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Abstract. The effectiveness of a vehicle suspension is often assessed by maximum passenger 

comfort given continuous contact with the road (road holding). This paper investigates manag-

ing the comfort-handling trade-off in a quarter-car suspension system via active disturbance 

rejection control (ADRC). An adaptive control law is built to manage this trade-off automatical-

ly depending on the ADRC parameters. The idea is to use the ADRC-estimated disturbance 

signal to adjust the system’s domain of interest. The effectiveness of the proposed approach is 

validated: the adaptive control law is tested for a nonlinear hydraulic suspension system. More-

over, the effects of road disturbances amplitudes and road quality on the system performance 

are studied. Simulation results show the smoothness and simplicity of the adaptive algorithm for 

managing the comfort-handling trade-off. 
 

Keywords: active disturbance rejection control (ADRC), quarter-car model (QCM), tracking differentiator 

(TD), nonlinear state error feedback (NLSEF), extended state observer (ESO), disturbance rejection 

scheme (DRS), proportional-integral-differential (PID) controller, proportional-differential (PD) control-

ler, road handling, ride comfort, road holding, gradient MIT rule (adaptive control method). 

 

 

INTRODUCTION  

A vehicle suspension (suspension system) is a set 

of parts, components, and mechanisms linking the ve-

hicle body with the road [1]. The suspension performs 

the following functions: 

– It physically connects the wheels or axle assem-

bly to the vehicle’s supporting frame. 

– It passes to the supporting frame the forces and 

moments resulting from the interaction of the wheels 

with the road. 

– It ensures the required movement of the wheels 

relative to the frame and the required smoothness of 

motion.  

When a vehicle moves along a periodic profile with 

unsprung mass resonances, significant vibrations can 

occur in its vertical responses to road disturbances. 

The works [2–6] were devoted to vibrations in vehicle 

suspension systems. Until recently, when increasing 

the smoothness of a vehicle, engineers were limited to 

controlled suspensions to stabilize the position of the 

vehicle body, mainly its longitudinal (pitch) angle. 

This contributes to the safe operation of the vehicle by 

affecting its stability. However, the vehicle’s safety in 

terms of motion instability depends not only on the 

intensity of vertical, longitudinal-angular, and trans-

verse-angular vibrations of the suspension mass. In the 

sense of road safety, intense vibrations of the unsprung 

mass can also be extremely dangerous and therefore 

undesirable. When moving on periodic bumps under a 

lateral external force, the vehicle may become unstable 

due to the weakening of vertical road reactions to the 

wheels.  

A controlled suspension is a type of suspension that 

adjusts in motion the vertical movement of the wheels 

relative to the vehicle chassis or body using a special 

control system. Controlled suspensions can be divided 

into two classes: active and semi-active. Engineers 

developed various modifications of automated suspen-

sion systems, including active and semi-active spring-

based systems [7–10]. Semi-active suspensions change 
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somehow the damping coefficient of the shock absorb-

er to influence the magnitude of the forces generated 

by it. The corresponding changes in the damping coef-

ficient of the shock absorber depending on the current 

driving mode of the vehicle are calculated by the con-

trol unit based on the information received from the 

sensor system. Active suspensions include an actuator 

to control the distance between the wheel center and 

the chassis.  

The smooth ride of a vehicle makes the trip com-

fortable and minimizes damage to cargo. Moreover, it 

can minimize the driver’s effort during long trips in 

uncomfortable vehicles [11, 12]. Road handling char-

acterizes how vehicle’s wheels respond to the driver’s 

commands and how it moves on the highway or road. 

This is usually judged by observing the behavior of the 

vehicle, especially during cornering, acceleration, and 

braking, as well as by the stability of the vehicle dur-

ing steady-state motion [13]. 

Suspension design is often a trade-off between ride 

comfort and road handling: vehicles with stiff suspen-

sion have better regulation of body movements and 

faster response. Similarly, a low center of gravity is 

more convenient for road handling, but low ground 

clearance limits suspension deflection, requiring stiffer 

springs [8, 14]. 

In [15], the comfort-handling trade-off was investi-

gated for off-road vehicles on three examples. The au-

thors proposed design criteria for a semi-active sus-

pension system that could significantly reduce or even 

eliminate the contradiction between ride comfort and 

road handling. Such a system switches between a stiff 

spring with high damping mode (for road handling) 

and a soft spring with low damping mode (for ride 

comfort). In [10], an automotive active pneumatic sys-

tem with the main handling and comfort characteristics 

was presented. The active pneumatic suspension sys-

tem uses a set of equations for the quarter-car model, a 

pneumatic valve, and a pneumatic spring. A nonlinear 

control algorithm based on the backstepping principle 

was adopted. In [16], controllers for improving road 

holding and passengers’ comfort were constructed and 

analyzed. According to the results, both controllers 

demonstrate good performance, but the controller pro-

posed below has better performance and reliability.  

The contributions of this paper are as follows. 

– We propose a new simple and easily adjustable 

adaptive control system based on active disturbance 

rejection control (ADRC). This control system chang-

es the control domain depending on road disturbances. 
– The control strategy is scaled with a single plan-

ning parameter and automatically manages the han-

dling-comfort trade-off in the quarter-car model. 

– We apply this control algorithm to a hydrau-
lically actuated suspension system. 

– We illustrate the effectiveness of the proposed 

approach using some simulation examples.  

 

1. THE QUARTER-CAR MODEL  

The linear active suspension system is shown in 

Fig. 1. The system dynamics are described by the 

equations 
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with the following notations: sz  is the sprung mass 

displacement; usz  is the unsprung mass displacement;

rz  is the pavement defect; sK  is the spring stiffness;

usK  is the tire stiffness; sC  is the damper damping 

factor; 0usC   is the tire damping factor; finally, u  is 

a control signal. 

Following [17], we use the suspension parameters 

17765 N/ms ,K  190125 N/m 535 N s/mus sK , C ,  

285 kg,sm  and 41 kg.usm   The value ( )s usz z  

characterizes the suspension deflection, and sz  is the 

vertical acceleration of the vehicle body.  

 
        

 
 

Fig. 1. The linear active quarter-car model. 
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tion. The lower this value is, the higher the comfort 
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acterized by the duration of the wheel’s contact with 

the road surface. The greater the RMS value of the 

suspension deflection is, the lower the road handling 
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There is an unavoidable contradiction between ride 

comfort and road handling since the wheel position 

approximates the road profile at low frequencies (< 5 

rad/s): any decrease in the body travel (vertical posi-

tion of the sprung mass) at these frequencies will in-

crease the suspension deflection [18]. To resolve this 

contradiction, this paper considers an adaptive ADRC-

based control strategy.  

2.  ADAPTIVE CONTROL OF ACTIVE DISTURBANCE 

SUPPRESSION 

As stated in [10], both road handling and ride com-

fort depend on the suspension travel sz . According to 

the authors, the suspension travel value should be as-

signed by prioritizing one of the two aspects. Moreo-

ver, a possible way to improve suspension perfor-

mance is to increase passenger comfort when the rela-

tive displacement between the sprung and unsprung 

masses is far enough from the suspension limits. On 

the other hand, the control unit must provide safe han-

dling by limiting the suspension travel. 

To simplify the idea, consider the control scheme 

in Fig. 2. Assume that the controller’s feedback is giv-

en by ( α )s usz z , where α [0, 1]  is the tuning pa-

rameter. For α 0 , the feedback input is sz . (In other 

words, the algorithm aims to minimize the vertical dis-

placement of the sprung mass.) As a consequence, ver-

tical acceleration will be minimized, providing the 

necessary comfort. When α  increases, the suspension 

travel becomes greater, and the controller gradually 

gives priority to reducing the suspension travel.  

In this paper, we apply ADRC to utilize its adap-

tive capabilities. In this case, the focus is on an appro-

priate variation law of the parameter α  when chang-

ing the suspension deflection.  

3. DESCRIPTION OF ADRC 

ADRC is an inheritor of the proportional-integral-

differential (PID) controller and can be considered a 

reliable control method: it represents all the unknown 

dynamics not included in the mathematical model of 

the controlled system and compensates model uncer-

tainties and exogenous disturbances in real time [19].  

As a result, the controlled system behaves like an 

nth-order integrator (1 ns , where s denotes the La-

place variable and n expresses the system order). 
 

        

 
 

 
Fig. 2. The control scheme proposed for the handling-comfort trade-

off. 

 

Therefore, it is easily controlled by a proportional-

differential (PD) controller, even in the case of a non-

linear and time-invariant plant. Figure 3 shows the 

nonlinear structure of ADRC with four main blocks: 

the controller (nonlinear state error feedback, NLSEF), 

the extended state observer (ESO), the tracking differ-

entiator (TD), and the disturbance rejection scheme 

(DRS). 

 
             

 

 
Fig. 3. The diagram of ADRC.  

 

ADRC does not require a precise system model. By 

assumption, system dynamics can be expressed in the 

general form 

0 ,y b u f                               (1) 

with the following notations: y  is the output signal; u  

is the control input; f is the total disturbances contain-

ing the exogenous and endogenous ones; 
0b  is the 

plant’s gain. 

The reference signal is smoothed by the TD, and 

the output signals are generated to track the reference 

signal  and  its  differential.  The  algorithm  is  written  as 
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with the following notations: 
0v  is the desired input; 

1v  is the tracking signal of the system; 
2v  is the differ-

ential signal of the system; 
1r  is the parameter deter-

mining the tracking rate. As proposed in [19], the non-

linear function 
tdf  ensures the fastest possible tracking 

of the reference signal and its derivative considering 

the acceleration limit 
1r . The parameter 

1r  depends on 

the application and is tuned accordingly to speed up or 

slow down the transients. 

A conventional ESO is used to estimate system dy-

namics. This observer yields the estimates 

ˆˆ ,y y y y  , and f̂ f  (the exogenous disturbances 

and endogenous dynamic uncertainties). The ESO 

monitors the performance and forecasts the plant’s 

state in real time. This process was described in the 

paper [19]: 

/

1 1 2 1

0

1 2

1

3

/4

2 2

3 3

ˆ ˆsign( )

ˆ ˆsign( ),

ˆ ˆ, α ,

ˆα ,

α

e

z

e z y z z e

z z b ue

e e

   

  



 

where: y is the system output; 
1z  is the tracking signal 

for y; ê  is the estimated error; 
2z  is the differential 

signal for 
1z ; 

3z  is the tracking signal for the total dis-

turbances; 
1α , 

2α , and 
3α  are the estimation coeffi-

cients; u is the control input; 0b̂  is the system coeffi-

cient (the estimated value of the gain 
0b ). 

The nonlinear state error feedback is a nonlinear 

control strategy that can improve the accuracy of the 

control system. As described in [19], it has the form 
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              (2) 

with the following notations: 
1ê  is the estimated sys-

tem error; 2ê  is the estimated system error differential;

1β  and 2β  are the gains; the function nlf  should pro-

vide good control efficiency and high-frequency 

switching between the modes. Following [19], it can 

be chosen as 

γ 1

γ
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Note that the disturbance rejection scheme (DRS) 

is the last part of equation (2): 

0 3

0

,
u z

u
b


   

where the estimated disturbance 3
ˆz f  is eliminated 

by subtracting it from the control signal 0u . 

Figure 3 shows a switch with two different modes 

(1 and 2). Thus, the output signal y can be directly 

passed to the NLSEF controller instead of its esti-

mate ŷ . 

4. AUTOMATIC TUNING OF THE PARAMETER α 

We return to the system dynamics (1). Due to the 

input of the control system (system output)

αs usy z z  , the following fact seems clear: if the 

closed-loop system is stable, the drift value f  will 

change almost linearly with changing the amplitude of 

the road disturbances. See Fig. 4, where the values of 

f  are compared with the amplitude of the road dis-

turbances for the closed loop of the sprung mass dis-

placement in the quarter-car model stabilized by 

ADRC. At the same time, the suspension deflection is 

inversely proportional to the values of the function f.  

 
           

 

 

 
Fig. 4. Values of the function f depending on road disturbances. 
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The parameterα  should grow significantly as the 

suspension deflection increases to balance between the 

suspension deflection and the passenger comfort.  

Therefore, we apply the MIT rule with a positive 

gradient to obtain the variation law of α . In this case, 

the suspension deflection can be considered a linear 

function of f: 

, ( ),s us K wz z T f   

where ,K wT  is a low pass filter (LPF) with a gain K  

and a cut-off frequency w . The filter gain and pass 

frequency are tuning parameters. The performance in-

dex α  will depend on the absolute value of the sus-

pension deflection, which can be chosen as follows: 

 
21
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Applying the inversion of the MIT gradient rule to 

increase the quadratic performance index as the sus-

pension deflection grows, we obtain 
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where γ 0  is the tuning parameter, and    . To 

simplify the problem, we assume that , ( )K wT f 

, ( ).K wT f  Hence, the variation rule of the parameter α 

takes the form 

, ,( ) ( ),K w K wT f T f    

where   is the tuning constant. 

Permanent integration of the parameter α will lead 

to saturation over time, and integration here can be 

treated as finding the envelope. This is true because the 

values of α should decrease if the suspension deflec-

tion grows over time and increase otherwise. 

In applications, this can easily be achieved by add-

ing a simple envelope calculation scheme or equivalent 

mathematical equations to filter the estimated value 

of α.  

Figure 5 shows the complete control scheme of the 

system. The Kalman filter extracts the displacements 

sz  and usz  separately using the sensor outputs (a verti-

cal acceleration sensor for the sprung mass, a vertical 

acceleration sensor for the unsprung mass, and a po-

tentiometer for the suspension deflection). Let the sys-

tem be equipped with two types of sensors: (1) two 

acceleration sensors to measure the acceleration of the 

sprung and unsprung mass, respectively, and (2) a po-

tentiometer to measure the suspension deflection. 

The linear Kalman filter is based on the equations 
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with the following notations: A, B, and C are the state, 

control, and output matrices, respectively; 
1m  and 

2m

are the measured accelerations of the sprung and un-

sprung mass, respectively; 
3m  is the measured suspen-

sion deflection; 
ey  and 

my  are the estimation and 

measurement vectors, respectively; finally, 

   
T T

1 2 3 4 s s us usx x x x z z z z .  

Formulas (3) and (4) are the state-space representa-

tion of the two second-order integrators. These integra-

tors yield the positions sz  and usz  from the measured 

accelerations sz  and usz . The measured suspension 

deflection ( )s usz z  is used to correct the estimated 

positions at each time instant, being added to the 

measurement vector my . Without including the meas-

ured suspension deflection in the measurement vector, 

the positions sz  and usz  will have constant deflection 

deviations from the real values. 

The covariance matrices for the process and obser-

vation noises can be chosen empirically. The initial 

value of the estimation covariance is chosen large 

enough, and the initial state estimate is zero. 

The values of the parameter α  are passed to the 

envelope detector and are limited to the range [0, 1]; 

see Fig. 5. Here, 0v  is the desired input (zero in the 

presented approach). Therefore, the TD is irrelevant in 

this figure: it appears only to preserve the overall 

ADRC form.  
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Fig. 5. Adaptive control system (complete diagram).

 

To demonstrate the effectiveness of this adaptive 

control law, we estimate the system performance in 

two cases. In the first case, the road disturbances are 

random (the ISO-8608 standard), and the system fo-

cuses on passenger comfort. In the second case, a sud-

den shock is treated as a roadblock: when it occurs, the 

driver is expected to focus on road handling (not to 

lose control of the vehicle). 

To make the simulation more realistic, we choose a 

hydraulic active system of the quarter-car type with the 

nonlinear hydraulic actuator model. 

5. SIMULATION 

This section describes the hydraulic active system 

of the quarter-car type, the road disturbances, and the 

simulation results of the adaptive controller. 

5.1 Hydraulic active system of the quarter-car type 

The active suspension system uses a hydraulic ac-

tuator to reduce the external power required to achieve 

the desired performance. This system exerts an inde-

pendent impact on the suspension to improve ride 

quality. The vehicle’s active suspension system is pre-

sented in Fig. 6. 

The hydraulic actuator consists of a spool (servo) 

valve and a hydraulic cylinder. Figure 6 has the fol-

lowing notations: 
sP  and 

rP  are the pressure of the 

hydraulic fluid entering and leaving the spool valve, 

respectively; spx  is the position of the spool valve;
uP  

and lP  are the oil pressure in the upper and lower cyl-

inder chambers, respectively. When the spool valve 

moves upwards (positive value), the upper chamber of 

the  cylinder  is  connected  to  the  supply  line,  and  its  
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Fig. 6. Active hydraulic suspension system. 

 

pressure increases. Meanwhile, the lower chamber is 

connected to the return valve, and its pressure decreas-

es. This pressure difference expands the hydraulic cyl-

inder. 

For a mechanical movement of the valve spool, an 

electric current is applied to the coil connected to the 

servo valve. The powered actuator drives the spool to 

the desired position. 

The actuator is described by the equation 

1
,sv sv
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di I
v L R i

dt V L s R
   


 

with the following notations: cR  and cL  are the coil 

resistance and inductance, respectively; cv  and svi  are 

the motor rotor voltage and current, respectively. In the 

expressions below, the transition from lowercase to 

uppercase symbols means the variables in the Laplace 

space. 

Let the spool valve displacement spx  be related to 

the servo valve current spi  through the linear transfer 

function  
2

2 2
,

2
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sv n n

X w
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                    (5) 

where   is the damping coefficient, and 
nw  is the nat-

ural frequency of the servo valve. By a common as-

sumption, the dynamics (5) are very fast, and we write 

1

vsp

c

KX
,
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where τ is the time constant of the servo valve, and vK  

is the gain constant. 

We introduce several assumptions: 

– The valve area is linearly related to the spool dis-

placement. 

– The piston area is much larger than the bore. 

– The fluid is incompressible. 

– The inertia of the piston is negligible. 

– The pressure changes in the two chambers are 

approximately equal, i.e., 

. u lP P P     

Then the impact is defined as 

,a pF A P   

where pA  is the average piston area, and P  is the 

pressure difference in the valve pipelines. Following 

[20], this difference can be calculated by 

( )
4β

t
tp p s us

e

V
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with the following notations: 
tV  is the total cylinder 

volume; βe
 is the effective volume modulus; Q  is the 

hydraulic load flow; tpC  is the total piston leakage 

rate. The flow equation with the controlled servo valve 

load has the form  
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where 
dC  is the discharge coefficient, gw  is the spool 

valve area gradient, and 
1  is the hydraulic fluid densi-

ty. With the variables  

1 1 1 14 , , 1/е t tp d gV C C w       , 

the system dynamics can be represented in the state 

space, as in equation (6): 
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We chose the following parameters to simulate the 

nonlinear model of the electrohydraulic actuator sys-

tem: 
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The source and external pressures were set to Ps = 10 

bar and rP   1 bar, respectively. 

 

5.2 Models of road disturbances 

Following the ISO-8608 standard [9], a random fil-

tered disturbance in the time domain was used as road 

disturbances to test the comfort level. The correspond-

ing differential equation has the form  

0 0 0( ) 2 ( ) 2 ( ) ( ),q dq t f q t n G n vw t      

with the following notations: ( )q t  is the random input 

signal; 
0f  is a filter with a lower cutoff frequency;

0qG ( n )  is the road roughness coefficient; 
dw ( t )  is the 

Gaussian white noise. The vehicle speed was set to 

54 km/hv  . A C class road was considered: 

6

0 512 10qG ( n )    and 
0 0 1n . .  

For the handling test, the road shock was described 

by 

1 2 ,
( )=

0, 

0.5 (1 cos( ))

iotherw e

,

s ,

b

dw
h w t t t t

t




 




 

where: h  = 0.1 m and bw  are the height and frequency 

of shocks, respectively; 
1t  and 

2t  are the lower and 

upper time limits of the function. The impact frequen-

cy is given by 2 12 ( )bw t t   . 

 

5.3 Simulation results 

The simulation results are divided into three parts. 

The first part focuses on ride comfort when the road 

disturbances are a random signal. The second part con-

cerns vehicle handling when the road disturbances are 

several consecutive shocks with a given frequency. 

Finally, the third part considers the two tasks together 

when the road disturbances of the above types are 

mixed. 

The values of   are always positive. Hence, it suf-

fices adding a Butterworth low-pass filter to get the 

signal envelope. The setting constant for the parameter 

  was set to 200. The low-pass filter was given by 

)0 1 (0 1 1K ,wT . s.  . The ADRC parameters were as-

signed as follows:  

2
1 2

3 2
3 0

0.5 rad/s, α 30 , α 15 ,

α 85 , 0.15, , 2 .p d

w w w

w b K w K w

  

   
 

Figure 7 shows the closed loop response when the 

road disturbances are random. Clearly, the parameter α 

has a small value throughout the process: the dis-

placement between the sprung and unsprung masses is 

still far from its limits. However, the engineer can in-

troduce an additional condition: set α to zero if its val-

ue is below some threshold. In this case, the control 

system will concentrate on ride comfort. 

Figure 8 demonstrates the closed loop response 

when the road disturbances are a sequence of sudden 

shocks. 

Clearly, the parameter α keeps zero values in the 

absence of exogenous disturbances. Meanwhile, its 

value gradually grows as the disturbance amplitude 

increases. Also, the value of α slowly decreases after 

the shock is over. This situation corresponds to the 

vehicle’s real response to disturbances: the wheels 

need contact with the road for a short time after the 

impact is over to ensure greater safety. 

For adaptivity tests, we applied this control method 

to the hydraulic suspension system under the following 

conditions: a 54 km/h vehicle moving on a C class 

road (ISO-8608) suddenly encounters several 0.1 m 

obstacles (in height) in front of it.  

Figure 9 shows the closed loop response to these 

road disturbances. Clearly, the system focuses on ride 

comfort in the first stage, when the disturbance ampli-

tude is relatively low; it switches to vehicle handling 

when riding into road bumps. After the high-amplitude 

disturbances caused by the bumps disappear, the sys-

tem returns to ride comfort. Note that the proposed 

control law demonstrates a high degree of flexibility 

for the disturbances affecting the vehicle. This yields a 

trade-off between ride comfort and handling using an 

easily adjusted algorithm requiring no precise 

knowledge of the system dynamics. 
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Fig. 7. Simulation results in the case of random road disturbances. The blue lines correspond to the passive system, and the red lines to the adaptive ADRC 

algorithm. 

 

 
          

 
 

 
Fig. 8. Simulation results in the case of suddenly riding into road bumps. The blue lines correspond to the passive system, and the red lines correspond to 

the adaptive ADRC algorithm.  
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Fig. 9. Closed loop response of the nonlinear quarter-car system to hybrid road disturbances.  The first line corresponds to the acceleration of the suspen-

sion mass, the second line corresponds to the suspension deflection, and the third line corresponds to the parameter α.  

 

 

CONCLUSIONS AND FURTHER RESEARCH 

This paper has presented a simple approach to 

managing the trade-off between the vertical accelera-

tion of the vehicle chassis and its position relative to 

the road surface. Due to the increasing relevance of 

auto-driving, an auto-tuning ADRC mechanism has 

been proposed. The basic idea is to use the filtered 

values of the total disturbances estimated by ADRC to 

switch the system’s operating mode between ride com-

fort and road handling. This is achieved by embedding 

the filtered value of the estimated disturbances into the 

control loop (multiplying this value by the unsprung 

mass displacement and subtracting it from the sprung 

mass displacement). The closed loop system has been 

tested under the following conditions: an average 

speed vehicle moving on a low-quality road suddenly 

encounters several obstacles of relatively high height 

in front of it. 

The simulation results have shown the algorithm’s 

ability to adapt and automatically shift focus between 

ride comfort and road handling. Moreover, this algo-

rithm can be easily tuned for the nonlinear model. 

As promising areas of further research, we mention 

the influence of Kalman filter settings and the change 

in the road disturbance model on the system perfor-

mance. In addition, the effect of this controller on the 

entire vehicle can be studied when maneuvering, turn-

ing, and following a given trajectory.  
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