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Any mechanical vehicle is equipped with a special device to ensure a constant connection 

between the wheel system and the supporting system. This device is the vehicle's suspension. 

The suspension of a motor vehicle performs important functions in the operation of the vehicle. 

The main ones are: mitigating the physical impact on the vehicle. Also, ensuring the accuracy of 

the steering, which in turn allows you to maintain the desired direction of the wheels. Another 

important function that the vehicle suspension performs is to stabilize the vehicle while driving, 

limiting roll. The quality of suspension performance of the above mentioned functions is greatly 

influenced by its vibration protection properties. Vehicle suspension vibration protection proper-

ties are characterized by its elastic and damping components. In order to improve the vibration 

protection properties, these characteristics must vary according to different vehicle operating 

conditions. Because of the complex dynamic effects on the vehicle suspension, it is necessary to 

investigate and develop new methods of forming dynamic load models under different types of 

road influences. The article presents a mathematical model of a single-mass single-support oscil-
latory system with two algorithms for smooth regulation of damping in the oscillation cycle. A 

theoretical comparative analysis of the vibration-protective properties of a single-mass single-

support suspension with an adjustable shock absorber is carried out. It has been established that a 

smooth decrease in resistance in the region of the middle position of the suspension makes it pos-

sible to reduce the resonant vibration frequency by more than 2 times in comparison with an un-

regulated shock absorber and to reduce the range of vertical accelerations of the sprung mass in 

the resonance zone by 25 % in comparison with the suspension with optimal instantaneous damp-

ing control. 

Keywords: vehicle suspension, vibration-protective properties, mathematical model, single-

mass single-support suspensio, adjustable shock absorber, continuously adjustable damping. 

 
 

Introduction 

A number of works with the participation of the authors of this article [1–20] are devoted to the study 
of vibration-protective properties of single-mass and two-mass oscillatory systems with instantaneous reg-

ulation of damping in the oscillation cycle and the development of designs of adjustable shock absorbers. 

These studies have shown that with optimal instantaneous control, damping is always turned off when 
the suspension passes its static position, and turned on when the moment of maximum compression or ex-

tension of the suspension is reached. Such an algorithm for damping control in the oscillation cycle pro-

vides a significant decrease in the amplitudes of vertical displacements of the sprung mass, and, conse-

quently, heat generation in the shock absorbers. However, in this case, a decrease in the amplitudes of ver-
tical accelerations occurs in a narrow range of resonant frequencies of vibrations of the sprung mass. In 

addition, the use of the optimal instantaneous regulation of damping in both dual-mass and single-mass 

oscillatory systems sets a complex (abrupt) nature of the change in the vertical accelerations of the sprung 
mass, which is associated with a sharp deactivation of damping in the middle (static) position, which does 

not contribute to an increase in the smoothness of the vehicle [14, 16]. 
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In order to eliminate jumps in vertical accelerations and reduce their maximum values, the authors of 

the article proposed an instant (smooth) decrease in the shock absorber resistance in the zone of static posi-
tion. Below is a theoretical analysis of the vibration-protective properties of a single-mass single-support 

suspension with two algorithms for smooth regulation of damping in the oscillation cycle considered be-

low (Fig. 1). The mathematical model of this oscillatory system is written by the following differential 

equation: 

,                                                                                                                  (1) 

where m – sprung mass; k – damping factor; c – suspension stiffness; q – coordinate of the disturbing 

effect; z – movement of the sprung mass; u – parameter for controlling the shock absorber resistance.  
 

 

 

 
 

 

 
 

 

 
 

Fig. 1. Design diagram of a single-mass single-support 
 oscillatory system with an adjustable damper 

 

In both algorithms, damping is activated almost instantly when the direction of movement of the 

shock absorber piston is changed. However, the speed of compression or expansion of the shock absorb-

er in this case increases smoothly from zero, which does not cause a sharp increase in the resistance 
force, and hence the acceleration of the sprung mass. 

In the first algorithm, the inelastic resistance decreases linearly when approaching the neutral (stat-

ic) position of the piston by an amount Δ1 and is reset to zero when a static position is reached, which 
can be described by the following expression for the shock absorber resistance control parameter u:  

                                                                             (2) 

In the second algorithm, the resistance decreases linearly with distance from the neutral (static) po-

sition of the piston and is reset to zero when the piston distance is reached Δ2, which can be described by 

the following expression for the shock absorber resistance control parameter u:  

 (3) 

1. Analysis of the results of theoretical studies of vibration-protective properties of a single-

mass single-support suspension with smooth regulation of damping in the vibration cycle  

Fig. 2 shows oscillograms of a single-mass oscillatory system with damping control according to 

algorithm (2), and Fig. 3 shows the corresponding operating diagrams of the suspension with non-

instantaneous switching off of damping at a resonance frequency  and  = 0,92 and at a resonant 

frequency  and  = 0,49. Here ψ – relative attenuation coefficient; ι = ω/ω0 – forced vibration rela-

tive frequency, ω0 – natural frequency of sprung mass, ω – frequency of forced vibrations of the sprung 
mass. 
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Fig. 2. Oscillograms of the suspension with damping control according to the algorithm (2):  

a – at ι = 1 and ψ = 0,92; b – at ι = 2 and ψ = 0,49; 1 – kinematic disturbance;  
2 – absolute movement of the sprung mass; 3 – sprung acceleration;  

4 – relative displacement of the sprung mass (suspension deformation );  

5 – control parameter u 

 

 
 

Fig. 3. Working diagrams of the suspension with damping regulation according  
to the algorithm (2): a – at ι = 1 and ψ = 0,92; b – at ι = 2 and ψ = 0,49; λ = z – q

 
 

From the analysis of the oscillograms of the vertical accelerations of the sprung mass with non-

instantaneous switching off of damping (Fig. 2, curves 3), it can be seen that the accelerations have no 
discontinuities, and their ranges in comparison with the optimal instantaneous regulation [16] are re-

duced by about 25 %. From the analysis of the working diagrams in Fig. 3, it can be seen that the heat 

λ z q 
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release in the shock absorber, determined by the area of the “butterfly” loop, increases insignificantly 

with an increase in frequency by 2 times. 
Fig. 4 shows oscillograms of the suspension with damping control according to algorithm (3), and 

Fig. 5 shows the corresponding operating diagrams of the suspension with non-instantaneous damping 

control at the resonance frequency  and  = 0,92 and at a resonant frequency  and  = 0,49. 

 

 
Fig. 4. Oscillograms of the suspension with damping control according to the algorithm (3):  

a – at ι = 1 and ψ = 0,92; b – at ι = 2 and ψ = 0,49; 1 – kinematic disturbance;  
2 – absolute movement of the sprung mass; 3 – sprung acceleration;  

4 – relative displacement of the sprung mass (suspension deformation );  

5 – control parameter u 

 

 

Fig. 5. Working diagrams of the suspension with damping regulation according  

to the algorithm (3): a – at ι = 1 and ψ = 0,92; b – at ι = 2 and ψ = 0,49;  
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Fig. 6 shows the frequency response of displacements and accelerations of the sprung mass on the 
suspension with damping control according to algorithms (2) and (3). 

 

 

 
Fig. 6. Frequency response of displacements and accelerations of the sprung mass  

on the suspension: a) and b) – with damping regulation according to algorithms (2) and (3);  
1 and 2 – absolute displacements and accelerations of the sprung mass;  

3 – relative displacement of the sprung mass;  
z0 – the amplitude of the absolute oscillations of the sprung mass,  

q0 – kinematic disturbance amplitude 

 

From the analysis of the graphs in Fig. 6 it can be seen that both algorithms for regulating the re-

sistance in the oscillation cycle provide a 2-fold reduction in the natural frequency of the suspension and 
obtain practically non-resonant frequency response of the absolute and relative displacements of the 

sprung mass with a dynamic coefficient close to or even less than 1, as well as stabilization of the accel-

eration of the sprung masses in the zone outside the zone. At the same time, the minimum values of ac-
celerations and absolute displacements of the sprung mass in almost the entire frequency range provide 

non-instantaneous resistance control according to algorithm (2) (curves 2 and 3 in Fig. 6a), and the min-

imum relative displacements in the low-frequency oscillation zone (before ι = 3) – algorithm (3) (curve 
3 in Fig. 6b).   

In conclusion, it should be noted that the optimal characteristics of suspension systems with smooth 

regulation of damping in the oscillation cycle in the entire frequency range are achieved when the maxi-

mum inelastic resistance changes according to the same law for all both cases , close to hyperbole [6]. 

In comparison with an unregulated shock absorber, the proposed algorithms for smooth cyclic damping 

control provide a significant reduction in the vibrations of the sprung mass in the entire frequency range. 

Therefore, it is necessary to search for simple structures that implement non-instantaneous regulation of 
the inelastic resistance of the suspension in the vibration cycle. 

2. Conclusions 

1.  A smooth decrease in damping in the area of the middle position of the suspension when adjust-

ing the damping according to algorithms (2) and (3) allows to reduce the resonance frequency by 2 times 

in comparison with an unregulated suspension and to reduce the vertical acceleration of the sprung mass 

by 25 % in comparison with the suspension with optimal instantaneous damping regulation. 

2.  The minimum values of accelerations and absolute displacements of the sprung mass practically 

in the entire frequency range provides smooth control of the resistance according to the algorithm (2). 

3.  Minimum relative displacements in the low-frequency vibration zone (up to ι = 3) provides 

smooth regulation of resistance according to the algorithm (3). 
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Любое механическое автотранспотное средство (АТС) оснащено специальным уст-
ройством для обеспечения постоянной связи между колесной и несущей системой. Этим 

устройством является подвеска автомобиля. Подвеска АТС выполняет важные функции 

при эксплуатации автомобиля. Основными из них являются: смягчение физического воз-

действия на АТС; обеспечение точности рулевого управления, что, в свою очередь, позво-

ляет сохранить нужное направление колес. Еще одной важной функцией, которую выпол-

няет подвеска автомобиля, является стабилизация АТС во время движения, ограничение 

крена. На качество выполнения вышеперечисленных функций подвески оказывают суще-

ственное влияние ее виброзащитные свойства. Виброзащитные свойства подвески АТС 

характеризуются ее упругими и демпфирующими составляющими. Для улучшения вибро-

защитных свойств данные характеристики должны меняться в зависимости от различных 

условий эксплуатации автомобиля. По причине сложного динамического воздействия на 
подвеску АТС необходимо исследовать и разрабатывать новые методы формирования ди-

намических моделей нагрузки при различном характере дорожных воздействий. В статье 

приведены математическая модель одномассовой одноопорной колебательной системы с 

двумя алгоритмами плавного регулирования демпфирования в цикле колебаний. Проведен 

теоретический сравнительный анализ виброзащитных свойств одномассовой одноопорной 

подвески с регулируемым амортизатором. Установлено, что плавное уменьшение сопро-

тивления в области среднего положения подвески позволяет снизить резонансную частоту 

колебаний более чем в 2 раза по сравнению с нерегулируемой амортизатором и уменьшить 

размахи вертикальных ускорений подрессоренной массы в зарезонансной зоне на 25 % по 

сравнению с подвеской при оптимальном мгновенном регулировании демпфирования. 

Ключевые слова: подвеска автомобиля, виброзащитные свойства, математическая 

модель, одномассовая одноопорная подвеска, регулируемый амортизатор, плавное регули-
рование демпфирования. 
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