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Abstract

This paper introduces an adaptive semi-active suspension control by considering global positioning system-based and historical 

road information. The main idea of this study is to find a corresponding trade-off between comfort and stability at different road 

irregularities. The introduced semi-active controller is designed based on the Linear Parameter-Varying framework. The behavior of the 

designed controller can be modified by the use of a scheduling variable. This scheduling variable is selected by considering the various 

road category. TruckSim simulation environment is used in order to validate the introduced adaptive semi-active suspension control 

system by comparing it with the non-adaptive scenario. The results show that both driving comfort and vehicle stability have been 

improved with the proposed adaptive semi-active suspension control. 
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1 Introduction
The vehicle suspension system is one of the key topics 
in vehicle technology due to its important role in vehicle 
safety, stability, ride comfort and overall performance of 
the vehicle. The vehicle suspension system consists of the 
spring, wishbones and the shock observer. The damper 
aims to damp body and wheel oscillations, thus it contrib-
utes to both driving comfort and safety. The spring carries 
the body-mass for isolating the vehicle body from road 
distortions. Suspension systems are classified as active, 
passive, semi-active and several in-between systems. 

The suspension system needs to satisfy several import-
ant requirements such as guaranteeing vehicle safety, road 
holding and driving comfort, avoiding extreme suspen-
sion stroke, maintaining proper vehicle condition subject 
to external and internal forces (Tsend and Hrovat, 2015). 
It is difficult to adjust the spring’s stiffness, thus many 
of the semi-active suspension systems are realized by 
changing the damping. Therefore, the most important 
actuator is a variable-damping damper in the semi-ac-
tive suspension systems. These dampers are classified into 

electrorheological, magnetorheological and solenoid valve 
types (Gong and Chen, 2020). In this study, magnetorheo-
logical(MR) damper type is modeled.

There are several control approaches for the semi-ac-
tive suspension control. The skyhook control strategy has 
been commonly used in semi-active suspension control 
(Liu et al., 2019; Moaaz and Ghazaly, 2019; Shimoya and 
Katsuyama, 2019). This strategy is based on designing the 
active suspension control so that the chassis is linked to the 
sky to reduce the vertical accelerations of the chassis and of 
the axle independently of each other. It is easy to implement 
with few state information and effective in order to enhance 
the vehicle's ride comfort, however it disrupts the dynamic 
tire load. The model predictive control (MPC) (Madhavan 
Rathai et al., 2019a; Madhavan Rathai et al., 2019b) and 
hybrid model predictive control (Hybrid MPC) (Zhang et 
al., 2017) methods are also commonly used but they still 
lack robustness properties and their application is not easy. 
Unlike previous methods, H∞ control approach (Ye and 
Zheng, 2019; Yu and Zhang, 2019) guarantees road holding, 
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vehicle stability, and ride comfort performances, however 
dynamic control reconfiguration is not possible due to the 
fixed weighting of the performances. Control reconfig-
uration has key importance in the control of the semi-ac-
tive suspension systems in order to configure the control-
ler according to different road conditions. For instance, the 
damper needs to act differently for each road irregularities, 
such as bumps, potholes, roughness, etc. Thus, the semi-ac-
tive suspension control is founded on the Linear Parameter-
Varying (LPV) framework in this study due to its avail-
ability for the dynamic configuration by modifying the 
scheduling variable, see (Basargan et al., 2020a; Basargan 
et al., 2020b; Basargan et al., 2021; Morato et al., 2019; 
Pham, 2020). LPV control method describes an approach 
for the semi-active suspension controller with consideration 
of actuator constraints. This method offers a flexible frame-
work for the designing of the nonlinear controllers. Another 
reason to use this method in our study is its flexibility.

The paper is organized as follows: Section 2 presents 
the quarter-car model, which is control-oriented, and the 
LPV control synthesis. Section 3 introduces the integra-
tion of the system and the method of defining the sched-
uling variable based on GPS-based road data. Validation 
of the introduced method has been done in Section 4 in 
TruckSim simulation environment. Finally, conclusions 
are drawn in Section 5.

2 Modeling and control design of the system
This section contains modeling of the quarter-car suspen-
sion and designing of the reconfigurable semi-active sus-
pension control through LPV method.

2.1 Quarter-car suspension model
The quarter-car model, which is the most employed and use-
ful is shown in Fig. 1. This model is used due to its simplic-
ity and controllability, while it has 2 degrees-of-freedom. 

The two degrees of freedom are sprung mass and the 
unsprung mass displacements. The tire and suspension 
systems are denoted by a damper and spring. The dynam-
ics of the quarter-car semi-active suspension system and 
the actuator is written in Eq. (1) and (2).
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Here, ms and mu denote the sprung and unsprung masses 
of the quarter-car, kt and ks are stiffness of the tire and 
spring, bs is the damping rate of the shock absorber, Fmr is 
the control force generated by the actuator and u = Fmr is 
the control input of the system. Vertical displacement of 
the sprung and unsprung mass is denoted with q1 and q2, 
while road disturbance is denoted with w. Parameters of 
the quarter-car model for both rear and front suspension 
are shown in the Table 1.

2.2 Control synthesis
In the design process, state vector x is selected as 
x = [ ]x x x x x T

1 2 3 4 5
,  where components are shown in Eq. (3). 
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where, q1 and q2 are vertical displacement of sprung and 
unsprung masses, q1  and q2  are vertical velocity of 
sprung and unsprung masses. The unmodeled dynamics ∆ 
are taken into consideration with ∆ w

1
25( ) =  at low and 

∆ w
2

1( ) =  at high frequencies while it is assumed to be 
stable with the norm condition ∆ ∞ <1.

However, performance specifications need to be 
defined in order to achieve a desirable trade-off between 
road holding and ride comfort and control force also needs 

Fig. 1 Quarter-car model

Table 1 Parameters of the suspension

Parameters(symbols) Front 
suspension

Rear 
suspension Unit

Suspension stiffness (ks ) 30 60 kN/m

Tire stiffness (kt ) 220 220 kN/m

Sprung mass (ms ) 214 336 kg

Unsprung mass (mu ) 40 40 kg

Time constant (τ) 1/30 1/30 s

Damping (bs ) 50 50 N/m/s

·

·

·

· ·
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to be considered. Body acceleration must be minimized to 
increase passenger comfort with z1 criterion. At the same 
time, the stability of the vehicle is guaranteed with sus-
pension deflection minimization with z2. The dynamic tire 
load has to be minimized to decrease variations of slide 
force to provide a guarantee for the stability with z3 and 
the control force must be considered with z4, These opti-
mization criteria can be found in Eq. (4). 
z q
z q q

z q w
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1 1
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Finally, these performances are inserted in the perfor-
mance vector, z = [ ]z z z z

1 2 3 4
.

Then, the system is given with Eq. (1) needs to be trans-
formed into the state-space representation form as Eq. (5).
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The introduced controller is founded on a weight-
ing strategy formulated with a closed-loop architecture, 
see Fig. 2. G is the quarter-car model, defined in Eq. (5), 
K is the designed LPV controller with scheduling vari-
able ρ, y is the measured output, u is the control input, 
z denotes the performance outputs, n expresses the mea-
surement noise and w is the road disturbance.

The weighting functions Ww and Wn represent road 
disturbances and sensor noise. The goal of Wp is to keep 
the sprung mass acceleration (Wpa ), suspension deflec-
tion (Wpd ), tire deformation (Wpt ) and control input (Wpu ) 
small over the required frequency range. The weighting 
functions Wpt and Wpd are for the tire load and stability 
while Wpa stands for the driving comfort. It is necessary to 
define scheduling variable ρ ∈[ ]0 1,  to shape the weight-
ing functions (Wpa, Wpt and Wpd ) to guarantee the con-
trol configuration in case of the predefined performances 
become more significant by the reason of estimated 
oncoming road conditions. These weighting functions are 
in a second-order proportional form and they are found 
in Eq. (6). The weighting functions Wpu, Wr, Wn and Ww are 
all given in similar proportional and linear form without 
containing the scheduling variable.
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where, T1.2.3 and α1.2.3 are design parameters. The Bode dia-
gram of the weighting functions is shown in Fig. 3.

The LPV technique ensures a rigorous framework 
for designing the nonlinear controllers for time-varying 
plants. These plants are characterized by accurate assump-
tion on the exogenous scheduling variables, such as rate of 
variations, bounds on the magnitudes and the availability 
of an estimated or measured value of the current schedul-
ing variable during operation (Flep et al., 2016). The LPV 

·

·
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performance problem is to choose a parameter vary-
ing control, which guarantees quadratic stability for the 
closed-loop system while the induced L2 from the distur-
bance w to the performances z is smaller than the value γ, 
as described in (Bokor and Balas, 2005). Hence, the mini-
mization task is given in Eq. (7).
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The solution of the problem is governed by the set of 
infinite dimensional LMIs being satisfied for all ρ ∈Fp ,  
thus it is a convex problem. In practice, this problem is set 
up by gridding a parameter space and solving the set of the 
LMIs that hold on the subset of Fp, see (Wu et al., 1995).

The introduced design results in a reconfigurable LPV 
controller, where ρ = 1 stands for the performance of driv-
ing comfort and ρ = 0 stands for road holding and vehicle 
stability, while between these edge values a mixed perfor-
mance is given. 

The MR damper has a limitation on the control input 
force, thus a semi-optimal solution is given in Eq. (8). 
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Here, Fopt and Fpas are optimal and passive suspension force 
and  q q

1 2
−  is the deflection velocity of the suspension.

3 System integration and decision layer
System integration and decision layer, which selects the 
suitable scheduling variable for the controller will be 
explained in this section. 

Integration of the system is shown in Fig. 4. Measured 
output y = q1−q2 is relative displacement between masses, 
while control input for the system is the vertical force gen-
erated by the damper. GPS based road data consists of GPS 
points and location of the road distortions. It is assumed 
that the location of road irregularities is known according 
to previous measurements. Decision later selects the com-
patible scheduling variable based on the GPS based road 
data and previous measurements. 

Real time road information, such as location of bumps 
or irregularities has a really significant role in the suspen-
sion system. Thus, controlled suspension system should 
be adapted to the road conditions and response time for 
road irregularities must be fast. First of all, categorization 
of road condition is necessary to detect the effect of the 
oncoming road irregularities. The ISO 2631-1:1997 stan-
dard (International Organization for Standardization, 1997) 
is considered to categorize the road distortions and irregu-
larities. This standard characterizes the ride comfort based 
on the action of the vibration on the drivers and passengers. 
The used standard can be seen in Table 2. The frequen-
cy-weighted vibration magnitude (FWVM) is calculated as 

Fig. 3 Weighting functions Fig. 4 System integration

Fig. 2 Closed-loop interconnection

· · ·

· · ·

· ·
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the root mean square (RMS) value of the vertical acceler-
ation of the body. Equation (9) provides the solution of the 
RMS calculation, where a(t ) is the time-weighted accelera-
tion and T is the number of the acceleration values.

a
T

a t dtRMS

T
= ( )∫

1

0

2  (9)

Many passive suspension simulations have been done 
to categorize the simulated road irregularities. Vertical 
acceleration, tire deformation and suspension deflection 
results of the passive suspension simulations in different 
velocity and road irregularities are analyzed and verti-
cal acceleration results have been used for the ISO stan-
dard (International Organization for Standardization, 1997). 
An example is shown in Table 3 with a vehicle velocity 
of 20 km/h. According to these results, categorized road 
types and their FWVM values are listed in Table 3.

Here, the roughness road and 10 cm bump road types are 
in the "Not uncomfortable" road category with 0.026 and 
0.116 m/s2 FWVM value respectively, while several bumps 
and sine-sweep road types are in the "A little uncomfort-
able" road category with 0.37 and 0.431 m/s2 FWVM value 
respectively. These road irregularities are seen in Fig. 5. 

The FWVM value of the "Not uncomfortable" road cat-
egory is less than 0.315 m/s2, thus there is no comfort-re-
lated issue. Herewith, mainly stability and road holding 
performances are prioritized by selecting the scheduling 
variable as ρ = 0.25. However, the FWVM value of the 
"A little uncomfortable" road category is between 0.315 
and 0.63 m/s2, comfort-related, stability-related and road 
holding-related performances are evaluated identically to 
make the importance of these performances equal. This 
equal importance is selected by choosing scheduling 

variable as ρ = 0.5. The scheduling variable for the flat 
road is selected as ρ = 0 since there is no comfort-related 
problem, while vehicle stability is guaranteed in curva-
tures and uphill/downhill roads. 

4 Simulation results
The simulation has been run in TruckSim environment 
with a real geographical highway route. The effectiveness 
of the introduced method is demonstrated with two differ-
ent simulations, which are the utility truck having adaptive 
semi-active suspension control and conventional semi-ac-
tive suspension. The simulations have been run with con-
stant velocity (70 km/h). Table 4 shows the parameters of 
the simulation vehicle. Note, that the simulation vehicle 
has a 500 kg payload mass.

As it is shown in Fig. 6, the simulation route has 1700 m 
length with 3 different road irregularities in 4 locations. 
The simulation route has 3 curvatures, which are located 
at 400 m, 1000 m, and 1600 m. The selection of the road 
irregularities is based on real road scenarios. The 100 mm 
heightened right and left side bumps represent the speed 
bumps. These speed bumps are common in urban areas 
and it is possible to analyze driving over a speed bump 
with that irregularity. The several bumps with potholes 
and bumps following each other differently on the right 

Table 2 Magnitudes of overall vibration (ISO 2631-1:1997)

FWVM Comfort category

Less than 0.315 m/s2 Not uncomfortable

0.315–0.63 m/s2 A little uncomfortable

0.5–1 m/s2 Fairly uncomfortable

0.8–1.6 m/s2 Uncomfortable

1.25–2.5 m/s2 Very uncomfortable

Greater than 2 m/s2 Extremely uncomfortable

Table 3 Road irregularities

Road type FWVM (m/s2 ) Road category

Rough road / Road roughness 0.026 Not uncomfortable

10 cm bump 0.116 Not uncomfortable

Several bumps 0.370 A little uncomfortable

Sine sweep 0.431 A little uncomfortable

Fig. 5 Road irregularities

Table 4 Parameters of the simulation vehicle

Parameter Value Unit

Truck mass (mt ) 760 Kg

Payload mass (mp ) 500 Kg

Distance from C.G to front axle (l1 ) 0.55 m

Distance from C.G to rear axle (l2 ) 1.375 m

Track width (b) 500 Kg

Height of COG (hCOG ) 0.55 m

Maximal suspension deflection (dmax ) 1.375 m
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and left side of the lane, having a depth and height of 
50 mm represent bad road quality with discontinuities in 
the asphalt. This type of irregularity can be seen on every 
bad quality road. The sine-sweep irregularity is a longitu-
dinal sinusoidal road distortion with growing frequency 
and it puts high stress on the suspension system. This 
irregularity represents a typical road at a bus stop, having 
a rolled-up structure caused by repeated braking of heavy 
road vehicles. The simulation route has 10 cm bump irreg-
ularities at 108 m, multiple bumps at 750 m and 1150 m 
and sine-sweep irregularity at 1500 m.

Fig. 7. shows the selected values of the scheduling vari-
able based on the method described in Section 3. Constant 
scheduling variable is applied for the non-adaptive sce-
nario in order to compare the two scenarios.

Vertical, longitudinal and lateral accelerations show 
the driving comfort performance. These results are shown 
in Fig. 8, while vertical, longitudinal and lateral accel-
erations have been improved with the proposed method. 
The biggest change is in the several bumps scenario/loca-
tion, where the road has bad quality with discontinuities in 
the asphalt. The changes in 10 cm bumps and sine-sweep 
scenarios/locations are not as big as that of the several 
bumps road irregularities.

Suspension deflection performance, which is related to 
vehicle stability also has been improved with the introduced 
adaptive suspension system, especially at the road distortions. 

Note, that at the flat road, both adaptive and conventional 
semi-active control have same scheduling variables, thus per-
formances here does not differ significantly (Figs. 9 and 10).

The actuated force minimization was also considered 
in the design process. Fig. 11 shows these actuated forces 
for each suspension. It has been shown, that there are sig-
nificant changes with the adaptive control method. 

Fig. 6 Geometry of the selected road

Fig. 7 Selected scheduling variable

Fig. 8 (a) Vertical acceleration, (b) longitudinal acceleration, (c) lateral 
acceleration

(a)

(b)

(c)
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5 Conclusion
This study introduced a road adaptive semi-active sus-
pension control method, where a trade-off between com-
fort and stability is possible in order to achieve desir-
able performance results at different road irregularities. 
The effectiveness of the introduced control method has 

been validated in TruckSim environment by comparing 
two different simulations, one with adaptive semi-ac-
tive suspension control and another with a conventional 
semi-active suspension control. The results show that the 
performances of tire deformation, suspension deflection, 
and vertical acceleration have been improved.

Fig. 9 Suspension deflection, (a) non-adaptive, (b) adaptive

(a) (b)

Fig. 10 Tire deformation, (a) non-adaptive, (b) adaptive

(a) (b)

Fig. 11 Actuated forces, (a) non-adaptive, (b) adaptive

(a) (b)
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