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Abstract: To solve the problem of active suspension control effect reduction in trucks due to the 
change of vehicle mass after loading, this paper designs an active suspension hybrid controller for 
trucks with online estimation of vehicle mass. A multi-degree-of-freedom coupling dynamics model 
of the vehicle integrated with mass estimator is established, the online estimation of the vehicle mass 
is estimated in real time based on the recursive least squares method with forgeĴing factor, the mass 
estimation is integrated with the Linear Quadratic Regulator(LQR) of active suspension control, and 
the system is validated by simulation under the real-time change of mass. The results show that the 
active suspension hybrid controller integrated with the online estimation of the vehicle mass has a 
beĴer control effect, can adapt to the real-time change of the mass of the truck and ensure the 
effectiveness of the control system. 

Keywords: active suspension; least squares method; vehicle mass estimation; Linear Quadratic 
Regulator control 
 

1. Introduction 
With the help of advanced sensors, controllers and actuators, the active suspension can sense 

the vehicle motion state and road surface condition in real time[1], and actively adjust the suspension 
parameters, which can greatly improve the driving performance of the vehicle under various 
working conditions.  

In the field of modern logistics and transportation, the control method of the active suspension 
system of the truck has been a research hotspot for many years[2, 3].The frame control system usually 
uses fixed vehicle parameters, but the mass of the truck will change greatly due to the different loads, 
if the fixed vehicle parameters are still used to control the vehicle suspension, it will inevitably affect 
to a large extent the truck's stability and maneuverability[4, 5]. Therefore, it is necessary to integrate 
with real-time online mass estimation in the design of suspension controllers to guarantee the 
performance of trucks under different load conditions.  

For vehicle mass estimation, this is usually done based on a longitudinal vehicle dynamic model. 
Early studies mostly used simplified longitudinal dynamics models combined with least squares (LS) 
or recursive least squares (RLS) for parameters estimation[6, 7]. Such methods reduce computational 
complexity by simplifying the model structure, but have limited ability to deal with nonlinear 
characteristics and parameter coupling problems. 

To solve the estimation accuracy problem of nonlinear system, some scholars realized state 
estimation by constructing nonlinear longitudinal dynamics model and improved real-time 
performance through forward Eulerian method of discretization[8]. Some other scholars realized 
online estimation of vehicle mass by constructing a nonlinear longitudinal model integrated with a 
state observer, which improved the speed tracking accuracy and control robustness under complex 
working conditions [9]. 
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To address the problem of multi-source data utilization under complex working conditions, 
some scholars have improved the mass estimation accuracy under complex working conditions by 
separating the coupling relationship between mass and slope through the RLS algorithm with 
forgeĴing factor based on longitudinal dynamics model [10]. Some scholars improved the estimation 
accuracy by utilizing the correlation between high-frequency driving force and acceleration signal 
based on the mass-slope decoupling strategy of longitudinal dynamics equation[11]. Some other 
scholars further improved the data accuracy by integrating multi-sensor data through the parameter 
updating mechanism of the optimized longitudinal dynamics model with co-processing [12]. All 
these methods are used to enhance the estimation accuracy under complex operating conditions by 
extending the model dimensions or data integration strategies. 

Suspension system is a key component of automobile, and its effective control can significantly 
improve driving stability and ride comfort[13].Today, there are numerous suspension control 
methods, including the common canopy damping control[14], fuzzy control [15, 16], optimal 
control[17, 18], and deep learning control[19].Within optimal control algorithms, Linear Quadratic 
Regulator (LQR) is capable of carrying out multi-objective optimization of the controlled system[20]. 
Multi-objective optimization can greatly improve the vibration characteristics of automotive 
suspension systems [21-23].Good vibration characteristics can effectively suppress the bumps 
generated by the road roughness[24], which is the core factor to ensure the stability of the vehicle, 
reduce the body shaking and impact, and is of great significance to improve the overall performance 
and safety of the vehicle[25]. The application of LQR to suspension systems can beĴer balance vehicle 
driving stability and ride comfort[26]. 

In this paper, the modeling of a suspension control system integrated with the estimation of 
vehicle mass is carried out with full consideration of the effect of mass variation on suspension 
control. A seven-degree-of-freedom vehicle active suspension model considering road excitation, 
lateral and longitudinal acceleration is established, and a active suspension hybrid controller with a 
hybrid Linear Quadratic Regulator is proposed. Under the condition of ensuring that the remaining 
control variables do not change much, the vehicle LQR control strategy focusing on the dynamics 
response and body aĴitude control is designed and analyzed through numerical simulation. The 
body vertical acceleration, body pitch angle, body roll angle, suspension dynamic deflection and tire 
dynamic deformation are used as evaluation metrics. The obtained simulation results are compared 
with the uncontrolled passive suspension and the LQR controller without integrated with mass 
estimation(original controller)in the time and frequency domains to verify the effectiveness of the 
control strategy. 

2. Multi-Degree-of-Freedom Coupling Dynamics Model of Vehicle 
To consider the lateral, longitudinal, and vertical characteristics, a vehicle mass coupling 

dynamics model with multiple degrees of freedom is established, which includes a total of seven 
degrees of freedom, including the vertical, pitch, and lateral movements of the body and the vertical 
movement of the unsprung mass, as shown in Figure 1. 
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Figure 1. Multi-degree-of-freedom coupling dynamics model. 
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According to Newton's second law, the vertical vibration equation at the center of mass is 

𝑚௦𝑧̈ = ෍  

ସ

௜ୀଵ

𝐹௦௜  (1)

where, 𝑚௦is the sprung mass, 𝑧 is the vertical displacement of the center of mass of the sprung mass, 
footnote 𝑖 = 1, 2, 3, 4, is the left front wheel, left rear wheel, right front wheel, and right rear wheel, 
respectively, 𝐹௦௜  is the total suspension forces of the 𝑖 -th wheel. The total suspension forces 
expressed by 𝐹௦௜ is the sum of the elastic force, the damping force, and the suspension actuator force, 
which can be expressed as 

𝐹௦௜ = 𝑘௦௜(𝑧௨௜ − 𝑧௦௜) + 𝑐௦௜(𝑧̇௨௜ − 𝑧̇௦௜) + 𝐹௔௜ (2)

where, 𝑘௦௜ is the suspension stiffness of the 𝑖-th wheel, 𝑐௦௜ is the suspension damping of the 𝑖-th 
wheel, and 𝑧௨௜ and 𝑧௦௜ are the unsprung mass vertical displacement and the sprung mass vertical 
displacement of the 𝑖-th wheel, respectively. 

Under the effect of inertial acceleration, the equations of motion for the rolling and pitching of 
the sprung mass can be expressed respectively as 

𝐼௫𝜙̈ = (𝐹௦ଵ − 𝐹௦ଷ)𝐿ଷ + (𝐹௦ଶ − 𝐹௦ସ)𝐿ସ + 𝑚௦𝑎௬𝑑௥ + 𝑚௦g𝑑௥𝜙 (3)

𝐼௬𝜃̈ = (𝐹௦ଶ + 𝐹௦ସ)𝐿ଶ − (𝐹௦ଵ + 𝐹௦ଷ)𝐿ଵ + 𝑚௦𝑎௫𝑑௣ + 𝑚௦𝑔𝑑௣𝜃 (4)

where, g is the acceleration of gravity, 𝐼௫ and 𝐼௬  are the lateral and pitch moment of inertia of the 
sprung mass, respectively, 𝐿ଵ, 𝐿ଶ, 𝐿ଷ and 𝐿ସ are the distances from the center of the vehicle mass to 
the front and rear axes, as well as the front half shaft base and rear half shaft base, respectively. 
𝑎௫and𝑎௬ are the longitudinal and lateral accelerations of the center of the vehicle mass, respectively, 
𝑑௥ and 𝑑௣ are the distance from the center of mass of the sprung mass to the pitch and roll axes, 
respectively, 𝜙 and 𝜃 are the roll and pitch angles of the sprung mass, respectively. 

The vibration equation for an unsprung mass is 

𝑚௨௜𝑧̈௨௜ = 𝑘௧௜(𝑧௚௜ − 𝑧௨௜) − 𝐹௦௜ (5)

where, 𝑚௨௜ is the unsprung mass of the 𝑖-th wheel, 𝑘௧௜ is the tire stiffness of the 𝑖-th wheel, and 
𝑧௚௜ the road input of the 𝑖-th wheel. 

When the roll angle and pitch angle are varied in a very small range, the displacements of the 𝑖-
th wheel's sprung mass are respectively 

𝑧௦௜ = ൞

𝑧 − 𝐿ଵ𝜃 + 𝐿ଷ𝜙
𝑧 + 𝐿ଶ𝜃 + 𝐿ସ𝜙
𝑧 − 𝐿ଵ𝜃 − 𝐿ଷ𝜙
𝑧 + 𝐿ଶ𝜃 − 𝐿ସ𝜙  

 (6)

Define 
𝑀௦ = 𝑑𝑖𝑎𝑔(𝑚௦, 𝐼௦ , 𝐼௦),      𝐶௦ = 𝑑𝑖𝑎𝑔(𝑐௦ଵ, 𝑐௦ଶ, 𝑐௦ଷ, 𝑐௦ସ),  

𝐾௦ = 𝑑𝑖𝑎𝑔(𝑘௦ଵ𝑘௦ଶ, 𝑘௦ଷ, 𝑘௦ସ), 𝐾௧ = 𝑑𝑖𝑎𝑔(𝑘௧ଵ, 𝑘௧ଶ, 𝑘௧ଷ, 𝑘௧ସ), 𝐹௔ = [𝐹௔ଵ, 𝐹௔ଶ, 𝐹௔ଷ, 𝐹௔ସ]்,  
𝑍௦ = [𝑧଴, 𝜙, 𝜃]் , 𝑍௎ = [𝑧௨ଵ, 𝑧௨ଶ, 𝑧௨ଷ, 𝑧௨ସ]் , 𝑍ீ = [𝑧௚ଵ, 𝑧௚ଶ, 𝑧௚ଷ, 𝑧௚ସ]்,  

𝐿୫ଵ = ቎

0 0
𝑚௦𝑑௥ 0

0 𝑚௦𝑑௣

቏ , 𝐿௠ଶ = ቎

0 0 0
0 𝑚௦𝑔𝑑௥ 0
0 0 𝑚௦𝑔𝑑௣

቏ , 𝐿 = ൥
1 1 1 1
𝐿ଷ 𝐿ସ −𝐿ଷ −𝐿ସ

−𝐿ଵ 𝐿ଶ −𝐿ଵ 𝐿ଶ

൩. 

The vibration equations for the sprung mass and unsprung mass can be simplified to matrix 
form 

𝑀ௌ𝑍̈ௌ = 𝐿𝐾ௌ(𝑍௎ − 𝐿்𝑍ௌ) + 𝐿𝐶ௌ(𝑍̇௎ − 𝐿்𝑍̇ௌ) + 𝐿𝐹௔ + 𝐿௠ଵ𝑍௔ + 𝐿௠ଶ𝑍ௌ (7)

𝑀௎𝑍̈௎ = 𝐾௧(𝑍ீ + 𝑍௎) − 𝐾ௌ(𝑍௎ − 𝐿்𝑍ௌ) − 𝐶ௌ൫𝑍̇௎ − 𝐿்𝑍̇ௌ൯ − 𝐹௔  (8)

To design the controller, the above equation is expressed in matrix form as a state equation of 
the form 
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൜𝑋̇ = 𝐴𝑋 + 𝐵𝑈 + 𝐺𝑊
𝑌 = 𝐶𝑋 + 𝐷𝑈 + 𝐻𝑊  

 (9)

where, selection of state variables 
𝑋 = [𝑍ௌ  𝑍ௌ  𝑍௎ − 𝐿்𝑍௦  𝑍ீ − 𝑍௎   𝑍௎]் 

output variable 
𝑌 = [𝑍̈ௌ 𝑍ௌ 𝑍௎ − 𝐿்𝑍ௌ 𝑍ீ − 𝑍௎]் 

actuator force input 
𝑈 = 𝐹௔ 

the vehicle vehicle's perturbation vector is 
𝑊 = 𝑍ீ 

where, the vehicle's system state matrixes is 

𝐴 =

⎣
⎢
⎢
⎢
⎢
⎡

0ଷ×ଷ 1ଷ×ଷ 0ଷ×ସ 0ଷ×ସ 0ଷ×ସ

𝑀ௌ
ିଵ𝐿௠ଶ −𝑀ௌ

ିଵ𝐿𝐶ௌ𝐿் 𝑀ௌ
ିଵ𝐿𝐾ௌ 0ଷ×ସ 𝑀ௌ

ିଵ𝐿𝐶ௌ

0ସ×ଷ −𝐿் 0ସ×ସ 0ସ×ସ 1ସ×ସ

0ସ×ଷ 0ସ×ଷ 0ସ×ସ 0ସ×ସ −1ସ×ସ

0ସ×ଷ 𝑀௎
ିଵ𝐶ௌ𝐿் −𝑀௎

ିଵ𝐾ௌ 𝑀௎
ିଵ𝐾௧ −𝑀௎

ିଵ𝐶ௌ⎦
⎥
⎥
⎥
⎥
⎤

ଵ଼×ଵ଼

,  

𝐵 =

⎣
⎢
⎢
⎢
⎡

0ଷ×ସ

𝑀ௌ
ିଵ𝐿

0ସ×ସ

0ସ×ସ

−𝑀௎
ିଵ⎦

⎥
⎥
⎥
⎤

ଵ଼×ସ

, 𝐺 =

⎣
⎢
⎢
⎢
⎡

0ଷ×ଶ 0ଷ×ସ

𝑀ௌ
ିଵ𝐿ୠ୳୪ 0ଷ×ସ

0ସ×ଶ 0ସ×ସ

0ସ×ଶ 1ସ×ସ

0ସ×ଶ 0ସ×ସ⎦
⎥
⎥
⎥
⎤

ଵ଼×଺

,  

 𝐶 = ൦

𝑀ௌ
ିଵ𝐿୫ଶ −𝑀ௌ

ିଵ𝐿𝐶ௌ𝐿் 𝑀ௌ
ିଵ𝐿𝐾ௌ 0ଷ×ସ 𝑀ௌ

ିଵ𝐿𝐶ௌ

1ଷ×ଷ 0ଷ×ଷ 0ଷ×ସ 0ଷ×ସ 0ଷ×ସ

0ସ×ଷ 0ସ×ଷ 1ସ×ସ 0ସ×ସ 0ସ×ସ

0ସ×ଷ 0ସ×ଷ 0ସ×ସ 1ସ×ସ 0ସ×ସ

൪

ଵସ×ଵ଼

,  

 𝐷 = ൦

𝑀௦
ିଵ𝐿

0ଷ×ସ

0ସ×ସ

0ସ×ସ

൪

ଵସ×ସ

, 𝐻 = ൦

𝑀ௌ
ିଵ𝐿୫୧ 0ଷ×ସ

0ଷ×ଶ 0ଷ×ସ

0ସ×ଶ 0ସ×ସ

0ସ×ଶ 0ସ×ସ

൪

ଵସ×଺

. 

3. Hybrid Control System Architecture for Active Suspension Integrated with 
Mass Estimation 

For trucks, the mass of the load will greatly affect the control effect of the active suspension 
controller, which is basically stable and unchanged during the driving process with stability[27-28]. 
The algorithm is used to estimate the vehicle mass and then adjust the active suspension controller 
by the estimated vehicle mass, to achieve a more optimal effect on the vehicle suspension control. 
The framework of the vehicle control strategy is shown in Figure 2. The overall framework is divided 
into three parts, part 1 is vehicle mass estimation module, part 2 is actuator force calculation module, 
and part 3 is vehicle multi-degree-of-freedom(multi-doff) model module, respectively. Part 1 
estimates the vehicle mass by the recursive least squares method with forgeĴing factor, and outputs 
the vehicle mass; part 2 recognizes the vehicle mass and real-time state variables by the online LQR 
controller, and calculates the optimal solution of the actuator force, and part 3 accepts the actuator 
force outpuĴed by the online LQR controller, and transmits the real-time driving state variables of 
the vehicle to part 1 and part 2. 
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Figure 2. Architecture for Hybrid Controller. 

4. Design of Active Suspension Hybrid Controller 

4.1. Module For Recursive Least Squares with ForgeĴing Factor for Vehicle Mass Estimation 
4.1.1. Vehicle Mass Estimation Model 

According to Newton's second law, the longitudinal motion equation of the vehicle is as follows 

𝑚𝑣̇ = 𝐹௑ − 𝐹௙ − 𝐹௪ − 𝐹௜ (10)

expanding the equation gives 

𝑚𝜈̇ =
𝑇௧௤𝑖௚𝑖଴𝜂்

𝑟
−

1

2
𝜌𝐶ௗ𝐴𝑣ଶ − 𝑚𝑔sin 𝛼 − 𝑚𝑔𝑓𝑐𝑜𝑠𝛼 (11)

where, 𝐹௫ is the longitudinal driving force, 𝐹௙ is the rolling resistance, 𝐹௪ is the air resistance, 𝐹௜ 
is the ramp resistance, 𝑚 is the mass of the vehicle, 𝑣 is the longitudinal speed of the vehicle, 𝑇௧௤ 
is the actual torque input from the engine to the transmission, 𝑖௚ is the transmission ratio, 𝑖଴ is the 
main gearbox ratio, 𝜂் is the mechanical efficiency of the driveline, 𝑟 is the rolling radius of the 
wheels, 𝜌 is the air density, 𝐶ௗ is the wind resistance coefficient, 𝐴 is the windward surface area, 
𝛼 is the roadway gradient, 𝑓 is the road roll resistance coefficient. 

The equation is transformed as follows 

𝑇௧௤𝑖௚𝑖଴𝜂்

𝑟
−

1

2
𝜌𝐶ௗ𝐴𝑣ଶ = 𝑚(𝑣̇ + gsin 𝛼 + g𝑓cos 𝛼) (12)

4.1.2. Recursive Least Squares Algorithm with ForgeĴing Factor  
Recursive least squares (RLS) uses the criterion of least squares (Least squares), which is based 

on the principle of using exponentially weighted error sum of squares to minimize the model 
estimation error, and the RLS algorithm has beĴer convergence and tracking ability, and the 
computational volume is small[29]. The forgeĴing factor λ can dilute or enhance the influence of 
historical data on the current estimation and improve the adaptability of the algorithm. The effect of 
λ on historical data is shown in Table 1. 

Table 1. Effect of forgeĴing factors on historical data 

The range of 𝛌 Effect on historical data 
0<𝜆<1 diluted 

𝜆=1 unaffected 
𝜆>1 enhanced 
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In this paper, we set the size of the forgeĴing factor to 𝜆 = 0.95. 
According to longitudinal vehicle dynamic model, the input-output recursive equation of mass 

estimation of recursive least squares with forgeĴing factor(FFRLS) is established 

𝑦(𝑘) = ℎ(𝑘)்𝜃෠ + 𝑒(𝑘) (13)

where, ℎ(𝑘) is the input, which is the measurable data vector; 𝑦(𝑘) is the output of the system; 𝜃෠ 
is the parameter to be estimated, and the parameter to be estimated in this paper is the vehicle mass 
𝑚. 

From the longitudinal dynamic equation, it can be obtained 

𝑦 =
𝑇௧௤𝑖௚𝑖଴𝜂்

𝑟
−

1

2
𝜌𝐶ௗ𝐴𝑣ଶ (14)

ℎ = 𝜈̇ + gsin 𝛼 + g𝑓cos 𝛼 (15)

The steps of FFRLS are as follows 
(1) Solve for parameter identification gain 

𝐾(𝑘) =
𝑃(𝑘 − 1)ℎ(𝑘)

𝜆 + ℎ(𝑘)்𝑃(𝑘 − 1)ℎ(𝑘)
 (16)

(2) Update parameter identification 

𝜃෠(𝑘) = 𝜃෠(𝑘 − 1) + 𝐾(𝑘)ൣ𝑦(𝑘) − ℎ(𝑘)்𝜃෠(𝑘 − 1)൧ (17

(3) Update the recognition error 

𝑃(𝑘) =
1

𝜆
[𝐼 − 𝐾(𝑘)ℎ(𝑘)்]𝑃(𝑘 − 1) (18

where, 𝐾(𝑘)  is the parameter identification gain at moment 𝑘 ; 𝑃(𝑘)  is the covariance matrix at 
moment 𝑘; and 𝐼 is the unit matrix. 

The estimated vehicle mass 𝑚 , sprung mass 𝑚௦, and unsprung mass 𝑚௨௜ are related as 

𝑚 = ෍  

ସ

௜ୀଵ

𝑚௨௜ + 𝑚௦ (19)

where, the unsprung mass 𝑚௨௜ is a fixed preset value and the sprung mass, 𝑚௦ can be derived from 
the mass estimator after estimating the vehicle mass 𝑚. 

4.2. Module for LQR-Based Actuator Force Calculation 
The Linear Quadratic Regulator (LQR) controller is a full state feedback controller that 

minimizes the error by means of an objective function and a suitable gain matrix to allow the system 
to achieve beĴer performance. The LQR cost function is chosen as follows 

𝐽 = න  
ஶ

଴

[𝑌்𝑄𝑌 + 𝑈்𝑅𝑈]𝑑𝑡 (20)

where the input and output weight matrices are respectively, as follows 

𝑄 = 𝑑𝑖𝑎𝑔(𝑞ଵ, 𝑞ଶ, 𝑞ଷ, 𝑞ସ. . . . . . 𝑞ଵସ) (21)

𝑅 = 𝑑𝑖𝑎𝑔(𝑟ଵ, 𝑟ଶ, 𝑟ଷ, 𝑟ସ) (22)

In the weight matrix, 𝑞ଵ ~ 𝑞ଵସ  are the state variable weight coefficients, and 𝑟ଵ ~𝑟ସ  are the 
actuator force weight coefficients. 𝑞 and 𝑟 reflect the relative importance of outputs and inputs. By 
modifying the above equation, the standard form of LQR control can be obtained as 

𝐽 = න  
ஶ

଴

ቂ
𝑋
𝑈

ቃ
்

ቂ
𝐸 𝑁
𝑁 𝐹

ቃ ቂ
𝑋
𝑈

ቃ 𝑑𝑡 (23)

included among these 
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ቐ

𝐸 = 𝐶்𝑄𝐶

𝐹 = 𝐷்𝑄𝐷 + 𝑅

𝑁 = 𝐶்𝑄𝐷  

 (24)

By solving the Riccati equation in the following generalized form 

𝐴்𝑃 + 𝑃𝐴 − (𝑃𝐵 + 𝑁)𝐹ିଵ(𝐵்𝑃 + 𝑁்) + 𝐸 = 0 (25)

obtain the positive definite solution matrix P. The feedback gain matrix of the controller is 

𝐾 = 𝐹ିଵ(𝐵்𝑃 + 𝑁்) (26)

Finally, the actuator force is obtained as 

𝑈 = −𝐾𝑋 (27)

4.3. Hybrid Control Logic 
First, the hybrid LQR controller accepts the vehicle mass estimated by FFRLS, and calculates the 

vehicle's system state matrixes 𝐴、𝐵、𝐶、𝐷、𝐺、𝐻 in real time based on the estimated mass as well 
as the preset basic parameters, and inputs the system state matrixes into the LQR controller to 
compute the controller's feedback gain matrix 𝐾  in real time, and then computes the optimal 
actuator force 𝑈 from the state parameters of the vehicle as shown in (27). 

To prevent the estimated mass change from causing the feedback gain matrix 𝐾  of LQR to 
change too frequently, a mass change suppression module is used, 𝑚௢௨௧ quality change suppression 
module is used, This module introduces the absolute percentage error (APE) metric of the estimated 
mass to determine whether the 𝑚௢௨௧ is updated or not 

𝐴𝑃𝐸 = |𝑚௢௨௧ − 𝑚௡௘௪|/𝑚௢௨௧ (28)

𝑚௢௨௧ = ൜
𝑚௢௨௧ , 𝐴𝑃𝐸 ≤ 𝑒;
𝑚௡௘௪ , 𝑒𝑙𝑠𝑒.  

 (29)

where, 𝑚௢௨௧ is the current vehicle mass used to calculate the feedback gain matrix 𝐾 for LQR, 𝑚௡௘௪ 
is the estimated vehicle mass at the current moment, and 𝑒 is the threshold value, where the value 
of 𝑚௢௨௧ remains unchanged when 𝐴𝑃𝐸 ≤ 𝑒; conversely 𝑚௢௨௧ is updated. 

5. Comparative Simulation Analysis 
The vehicle system is subjected to complex maneuvering excitation and random road excitation 

in practice. In order to conform to the practical operating condition of the vehicle, the combined 
working condition that can respond to the lateral, longitudinal and vertical motions of the system is 
designed. The combined working condition can stimulate the coupling of vehicle motions in each 
degree of freedom, such as the vertical vibration of unsprung mass and sprung mass, and the 
coupling motion of body pitch and roll. 

To verify the effectiveness of the design strategy, the passive suspension, original controller and 
hybrid controller are analysed by numerical simulation using random road excitation respectively. 
The random road excitation adopts the filtered white noise time-domain road input model[30], which 
is as follows 

𝑧̇௚௜(𝑡) = −2𝜋𝑓଴𝑧௚௜(𝑡) + 2𝜋ඥ𝐺଴𝜈𝑤௜(𝑡) (30)

where is the lower cut-off frequency of 𝑓଴, 𝑤௜(𝑡) is the uniformly distributed white noise of the 𝑖-th 
wheel, and 𝐺଴ is the road roughness coefficient.  

In this paper, we use class B pavement as the random road input, the roughness coefficient of 
class B pavement is 𝐺଴ = 0.000064, and the lower cut-off frequency is taken as 𝑓଴ = 0.01. 

5.1. Vehicle Simulation Parameter Selection 
The parameters of the vehicle used for simulation are shown in Table 2. 
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Table 2. Vehicle parameters. 

Parameters Value Unit 
Nominal vehicle mass 1200 kg 

Vehicle actual mass 2000 kg 
Air density 1.18 kg·m⁻³ 

Windward area 1.6 m² 
Coefficient of air resistance 0.3  

Coefficient of rolling friction 0.015  
Acceleration of gravity 9.81 m·s-2 

Centroid to front axes distance 1.178 m 
Centroid to rear axes distance 1.464 m 
Centroid to roll axes distance 0.256 m 

Centroid to pitch axes distance 0.104 m 
Front half shaft base 0.729 m 
Rear half shaft base 0.7275 m 

Unsprung mass at front wheels 40.5 kg 
Unsprung mass at rear wheels 45.4 kg 

Roll inertia 522 kg·m² 
Pitch inertia 2131 kg·m² 

suspension stiffness 20000 N·m⁻¹ 
wheel stiffness 200000 N·m⁻¹ 

5.2. Dynamic Response and Body AĴitude Analysis Integrated with Online Estimation of Vehicle Mass 
First, the validity of the vehicle mass estimation algorithm is verified, and then the effects of 

vehicle dynamics response and body aĴitude control are compared between passive suspension, 
LQR controller without integrated with vehicle mass estimation (original controller) and LQR 
controller with integrated with vehicle mass estimation (hybrid controller). 

The vehicle longitudinal velocity and longitudinal acceleration are shown in Figures 3 and 4, 
respectively. 

 
Figure 3. Vehicle longitudinal speed. 

 
Figure 4. Vehicle longitudinal acceleration. 

5.2.1. Vehicle Mass Estimation Simulation Analysis 
Vehicle mass estimation result are shown in Figure 5. 
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Figure 5. Vehicle mass estimation result. 

As shown in Figure 5, the mass estimation algorithm designed in this paper can effectively 
estimate the vehicle mass within a short time and converge the error to within 5%. To enable the mass 
estimation value to respond beĴer in the hybrid controller, the mass estimation value is averaged 
every 5s, and the effect is shown in Figure 6. 

 
Figure 6. Mean-processed mass estimation result. 

5.2.2. Vehicle dynamic response and body aĴitude analysis 
To study the effect of load change on suspension control, this paper adopts the variable load 

condition, the load is changed from 1200 kg to 2000 kg and then the system is laterally and 
longitudinally loaded in which the vehicle's lateral and longitudinal acceleration is shown in Figure. 
7. 

 
Figure 7. Vehicle lateral and longitudinal acceleration. 

Since the mass estimation takes some time to converge, the dynamic response and body aĴitude 
analysis is performed below for 20-40 seconds. 
Time Domain Response Analysis 

Table 3. Root mean square plant for each evaluation metric. 

 Passive
Original 

Controller 

Rate of change of 
Original Controller vs. 

Passive/% 

Hybrid  
Controller

Rate of change of 
Hybrid Controller vs. 

Passive/% 
Body vertical 

acceleration(m·s⁻²) 
0.16 0.13 18.33 0.15 7.95 

Body roll angle(deg) 0.19 0.054 72.46 0.053 72.8 

Body pitch angle(deg) 0.033 0.031 7.73 0.031 7.2 
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Suspension 
deflection 

(m) 

Wheel 
1 

0.0034 0.0022 35.16 0.0021 38.23 

Wheel 
2 

0.0028 0.0019 33.28 0.0018 36.52 

Wheel 
3 

0.0031 0.0021 30.54 0.002 34.22 

Wheel 
4 

0.0032 0.0021 35.62 0.002 38.66 

Tire dynamic 
deformation 

(m) 

Wheel 
1 

0.00071 0.00072 -1.8 0.00068 3.76 

Wheel 
2 

0.00069 0.00071 -3.05 0.00067 2.72 

Wheel 
3 

0.00072 0.00074 -2.7 0.00069 3.58 

Wheel 
4 

0.00073 0.00075 -3.4 0.00071 2.62 

Note 𝑖 = 1, 2, 3, 4, is the left front wheel, left rear wheel, right front wheel, and right rear wheel, respectively 
Table 3 shows the comparison of the root mean square plant for each evaluation metric. 
Figures 8, 9 and 10 show the time-domain response curves characterising the body aĴitude 

control quantities body pitch angle, body roll angle and suspension dynamic deflection. Table 3 
shows the comparison of the root mean square plant for each evaluation metric. 

 
Figure 8. Time domain response curve of body pitch angle. 

 
Figure 9. Time domain response curve of body roll angle. 
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(c) (d) 

Figure 10. Time domain response curve of suspension dynamic deflection: (a) Wheel 1; (b) Wheel 2; (c) Wheel 
3; (d) Wheel 4. 

Combined with Figures 8, 9, 10 and Table 3, it can be seen that compared with the passive 
suspension, hybrid controller reduces the rms root-plant of body roll angle and pitch angle by 72.80% 
and 7.20% , respectively, and the suspension dynamic deflection is reduced by an average of 36.91%. 
Compared with the original controller, hybrid controller maintains similar rms root-plant of body 
roll angle and pitch angle, while the suspension dynamic deflection is reduced by an average of 
3.26%, achieving beĴer control of the vehicle body aĴitude. 

Figures 11 and 12 show the time domain response curves characterizing the dynamic response 
to body vertical acceleration and tire dynamic deformation. 

 
Figure 11. Time domain response curve of body vertical acceleration. 

  
(a) (b) 

  
(c) (d) 

Figure 12. Time domain response curve of tire dynamic deformation: (a) Wheel 1; (b) Wheel 2; (c) Wheel 3; (d) 
Wheel 4. 

As can be seen from Figures 11 and 12, the hybrid controller reduces the body vertical 
acceleration and tire dynamic deformation compared to passive suspension. Combined with the 
comparison of the rms values in Table 3, compared to the passive suspension, the hybrid controller 
reduced the body vertical acceleration by 7.95% and the original controller reduced the body vertical 
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acceleration by 18.33%, the hybrid controller reduced the tire dynamic deformation by an average of 
3.17% and the original controller increased the tire dynamic deformation by an average of 2.74%. The 
result shows that the hybrid controller has less variation in tire dynamic deformation. 

The results show that the hybrid controller proposed in this paper, for the passive suspension, 
all the metrics are reduced; for the original controller, although the body vertical acceleration is 
deteriorated, the degree of deterioration is within the acceptable range, and when the vehicle mass is 
2000 kg, the safety is especially important, and the control of the suspension dynamic deformation 
and tire dynamic deformation is more critical, and if the original controller is used for the control of 
the vehicle, it is a deviation from the performance of the preset required control. 

Frequency Domain Response Analysis 
The frequency domain response curve of body vertical acceleration is shown in Figure 13. 

 
Figure 13. Frequency domain response curve of body vertical acceleration. 

From the frequency domain analysis in Figure. 13, it can be seen that, compared with the passive 
suspension, the hybrid controller body vertical acceleration response has a significant reduction at 
the first-order resonance peak and liĴle change at the second-order resonance peak; compared with 
the original controller, the hybrid controller body vertical acceleration response is slightly higher at 
the first-order resonance peak and at the second-order resonance peak, but it is still within a 
reasonable range.  

The frequency domain response curve of suspension dynamic deflection is shown in Figure 14. 

  
(a) (b) 

  
(c) (d) 

Figure 14. Frequency domain response curve of suspension dynamic deflection: (a) Wheel 1; (b) Wheel 2; (c) 
Wheel 3; (d) Wheel 4. 

From the frequency domain analysis in Figure 14, it can be seen that, the hybrid controller 
suspension dynamic deflection response is reduced at both the first-order resonance peak and the 
second-order resonance peak, compared with the passive suspension and the original controller. 
Where, for the passive suspension, the hybrid controller suspension dynamic deflection response is 
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significantly reduced at the first-order resonance peak, and for the original controller, the hybrid 
controller suspension dynamic deflection response is significantly reduced at the second-order 
resonance peak, and the result demonstrates that the hybrid controller is more effective in the control 
of the suspension dynamic deflection. 

The frequency domain response curve of tire dynamic deformation is shown in Figure 15. 
From the frequency domain analysis in Figure 15, it can be seen that, compared with the passive 

suspension, both the original controller and the hybrid controller tire dynamic deformation responses 
are significantly reduced at the first-order resonance peaks, where the original controller is slightly 
beĴer than the hybrid controller; at the second-order resonance peaks, the original controller tire 
dynamic deformation response is significantly higher compared with the passive suspension, 
whereas the hybrid controller tire dynamic deformation response does not change much compared 
with the passive suspension. 

Comprehensive analysis of the above, in the case of the total mass of the truck is 2t, the comfort 
of the hybrid controller has a lower degree of deterioration, but greatly guarantee the safety 
performance of the vehicle in the case of heavy loads, and the results show that the hybrid controller 
has a very good adaptability for the quality of different cases of the truck. 

  
(a) (b) 

  
(c) (d) 

Figure 15. Frequency domain response curve of tire dynamic deformation: (a) Wheel 1; (b) Wheel 2; (c) Wheel 
3; (d) Wheel 4. 

5.3. Analysis of Actuator Force and Efficiency 
Figure 16 shows a comparison of the actuator force for the original controller and the hybrid 
controller. 

  
(a) (b) 

Figure 16. Comparison of actuator force: (a) Time domain comparison; (b) Frequency domain comparison.  

As shown in Figure 16a, the amplitude of the actuator force of the original controller is in general 
larger and less efficient than that of the hybrid controller. As shown in Figure 16b, the original 
controller causes a high frequency actuator force component to be output from the active suspension, 
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whereas the hybrid controller's high frequency component is greatly reduced, and such improvement 
reduces the requirement of the active suspension actuator speed, which is beneficial to the design of 
the active suspension actuator. In conclusion, hybrid controller not only makes the design of active 
suspension less difficult but also enables the utilization and performance of active suspension to be 
improved compared with the original controller. 

6. Conclusions 
For the active suspension control problem of truck, in this paper, a seven-degree-of-freedom 

suspension model of the vehicle is established, and a control algorithm based on hybrid controller is 
proposed, and simulation is used to verify the effectiveness of the model and the control strategy, 
and the following conclusions are drawn. 

(1)In this paper, a hybrid controller for active suspension of trucks integrated with  online 
estimation of vehicle mass is proposed. Compared with the original controller, the hybrid controller 
can adapt to the real-time change of the vehicle mass, and has a beĴer control effect to ensure the 
effectiveness of the control system. 

(2)According to the characteristics of the parameter changes in the vehicle driving process, based 
on the longitudinal vehicle dynamic using the FFRLS and simulation test verification, the final mass 
estimation results of the error are less than 5%. 

(3)Simulink co-simulation results show that under the combined working condition of 
responding to the lateral, longitudinal and vertical motions of the system, compared with the original 
controller, in the time domain, the root-mean-square (RMS) plant of the suspension dynamic 
deflection and tire dynamic deformation of the hybrid controller is reduced by 3.26% and 5.91% on 
average, respectively, achieving good control of the body dynamic response and body aĴitude under 
heavy load condition. In the frequency domain characteristics, the suspension dynamic deflection 
response tire dynamic deformation induced by external excitation of the hybrid controller is generally 
beĴer than that of the original controller, which optimizes the body aĴitude frequency response. On 
the other hand, although some metrics deteriorated in the time and frequency domains, the overall 
global optimization of comfort and aĴitude stability can be achieved. 

Overall, the hybrid controller is well optimized for suspension dynamic deflection, and tire 
dynamic deformation compared to the original suspension. This result shows the good adaptability 
of the hybrid controller for trucks with different masses. 
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