, 

according to the Watt profile input diagram in “Fig. 

11bˮ , the acceleration that the patients are exposed to 

ranges from -0.017 to +0.018 m/s² that stands within the 

"Not uncomfortable". In “Fig. 11aˮ , the greatest 

displacement for the AVl systems ranges from -0/013 to 

+0/013 m and its setting time is less than 5 seconds.  
 

(a) 

(b) 
Fig. 11   The response of the passive suspension system of 

the ambulance with isolated patient's compartment to the watt 

profile input: (a): vertical displacement, and (b): Vertical 

acceleration. 

5 ADAPTIVE CONTROL DESIGN 

Adaptive control is an adjustment mechanism that sets 

controller parameters in real-time and Model Reference 

Adaptive Control (MRAC) is a model reference that 

provides ideal behavior of the control system [16-17]. 

This controller consists of an adjustable parameter and a 

mechanism for goal setting. The model reference 

adaptive control is used in the present study, in other 

words, the system's behavior is determined by a model 

and the control parameters are set according to errors. 

Error is the difference between the outputs of the closed-

loop system and the model reference. In this system, first 

a control law is specified and then an appropriate 

Lyapunov function is selected by obtaining the equation 

associated with the error between the model reference 

and the suspension system with active isolated 

compartment and the control parameters are estimated in 

such a way that the Lyapunov function derivative is 

always negative. Therefore, the error signal around the 

origin will have asymptotic stability and the active 

system will comply with the model reference. Utilization 

of stable MRAC system as linear system through the 

Lyapunov theory takes place in 3 stages; 1: 

Identification of control structure, 2: Obtaining the error 

equation, 3: Identification of a Lyapunov function for 

obtaining the parameter updating law and making errors 

approach zero. 

5.1. The Full-State Feedback Linearization 

Technique Coupled with the Adaptive Control 

Method 

This technique will not be effective against noise when 

it is applied alone, but it has proved to be effective when 

coupled with adaptive control method. Assuming that 

the motion equation is as follows, we will have: 

 

𝑇 = 𝐻(𝑞)�̈� + 𝐶(𝑞. �̇�)�̇� + 𝐺(𝑞) (35) 

 

Assuming that: 

 
𝐶(𝑞. �̇�)�̇� + 𝐺(𝑞) = ℎ(𝑞. �̇�)     (36) 
  

𝐶(𝑞 . �̇�)�̇� = 𝑉(𝑞 . �̇�)     (37) 

  

𝐻−1𝑇 = �̈� + 𝐻−1ℎ     (38) 
  

�̈� = 𝐻−1[T-h] =u     (39) 

 

We will have: 

 

𝑇 = 𝐻𝑢 + ℎ = 𝐻(𝑞)𝑢 + ℎ(𝑞. �̇�)   (40) 
  

Where u selected as follows: 

 

𝑢 = 𝑞�̈� − 𝐾𝑑 �̃̇� − 𝐾𝑝�̃�   (41) 

𝐾𝑝 = 𝑑𝑖𝑎𝑔[𝜆1
2. 𝜆2

2 . 𝜆3
2. … 𝜆𝑛

2 ]   (42) 

  

𝐾𝑑 = 𝑑𝑖𝑎𝑔[2𝜆1
2. 2𝜆2

2. 2𝜆3
2. … 2𝜆𝑛

2 ]   (43) 

 

λ shows the normal frequency of the system and any rise 

in their λ value can lead to increased velocity of the 

system. 

 

𝐻[𝑞�̈� − 𝐾𝑑 �̇̃� − 𝐾𝑝�̃�] + ℎ = 𝐻�̈� + ℎ (44) 

  

�̈� − 𝑞�̈� + 𝐾𝑑 �̃̇� + 𝐾𝑝�̃� = 0 (45) 
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�̃̈� + 𝐾𝑑𝑞 ̃̇ + 𝐾𝑝�̃� = 0  (46) 

 

Thus, we have: 
 

[𝑀][�̈�] + [𝐶][�̇�] + [𝐾][𝑞] = [𝑓] (47) 

 

According to “Eq. (47) ˮ , �̈�, �̇� and q are the same as ẍ , 

ẋ   and x. Therefore, the system state equations are 

transformed to the “Eq. (47) ˮ . The mass and moments 

of inertia matrix [𝑀] is a 10 × 10 matrix that is 

equivalent to matrix H. The damping [C] and stiffness 

[K] matrices are also 10 × 10 and [𝐶][�̇�] + [𝐾][𝑞] is 

equivalent to ℎ(𝑞. �̇�) (“Fig. 12”). 
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+

+
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+
+

+
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K

f
q = X

q = Ẋ  

 
Fig. 12   Block diagram of the full-state feedback 

linearization technique. 
 

In case we rewrite the Lyapunov function as follows: 

 
𝑉(𝑥. 𝑝) = 𝑥𝑇𝑃 𝑥 + �̃�𝑇𝛤−1𝑝 (48) 

 

Such that: 

 

�̃� =  𝑃 − �̂� (49) 
  

�̇� = −�̇̂� (50) 
  
𝛢𝑇𝑃 + 𝑃𝐴 = −𝑄 (51) 
  

�̂� Denotes the system estimation parameters, P indicates 

the integer system parameters, and A is the system 

matrix in the state space model of the system. Assuming 

that г = diag [γ₁ γ₁… γ₁], γі > 0, it can be argued 

that both sentences of function V are non-negative and 

we have V>0. 
Now we can calculate �̇�: 

 

�̇� = �̇�𝑇𝑃𝑋 + 𝑋𝑇𝑃�̇� + 2�̃�𝑇𝑇−1�̇̃� (52) 

  

�̇� = [𝐴𝑋 + 𝐵�̂�−1𝐾�̃�]𝑇𝑃𝑋

+ 𝑋𝑇𝑃[𝐴𝑋 + 𝐵�̂�−1𝐾�̃�]

+ 2�̃�𝑇𝛤−1𝑝 

 

= 𝑋𝑇𝐴𝑇𝑃𝑋 + 𝑋𝑇𝑃𝐴𝑋 + 2𝑝𝑇𝛤−1𝑝
+ (𝐵�̂�−1 + 𝐾�̃�)𝑇𝑃𝑋
+ 𝑋𝑇𝑃𝐵�̂�−1𝐾�̃� 

 

= 𝑋𝑇(𝐴𝑇𝑃 + 𝑃𝐴)𝑋 + 2�̃�𝑇𝛤−1𝑝
+ 2�̃�𝑇𝐾𝑇�̂�−1𝐵𝑇𝑃𝑋 

(53) 

 

Where: 

 

�̂�−1𝑇
= �̂�−1 (54) 

  
PX= y𝐵𝑇 (55) 

  

𝐵𝑇𝛲 = 𝐶 . 𝐵𝑇𝛲𝛸 = 𝑦 (56) 

 

Finally, we have:   
  

�̇� = 𝑋𝑇(−𝑄)𝑋 + 2�̃�𝑇(𝛤−1�̇̃� + 𝐾𝑇�̂�−1𝐶𝑋) (57) 

  

For stability, in case 2𝑝𝑇(𝛤−1�̇� + 𝐾𝑇�̂�−1𝐶𝑋) is equal 

to zero, then we have �̇� < 0. 

Hence, the adaptive law will be as follows: 

 

�̇̂� = 𝛤𝐾𝑇�̂�−1𝑦 (58) 

 

Where, K is the system state matrix that covers [ẍ  ẋ  x] 

and P denoted the system parameters and г is a square-

diagonal matrix (“Fig. 13”). 
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Fig. 13   Block diagram of the system's adaptive control. 
 

5.2. Simulation and Evaluation of Responses 

Any increases in the patient compartment weight and 

changes in the center of gravity can affect the control 

system. In fact, the weight variations are the changes that 

the system dynamics experience in reality. Model 

Reference is a new system that incorporates some 

environmental changes. Attempts will be made, by 

designing an adaptive controller, to have the difference 

between system output and optimal output (model 

reference output) approach zero and help the estimator 

track the state vector in the presence of disturbances and 

uncertainties so that the controller parameters can be set 

according to errors. 
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Assuming that another individual (e.g., a specialist) is 

present in the patient compartment together with the 

patient and paramedics, the patient compartment center 

of gravity and moments of inertia, as well as the distance 

between the centers of gravity and AVI systems will 

undergo some changes. Thus, the new data obtained 

from introducing the new weights into the simulation 

software are presented in “Table 5ˮ . 

 
Table 5 The new patient's compartment data after increase in 

the weights 

Parameters Unit Value 

Mpc (kg) 1183 

Ixx  (kg.m²)  29267.15  

Iyy (kg.m²) 29267.15 

α₂ (m) 1.44 

b₂ (m) 1.5147 

c₂ (m) 0.6818 

d₂ (m) 0.7444 

 

 
(a) 

 
(b) 

 
(c) 

(d) 

 
Fig. 14 (a): Tracking performance in Zb, (b): tracking error 

in Zb, (c): tracking performance in Zpc, and (d): tracking error 

in Zpc, with Step disturbance input. 

 

The Simulink model of adaptive controller and 

adaptation parameters are developed according to “Fig. 

13”, and the model reference is developed when the road 

disturbance inputs such as step and watt profile are 

introduced to the system, and the patient compartment 

design data are modified according to “Table 5ˮ . 

Finally, the tracking performance and performance error 

of the model are investigated. The results obtained from 

introduction of road disturbance inputs such as step and 

watt are presented in “Figs. 14-15ˮ . 
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(a) 

(b) 

(c) 

(d) 
Fig. 15 (a): Tracking performance in Zb, (b): tracking 

error in Zb, (c): tracking performance in Zpc, and (d): 

tracking error in Zpc, with Watt disturbance input. 

 

According to “Figs. 14-15ˮ , the estimator has managed 

to track the state vector in the presence of disturbance 

and make the tracking error approach zero at the same 

time. 

6 COUCLUSIONS 

The greatest human body sensitivity to vibration stands 

within the 0.1 to 80 Hz and most of these vibrations are 

vertical. ISO 2631 standard describes extend of human 

comfort and discomfort when experiencing vertical 

acceleration. In section 3, attempts were made to 

investigate different inputs and their impact on passive 

ambulance body. Analysis of different outputs such as 

changes in the centre of gravity and the four corner of 

patient compartment that were attached to the 

ambulance body, showing that the diagrams setting time 

is considerable and the diagrams (especially the 

acceleration diagram) stand in the uncomfortable range. 

The performance of diagrams was also confirmed based 

on the experimental observation and various reports. 

Active vibration isolator system in the present study 

mainly refers to a system that can reduce the vertical 

forces and vibrations that the patient and paramedics are 

exposed to through isolation of patient's compartment 

from passive suspension system of ambulances.   

Hence, the active vibration isolator system that is also 

known as AVI was designed for this purpose. Using the 

pneumatic and electromagnetic forces used in its design, 

this system is able to significantly attenuate the vertical 

vibrations exerted to the ambulance body or to the 

patient's body. The adaptation parameters are developed 

by means of the control law, the model reference 

adaptive controller, and the acceleration sensors that 

measure the road disturbance signals serving as 

controller feedback, and finally the obtained values with 

optimal values were compared. Moreover, the model 

reference adaptive controller allows for integrated 

control of AVI system in the full-scale ambulance 

vehicle. Evaluation of the acceleration output diagram 

and comparison of that with passive state when the step 

input is introduced to the system as road disturbance, 

show that the acceleration has declined by over 90% and 

patient discomfort scale presented in “Table 4ˮ , will 

change from "extremely uncomfortable" to "a little 

uncomfortable".  

As for displacement, the active isolated system, as 

compared to the passive suspension system, has 

managed to reduce displacements by 80%, similarly, in 

the watt profile road disturbance input, the vertical 

acceleration has changed from "a little uncomfortable" 

to "not uncomfortable" that is indicate of the attenuation 

of acceleration by 96%. 
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7 NOMENCLATURES 

𝐾𝑎  Air springstiffness (N/m) 

𝛾 Specific heat ratio of air spring 

𝐴𝑐 Effective air spring area (m2) 

𝑝0  
Pressure difference between the internal pressure 

of the air spring and the ambient pressure (Pa) 

𝑉0 Volume of the air spring (m3) 

𝑓𝑛  Resonance frequency (Hz) 

E Modulus of elasticity (GPa) 

Mt Ambulance mass (Kg) 

Mb 
Mass ambulance without patient's compartment 

(Kg) 

Mpc Mass of the patient's compartment (Kg) 

Kb Spring stiffness coefficient (kN/m) 

Cb Spring damping coefficient (Ns/m) 

Ca Air spring damping coefficient (Ns/m) 

Mw Wheel mass (Kg) 

Z Vertical displacement (m) 

𝐹𝑙𝑚 Force of the linear shaft motor (N) 

I Moment of inertia (kg.m²) 

Greek symbols 

ø 
Roll-the rotation of a vehicle about the 

longitudinal axis 

θ 
Pitch-the rotation of a vehicle about the 

transverse axis  

State space model symbols 

A State (or system) matrix (n×n) 

B Input matrix (n×m)  

C Output matrix (r×n) 

D Feedforward matrix (zero matrix) (r×m) 

Bd Road-to-wheel disturbance input matrix (n×m) 

Adaptive Control symbols 

[𝑓] Matrix of the control forces that is equivalent to T 

[𝑀] Symmetric mass matrix that is equivalent to H(q) 

[𝐶] Damping matrix that is equivalent to C(q. q̇ ) 

[K] Stiffness matrix 

ℎ(𝑞. �̇�) Equivalent to[C][q̇] + [K][q] 

q 
System displacement variable that is equivalent to 

x 

�̇� System velocity variable that is equivalent to ẋ 

�̈� 
System acceleration variable that is equivalent to 

ẍ 

λ Normal frequency of the system 

�̂� System estimation parameters 

P The integer system parameters 

K System state matrix that covers [ẍ  ẋ  x] 

г Square-diagonal matrix. 
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