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Abstract: The semi-active cab suspension system for trucks is gaining increasing importance due to its economic

advantages, low energy consumption, and significant enhancement of ride comfort. This paper investigates

the effects of three control methods on improving ride comfort of semi-active cab suspension systems under

random and bump road conditions: Proportional-Integral-Derivative (PID) control, fuzzy PID control, and

Model Predictive Control (MPC). Initially, an accurate multi-degree-of-freedom truck cab suspension model was

developed and validated through actual road tests. Based on this model, three control strategies were designed

and implemented. Finally, the effectiveness of each control strategy was evaluated under various road conditions,

including random and bump road scenarios. The results demonstrate that these control strategies can effectively

reduce vibrations and impacts, significantly enhancing ride comfort, which is crucial for reducing driver fatigue

and improving driving safety.

Keywords: semi-active cab suspension; ride comfort; model validation; control strategy

1. Introduction

Trucks are composed of multiple intricate components, including the cab, frame, and wheels.
During operation, uneven road surfaces can induce vibrations and shocks that are transmitted to the
cab through the cab suspension , suspension, and tires, consequently impacting the driver’s comfort
and driving safety. The primary function of the cab suspension system is to isolate road-induced
vibrations, thereby reducing vibrations within the cab to enhance driver comfort and ensure driving
safety. Therefore, investigating cab suspension systems is crucial for enhancing driving comfort and
safety[1–5].

For the cab suspension system, research primarily focuses on three categories: passive suspension,
semi-active suspension, and active suspension. Among these, semi-active suspension has garnered
attention due to its combination of the advantages of both passive and active suspension systems.
Compared to passive suspension, semi-active suspension demonstrates superior performance in
enhancing driving comfort and vehicle stability[6],Compared to active suspension systems, semi-
active suspension systems require only a small amount of external energy input, resulting in lower
energy consumption and cost [7]. Control technology plays a crucial role in semi-active cab suspension
systems. Superior control technology can mitigate vehicle jolts on uneven surfaces, effectively manage
body posture, and enhance driving safety. Conversely, if the control technology is poorly implemented,
its performance may be inferior to that of traditional passive suspension systems. Inappropriate control
logic may lead to excessive adjustments, which not only reduces driving comfort but also increases the
risk of driving. Therefore, developing high-performance control technologies is of utmost importance.
Common control methods for semi-active cab suspensions include PID [8,9], sliding mode control
[10,11], optimal control [5,12], and fuzzy control [13,14].

Optimal control techniques are widely used in the semi-active control systems of cab suspensions.
Two primary methods, the Linear Quadratic Regulator (LQR) and Linear Quadratic Gaussian (LQG),
achieve optimal performance by determining the weighted matrices for system states and control
variables [15]. Xia et al. developed an LQG control strategy for truck active suspension systems
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to improve cargo integrity and other performance aspects. Their four-degree-of-freedom active
suspension model showed significant enhancements in cargo integrity, ride comfort, and handling
stability over passive suspension systems through time-domain and frequency-domain simulations
[16]. Gandhi et al. evaluated the LQR’s effectiveness in a four-degree-of-freedom half-car suspension
model using MATLAB-Simulink simulations, which indicated that LQR significantly improves ride
quality and passenger comfort [17]. Yan and Zhang explored LQG control for heavy truck cab
active suspension systems to boost ride comfort and safety. Their study, involving a half-truck
cab active suspension model and a linear quadratic optimal control strategy, demonstrated marked
reductions in vertical cab acceleration, roll angle, and pitch angle acceleration, enhancing overall ride
comfort and driving safety [18]. Model Predictive Control (MPC) is an advanced strategy that guides
current control decisions by predicting future system behavior. Unlike LQR and PID control, which
only constrain input and output variables, MPC can handle various constraints on state variables,
providing exceptional performance for complex systems. Lu et al. proposed a coordinated semi-active
suspension system for trucks using MPC to improve ride comfort by addressing vertical, roll, and
pitch vibrations. Co-simulations between ADAMS/Car and MATLAB/Simulink showed that MPC
outperforms Skyhook control, optimizing truck cab dynamics and significantly enhancing driver
comfort during long-haul transportation [19]. Yang et al. utilized an MPC algorithm that enhances
vehicle suspension systems through road surface recognition. By tracking road parameters and
employing a Bayesian approach to optimize suspension control, the MPC algorithm significantly
reduces acceleration, suspension displacement, and tire displacement compared to passive suspension
systems, thereby improving passenger comfort across various speeds and road conditions [20].

Fuzzy control is extensively utilized in semi-active cab suspension systems, primarily due to its
ability to manage complex and nonlinear dynamic behaviors. This method enhances driving comfort
and safety across diverse road conditions. Furthermore, fuzzy control is highly robust in addressing
uncertainties and disturbances, which improves the system’s stability and reliability in challenging
driving environments. Ning et al. introduced a semi-active control approach for active seat suspension
using a disturbance observer-based Takagi-Sugeno (TS) fuzzy controller. This approach incorporates
acceleration feedback to boost the controller’s performance and stability, compensating for disturbances
like friction and model simplification. It emphasizes minimizing low-frequency vibrations to enhance
ride comfort and reduce driver fatigue [21]. Nguyen et al. devised a PID-fuzzy control strategy for
cab isolation systems, merging fuzzy and PID control to mitigate vibrations in the cab isolation frame.
Research has shown significant reductions in the power spectral density (PSD) and weighted root
mean square (RMS) values of vertical driver seat and pitch cab angle vibrations, especially under
high-density elastoplastic soil conditions [22]. Liem et al. explored the use of fuzzy logic controllers in
heavy truck cab isolation systems, aiming to improve ride comfort by reducing the RMS acceleration
of the driver’s seat and the pitch and roll angles of the cab. Their findings demonstrated that RMS
acceleration is considerably decreased across various road conditions, highlighting the effectiveness of
fuzzy logic control in enhancing ride comfort and reducing vibrations compared to passive isolation
systems [23].

In semi-active cab suspension control research, simplified multi-degree-of-freedom models are
commonly employed. Nguyen et al. studied the ride comfort of an 8-degree-of-freedom heavy truck
cab. Their study utilized an 8-degree-of-freedom dynamic model with Matlab/Simulink and fuzzy
logic control, demonstrating significant improvements in ride comfort on both step and random road
surfaces[24]. Akçay et al. developed a three-degree-of-freedom cab model using stochastic optimal
control to analyze and improve truck driving dynamics. Their research compared LQG design with
reduced-order controllers, showing that both effectively attenuated cab vibrations. HIFOO optimiza-
tion presented a promising alternative, excelling in minimizing heave, pitch, and roll accelerations
under random road excitation[25]. Basaran et al. proposed a seven-degree-of-freedom truck cab sus-
pension model using an adaptive vector backstepping control method. The proposed control system
aimed to improve the vibration control of the truck cab, significantly suppressing vibrations under
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various road conditions, thereby enhancing driver comfort and safety[26]. The truck cab suspension
system is a complex system, and establishing an accurate dynamic model is crucial for designing
suspension control strategies. However, current research on semi-active suspension models mostly
lacks model validation. Therefore, the development of suspension control strategies for vehicle models
based on real vehicle verification remains to be further investigated.

In this study, we developed an accurate ten-degree-of-freedom truck cab suspension dynamics
model, validated through real vehicle testing. To enhance ride comfort, three control strategies
were devised and their performances under different driving conditions were compared. The key
contributions of this research are summarized as follows:

• An accurate four-wheel road model was constructed, with actual road surface roughness of the
test road measured;

• The accuracy of the full vehicle cab suspension model was verified experimentally;
• Three control strategies for semi-active suspension control were proposed;
• The performance of the control strategies was evaluated on both random and bumpy roads.

The structure of this paper is as follows:Section 2 details the establishment and validation of
the accurate semi-active cab suspension and road models. Section 3 describes the three proposed
control strategies. Section 4 examines the performance of the various control strategies under different
scenarios. Finally, Section 5 provides a summary.

2. Model and Verification

2.1. The Truck Cab Suspension Model

The truck cab suspension model discussed in this paper encompasses the cab, frame, wheels, cab
suspension, and suspension system. As depicted in Figure 1, the model includes various degrees of
freedom: the wheels possess four vertical degrees of freedom, the frame has three degrees of freedom
(vertical motion, roll, and pitch), and the cab has three degrees of freedom (vertical motion, roll, and
pitch). The model also takes into account the uneven effects of road disturbances on the front and rear
wheels, as well as on the left and right sides. Compared to the traditional quarter-car model, this more
comprehensive multi-degree-of-freedom vehicle model can more accurately represent the dynamic
behavior of the vehicle under actual driving conditions[27,28].
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Figure 1. Schematic diagram of the truck cab suspension model.
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According to Newton’s second law, the vertical vibration differential equation of the wheel
assembly is illustrated by Equation (1):

m1z̈w1 = Fw1 − Fks1 − Fcs1

m2z̈w2 = Fw2 − Fks2 − Fcs2

m3z̈w3 = Fw3 − Fks3 − Fcs3

m4z̈w4 = Fw4 − Fks4 − Fcs4

(1)

The frame is supported by four suspensions and, in turn, the cab is supported by four cab mounts.
The differential equations governing the vertical, pitch, and roll motions of the frame are presented in
Equation (2): 

m f z̈ f = Fks1 + Fcs1 + Fks2 + Fcs2

+Fks3 + Fcs3 + Fks4 + Fcs4

−Fkcs1 − Fccs1 − Fkcs2 − Fccs2

−Fkcs3 − Fccs3 − Fkcs4 − Fccs4

l f x θ̈ f = (Fks4 + Fcs4 + Fks3 + Fcs3)d2

−(Fks1 + Fcs1 + Fks2 + Fcs2)d1

+(Fkcs1 + Fccs1 + Fkcs2 + Fccs2)b1

+(Fkcs3 + Fccs3 + Fkcs4 + Fccs4)b2

I f y φ̈ f = (Fks1 + Fcs1 + Fks4 + Fcs4)d4

−(Fks2 + Fcs2 + Fks3 + Fcs3)d3

−(Fkcs1 + Fccs1 + Fkcs4 + Fccs4)d4

+(Fkcs2 + Fccs2 + Fkcs3 + Fccs3)b2

(2)

The cab, supported by four cab mounts, exhibits vertical, pitch, and roll motions, the control
differential equations of which are demonstrated in Equation (3):

m f z̈ f = Fkcs1 + Fccs1 + Fkcs2 + Fccs2

+Fkcs3 + Fccs3 + Fkcs4 + Fccs4

Icx θ̈c = (Fkcs3 + Fccs3 + Fkcs4 + Fccs4)a2

−(Fkcs1 + Fccs1 + Fkcs2 + Fccs2)a1

Icy φ̈c = (Fkcs1 + Fccs1 + Fkcs4 + Fccs4)a4

−(Fkcs2 + Fccs2 + Fkcs3 + Fccs3)a3

(3)

where mi represents the mass of the four tire components, while m f and mc denote the masses of the
vehicle frame and cab, respectively. I f x and Icx signify the moments of inertia of the frame and cab
in the x-direction, and I f y and Icy denote the moments of inertia in the y-direction for the frame and
cab, respectively. Parameters ai, bi, and di are geometric dimensions of the vehicle, with their specific
meanings illustrated in Figure 1. The forces Fwi, Fksi, Fcsi, Fkcsi, Fccsi, and Fi correspond to the tire force,
suspension stiffness force, suspension damping force, cab suspension stiffness force, cab suspension
damping force, and semi-active suspension control force, respectively. Table 1 enumerates the specific
values for the vehicle’s mass, moments of inertia, and geometric dimensions.
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Table 1. Vehicle parameters.

Parameter Name Value Unit

Geometric Parameter d1 2.4 m
Geometric Parameter d2 2.6 m
Geometric Parameter d3 0.6 m
Geometric Parameter d4 0.6 m
Geometric Parameter b1 3.2 m
Geometric Parameter b2 2 m
Geometric Parameter a1 0.7 m
Geometric Parameter a2 0.8 m
Geometric Parameter a3 0.5 m

Front Tire Mass m2 60 kg
Rear Tire Mass m3 90 kg

Frame Mass m f 3150 kg
Cabin Mass mc 980 kg

Frame Moment of Inertia in x-direction I f x 813 m2·kg
Frame Moment of Inertia in y-direction I f y 764 m2·kg
Cabin Moment of Inertia in x-direction Icx 346 m2·kg
Cabin Moment of Inertia in y-direction Icy 2264 m2·kg

The absolute displacement of the suspension is described by Equation (4):
zst1 = z f + d1θ f + d4 φ f , zcb1 = z f + b1θ f + d4 φ f , zct1 = zc + a1θc + a4 φc

zst2 = z f + d1θ f − d3 φ f , zcb2 = z f + b1θ f − d3 φ f , zct2 = zc + a1θc − a3 φc

zst3 = z f − d2θ f − d3 φ f , zcb3 = z f + b2θ f − d3 φ f , zct3 = zc − a2θc − a3 φc

zst4 = z f − d2θ f + d4 φ f , zcb4 = z f + b2θ f + d4 φ f , zct4 = zc − a2θc + a4 φc

(4)

where zsti is the distance from the suspension to the vehicle’s center of mass, zcbi is the distance from
the lower support point of the cab suspension to the vehicle’s center of mass, representing geometric
parameters, and zcti is the distance from the upper support point of the cab suspension to the center
of mass of the cab. The variable q denotes the road excitation, zwi is the vertical displacement of the
suspension spring, z f is the vertical displacement of the frame, and zc is the vertical displacement of
the cab. The relative displacements and velocities are provided in Section 6.

The mechanical characteristics of the damper exhibit significant nonlinearity, which is crucial to
the overall vehicle performance. The damping force Fc as a function of relative velocity v is obtained
by fitting experimental data using a cubic polynomial, as shown in Equation (5):

Fc = c1v3 + c2v2 + c3v (5)

where, Fc represents the damping force of the shock absorber. The coefficient ci denotes the damping
coefficients obtained through polynomial fitting. The specific parameters ci are listed in Table 2.

Table 2. Shock absorber parameters.

Shock Absorber Position and
Condition c1 c2 c3

Cabin Front Suspension - Compression 0.000031 0.027476 11.389424
Cabin Front Suspension - Tension -0.000017 0.011704 6.975855

Cabin Rear Suspension - Compression -0.000023 -0.007452 4.482131
Cabin Rear Suspension - Tension 0.000032 -0.022581 6.182971
Front Suspension - Compression 0.000022 0.021163 7.101091

Front Suspension - Tension 0.000073 -0.080829 29.347936
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To accurately describe the nonlinear characteristics of tires, this study employs a quadratic curve
fitting method to analyze experimental data obtained under different tire pressure conditions. A
quadratic polynomial is chosen for fitting, as shown in Equation (6):

Fw = k1x2 + k2x (6)

where Fw represents the vertical tire force, ki denotes the stiffness coefficients, and x represents the tire
displacement.

The stiffness coefficients ki exhibit a linear relationship with the tire pressure p, fitted using a
linear polynomial as shown in Equation (7):{

k1 = α1 p + α2

k2 = α3 p + α4
(7)

The specific values of the coefficients αi are detailed in Table 3.

Table 3. The coefficients αi.

Parameter Value

α1 0.3857
α2 372.18
α3 0.0138
α4 -4.8361

2.2. Road Surface Model

2.2.1. Single Wheel Road Surface Model

The primary factor contributing to vibrations caused by vehicles is the roughness of the road
surface, which can be characterized by its spatial power spectral density. This spatial frequency
correlates with temporal frequency and varies with the vehicle’s speed[29,30]. When a vehicle travels
at a speed u on a road surface with a spatial frequency n, the resulting temporal frequency f can be
determined, as shown in Equation (8):

f = nu (8)

The relationship between the spatial power spectral density and the temporal power spectral
density is described by Equation (9):

Gq( f ) =
1
u

Gq(n) (9)

where Gq( f ) is the temporal power spectral density, and Gq(n) is the spatial power spectral density.
The road’s power spectral density Gq(n) is defined by Equation (10):

Gq(n) = Gq(n0)

(
n
n0

)−w
(10)

where Gq(n0) represents the roughness coefficient of the road surface, n is the spatial frequency, n0 is
the reference spatial frequency (commonly set to 0.1), and w is the slope of the power spectral density,
typically valued at -2.

By substituting Equation (9) into Equation (10), the temporal power spectral density can be
expressed as Equation (11):

Gq( f ) =
1
u

Gq(n0)

(
n
n0

)−2
= Gq(n0)n2

0
u
f 2 (11)
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Expressing the vehicle speed u (in m/s) in terms of angular frequency ω (in rad/s), where
ω = 2π f , and substituting this into Equation (11) gives us Equation (12):

Gq(ω) =
(2π)2Gq(n0)n2

0u
ω2 (12)

When ω = 0, Gq(ω) approaches infinity, which is not feasible in practical engineering contexts. To
accurately depict the road conditions at low frequencies, a spatial cutoff frequency nmin is introduced.
Including this cutoff frequency into Equation (12) results in Equation (13):

Gq(ω) = (2π)2Gq(n0)n2
0

u
ω2 + ω2

0
(13)

Using the principles of random vibration, Equation (14) can be derived:

Gq(ω) = |H(ω)|2Sw (14)

where H(ω) is the frequency response function of the system, and Sw is the power spectral density
of white noise, with Sw = 1. By combining Equation (13) and Equation (14), we get the system’s
frequency response function as expressed in Equation (15) :

Gq(ω) = |H(ω)|2Sw (15)

Therefore, the time domain model for the road surface roughness, modeled as filtered white noise,
is given by Equation (16):

q̇(t) = −2π f0 · q(t) + 2π
√

Gq(n0)u · w(t) (16)

2.2.2. Correlation of Road Inputs for Front and Rear Wheels

Assuming the front and rear wheel tracks of the vehicle are the same and the vehicle is moving
in a straight line at a constant speed, the rear wheel road input is a time-delayed version of the front
wheel road input. The relationship between the front and rear wheel road white noise inputs is given
by Equation (17):

q4(t) = q1(t − td) (17)

The time delay td is defined by Equation (18):

td =
L
u

(18)

where q4(t) represents the rear wheel input, q1(t) represents the front wheel input, L is the wheelbase,
and u is the vehicle speed.

2.2.3. Correlation of Road Inputs for Left and Right Wheels

The correlation function of the road inputs for the left and right wheel tracks, coh(s), is given by
Equation (19):

coh(s) =
q2(s)
q1(s)

(19)

Reference [52] presents a relatively simple and realistic mathematical model for four-wheel road
input, described by Equation (20):

coh(s) = e−
B
u s (20)
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where B is the vehicle’s wheel track and s is a fitting parameter.
By combining Equation (19) and Equation (20) and using a first-order Pade approximation, we

obtain Equation (21):

coh(s) =
q2(s)
q1(s)

≈
1 − B

2v s
1 + B

2v s
(21)

Applying the inverse Laplace transform to the above equation, we get Equation (22):

q̇2(t) = −2v
B

q2(t) +
2v
B

q1(t)− q̇1(t) (22)

Thus, the trajectory equation for the left and right wheels can be expressed by Equation (23):

q̇2(t) = (2π f0 +
2ν

B
)q1(t)− 2πn0

√
Gq(n0)ν · w(t)− 2ν

B
q2(t) (23)

2.2.4. Four-Wheel Pavement Simulation Results

Based on the pavement model formula established in Section 2.2, the primary variables for
different pavements are the pavement roughness coefficient Gq(n0) and vehicle speed u. According to
the ISO 8608 standard, the range of roughness coefficients for various pavement grades is shown in
Table 4.

Table 4. Road Surface Levels.

Road
Surface
Level

Gq(n0)Upper Limit Gq(n0)Lower Limit Gq(n0)Geometric Mean

A 32 8 16
B 128 32 64
C 512 128 256
D 2048 512 1024
E 8192 2048 4096
F 32768 8192 16384
G 131072 32768 65536
H 524288 131072 262144

Here, we utilized the MATLAB/Simulink platform to simulate vehicle travel on Class A pavement.
According to Table 1, the power spectral density function for Class A pavement is represented as
Gq(n0) = 16 × 10−6m3. The vehicle speed u was set to 10 m/s.The time domain plot of the Class A
pavement, as obtained from the simulation, is shown in Figure 2.
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Figure 2. The Class A road.

We conducted spectral analysis using the pwelch function in MATLAB. This function calculated
the temporal power spectral density, which we then converted to spatial power spectral density using
Equation (8), as illustrated in Figure 3.
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Figure 3. The spatial power spectral density of the Class A road.

From Figures 2 and 3, it is evident that the constructed four-wheel pavement model effectively
reflects the lag phenomenon between the front and rear wheels, as well as the correlation between the
left and right wheels.

2.3. Measurement of Road Surface Roughness

In this study, the three-meter ruler method was employed to measure road surface roughness. The
primary instruments used were a three-meter road inspection ruler and a feeler gauge, as illustrated in
Figure 4. The feeler gauge with height markings was inserted into the gap to measure the maximum
gap height, accurate to 0.2 millimeters.
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Three-meter Ruler Feeler Gauge

Figure 4. The three-meter road inspection ruler.

The experimental road surface is located on Sanxia Road in Shiyan City, Hubei Province. The cal-
culation method for single-rod road surface flatness involves taking the maximum gap value between
the three-meter ruler and the road surface as the measurement result. Continuous measurements were
taken 100 times along a 300-meter road section, and the average value was obtained, the measured
value d =3 mm.

The Power Spectral Density (PSD) values were calculated following the method described in the
literature [31]. By fitting the d values and the International Roughness Index (IRI) data, a conversion
formula between the two was derived, as shown in Equation (24) below:

IIRI = 0.9043d − 0.0606 (24)

Based on the aforementioned relationship, the formula for calculating the Power Spectral Density
Gq(n0) of the tested pavement is as follows:

Gq(n0) =

(
IIRI

0.6

)2
(25)

Finally, the measured Gq(n0) of the tested road surface, rounded to the nearest whole number, is
20 × 10−6m3.

2.4. Road Test Experiment

2.4.1. Experimental Equipment

In this experiment, the equipment used is illustrated in Figure 5. The data acquisition system
utilizes a Siemens LMS data collector, operated in conjunction with Test.Lab software. The sensors
employed are PCB Model 356A16 accelerometers from the United States, characterized by a ±50 g
peak range and a 0.0001 g rms resolution. Calibration of the sensors follows the sensitivity calibration
data provided by the manufacturer. The test vehicle is a Dongfeng Tianjin commercial truck. During
testing, the driver ensures that the speed measurement error is within 0.5 m/s to meet the precision
requirements of the experiment.

(a) Experimental Vehicle (b) Data Acquisition System (c) Sensor

Figure 5. Experimental equipment: (a) Dongfeng Tianjin experimental truck. (b) LMS data acquisition
equipment. (c) Triaxial accelerometer.
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The accelerometers are mounted on the seat floor of the cab, and the data acquisition system is
connected to a computer to verify the integrity and normalcy of data collection. After installation, it is
necessary to calibrate the sensor’s measurement direction to align with the actual spatial coordinate
system and adjust the measurement range to avoid data loss due to exceeding the range. The specific
installation location is shown in Figure 6.

Figure 6. Sensor installation position.

2.5. Data Filtering

During vehicle operation, road surface irregularities induce vertical vibrations in the vehicle,
typically within the frequency range of 0.5 to 15 Hz. In contrast, high-frequency vibrations caused by
short-wave stimuli such as engine vibrations fall within the range of 50 to 250 Hz. To effectively filter
out these high-frequency vibrations, a second-order Infinite Impulse Response (IIR) digital band-pass
filter can be employed, with cutoff frequencies set between 0.5 and 15 Hz. Figure 7 illustrates the effect
of filtering on the acceleration signal within the cab of a vehicle traveling at a speed of 20 km/h.
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Figure 7. Experimental data filtering.
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From Figure 7, it is evident that the filter successfully eliminates high-frequency vibration noise
(e.g., engine noise) while preserving the low-frequency vibration characteristics induced by road
surface irregularities. This significantly enhances the usability and accuracy of the signal.

2.6. Model Validation

Ensuring the accuracy of the model is crucial in the development of a semi-active suspension
system. This study validates the model’s accuracy by comparing the acceleration data generated from
the simulation with the actual measured data. The specific method is illustrated in Figure 8, with the
following steps:

• Measure the actual road surface irregularities of the test road using a three-meter ruler.
• Input the measured road surface irregularities into the road model.
• Compare the acceleration signal obtained from the road model with the filtered measured

acceleration signal.

Measured 

Vertical 

Acceleration 

of the Cab

Simulated 

Vertical 

Acceleration 

of the Cab

Comparison

AccelerometerMeasured Road Roughness

Road Model Vehicle Model

Figure 8. Model validation methods.

The test vehicle was driven straight for 30 seconds at speeds of 20 km/h, 40 km/h, and 60 km/h
on Sanxia Road in Shiyan City, Hubei Province. The data measured and simulated at different speeds
are shown in Figures 9, 10, and 11:
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Figure 9. Simulation Data Comparison with Actual Measurement Data at a Speed of 20 km/h on Grade
A Road Surface.
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Figure 10. Simulation Data Comparison with Actual Measurement Data at a Speed of 40 km/h on
Grade A Road Surface.
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Figure 11. Simulation Data Comparison with Actual Measurement Data at a Speed of 60 km/h on
Grade A Road Surface.

To evaluate the model’s accuracy, the following formula was used to calculate the accuracy rate:

Ac =

(
1 − |Mrms − Srms|

Mrms

)
× 100% (26)

where Ac represents the model accuracy, Mrms denotes the measured RMS value of the acceleration
signal, and Srms signifies the simulated RMS value of the acceleration signal. Table 5 illustrates the
measured and simulated results at various speeds, along with their respective accuracies.

Table 5. Comparison of Simulation Data with Actual Measurement Data.

Speed Mrms Srms Ac

20 km/h 261.8304 221.6586 84.66%
40 km/h 408.7856 385.043 94.19%
60 km/h 457.6561 471.4536 96.99%

As demonstrated in Table 5 , the proposed model exhibits high accuracy across different speeds,
ranging from 84.66% to 96.99%. This confirms the robust accuracy of the proposed model.
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3. Semi-Active Cab Suspension Control Strategies

In this section, we delve into the control strategies and constraints faced by the semi-active
cab suspension system of commercial vehicles. To enhance ride comfort, we have designed and
compared three control strategies: Proportional-Integral-Derivative (PID) control, Fuzzy PID control,
and Model Predictive Control (MPC). These control strategies are constructed to optimize the vibration
performance of the cab, addressing dynamic responses under varying road conditions.

3.1. Constraints of Semi-Active Cab Suspension Systems

When designing the controller for an active suspension system, multiple performance-limiting
factors must be comprehensively considered to ensure stable operation under various conditions and
to achieve the desired outcomes.

1. Mechanical Constraints on Suspension Movement: The suspension’s mechanical structure im-
poses limits on its movement. To avoid vehicle damage and ensure safety, the system must be
designed to prevent the suspension from exceeding its physical limits. Specifically, the suspen-
sion deflection should be controlled within permissible limits to avoid excessive bottoming out,
which can degrade ride comfort and potentially cause structural damage[32]. The limitation on
suspension movement can be expressed by Equation (27):

|zcti − zcbi| ≤ Smax (27)

where Smax is the maximum allowable deflection of the suspension.
2. Actuator Force Limits: The active suspension system relies on actuators to adjust the suspension’s

movement in real-time. However, the force that these actuators can exert is limited. To avoid
damage and maintain system performance, the control force exerted by the actuators must not
exceed their maximum limit[33]. This constraint is specified by Equation (28):

|Fi| ≤ Fmax (28)

where Fmax is the maximum control force that the suspension actuators can provide.
3. Performance Objectives of the Active Suspension System: The primary performance objectives

of the active suspension system include improving ride comfort by isolating the cab from road-
induced shocks and maintaining road grip by ensuring continuous contact between the tires
and the road. Achieving these objectives requires balancing conflicting demands. The static load
limit of the tires is described by Equation (29):

|Fwi| ≤ Fg (29)

where Fg is the static load of the tires.

3.2. PID Semi-active Cab Suspension Control Strategy

3.2.1. PID Control Optimization Objective

The primary objective of optimizing the semi-active suspension system is to minimize the vi-
brational acceleration response at the cab’s center of mass. To achieve this goal, the active controller
must provide appropriate forces to adjust the cab’s posture. The vibration posture of the cab can be
controlled in three directions: vertical, roll, and pitch, as illustrated in Figure 12.
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Figure 12. Analysis of vertical, roll, and pitch vibration of the cab.

1. Vertical Vibration Control: When the cab experiences vertical vibrations, the four dampers
provide damping forces opposite to the direction of the vibrations. The vertical controller
calculates the control force Fz based on the acceleration on the cab.

2. Roll Vibration Control: When the cab undergoes roll vibrations, the two left-side dampers and
two right-side dampers provide damping forces opposite to the direction of the vibrations. The
roll controller calculates the control force Fθ based on the roll angular acceleration on the cab.

3. Pitch Vibration Control: When the cab experiences pitch vibrations, the two front dampers and
two rear dampers provide damping forces opposite to the direction of the vibrations. The pitch
controller calculates the control force Fφ based on pitch angular acceleration on the cab.

By performing logical force weighting calculations, the control forces from the three controllers
are integrated to derive the optimal control force at each suspension point. The optimal control forces
for the four suspension points can be expressed by Equation (30):

Fi = β1Fz + β2Fθ + β3Fφ (i = 1, 2, 3, 4) (30)

where βi are the weighting coefficients.

3.2.2. PID Control Strategy Design

The PID controller is a classic control system algorithm widely applied in semi-active cab suspen-
sion systems. The PID controller calculates the control error through three components: proportional,
integral, and derivative, and adjusts the control output to achieve the desired control objective. Equa-
tion (31) is given by:

F(t) = Kpe(t) + Ki

∫ t

0
e(t)dτ + Kd

de(t)
dt

(31)

where F(t) denotes the controller output, and e(t) represents the error at the current time. The system’s
response characteristics are adjusted through three parameters: proportional gain Kp, integral gain Ki,
and derivative gain Kd.

3.3. Fuzzy PID Semi-active Control Strategy for Cab Suspension System

Fuzzy control is a method based on fuzzy logic, suitable for handling complex and uncertain
systems[34]. It formulates rules through expert experience and reasoning, simulating the fuzzy
reasoning and decision-making processes of humans. In the design of the fuzzy control strategy, we
select speed error e and acceleration error ec as input variables, with output variables being ∆kp, ∆ki,
and ∆kd.

The value ranges for the variables ez̈, ecz̈, eθ̈ , ecθ̈ , eφ̈, and ecφ̈ are [−1, 1], [−0.1, 0.1], [−0.6, 0.6],
[−0.06, 0.06], [−0.6, 0.6], and [−0.06, 0.06] respectively. The ranges for ∆kp, ∆ki, and ∆kd are [−400, 400],
[−20, 20], and [−4, 4] respectively.
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Input and output variables are fuzzified into seven membership levels: Positive Big (PB), Positive
Medium (PM), Positive Small (PS), Zero (ZE), Negative Small (NS), Negative Medium (NM), and
Negative Big (NB). These levels are represented by triangular membership functions. Next, fuzzy rules
are designed, with some rules shown in Table 4. The fuzzy inference uses the Mamdani lookup table
(LUT) method, and defuzzification is performed using the centroid method. The expression for the
centroid method is as follows:

y∗ =
∑n

i=1 µbi
(yi) · yi

∑n
i=1 µbi

(yi)
(32)

where y∗ is the precise value after defuzzification, µbi
(yi) is the membership degree of the output

fuzzy set, and yi is the value of the output variable.The selected fuzzy rules are shown in Table 6.

Table 6. Fuzzy Logic Table.

e/ ec NB NM NS ZE PS PM PB

NB PB PB PM PM PS ZE ZE
NM PB PB PM PS PS ZE NS
NS PM PM PM PS PS ZE NS
ZE PM PM PS ZE NS NS NM
PS PS PS ZE NS NS NM NM
PM PS ZE NS NS NM NM NS
PB ZE ZE NM NM NB NB NB

The correction values of the PID parameters are calculated by Equation (33):
k′p = kp0 + ∆kp

k′i = ki0 + ∆ki

k′d = kd0 + ∆kd

(33)

where kp0, ki0, and kd0 are the initial PID parameters; ∆kp, ∆ki, and ∆kd are the increments after
fuzzification and fuzzy inference of e and ec.

3.4. Model Predictive Control

Model Predictive Control (MPC) employs dynamic models to forecast the future behavior of
controlled objects and accomplishes the control process through three steps[35]: predictive modeling,
rolling optimization, and feedback correction. MPC is particularly advantageous in handling multi-
input multi-output systems. The fundamental components of MPC consist of three main stages:
prediction, optimization, and implementation.

1. Prediction Phase: Based on the current system state and predetermined control laws, the system’s
output over a future horizon is predicted.

2. Optimization Phase: An optimal control sequence is derived by solving a finite-horizon opti-
mization problem.

3. Implementation Phase: The first control input of the optimized sequence is applied to the system,
and the entire process is repeated at the next sampling instant using updated measurements.

In MPC, the state-space equations of the system are first required. By linearizing the full-vehicle
cab suspension system described in Section 2, the state-space representation of the system can be
expressed as follows: {

ẋ(t) = Ax(t) + Buu(t) + Bwω(t)

y(t) = Cx(t) + Duu(t) + Dwω(t)
(34)
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where,The matrices A and C are the system matrices; Bu is the input matrix; Du is the output matrix;
Bw and Dw are the disturbance matrices.

x(t) = [zw1, zw2, zw3, zw4, z f , θ f , φ f , zc, θc, φc, żw1, żw2, żw3, żw4, ż f , θ̇ f , φ̇ f , żc, θ̇c, φ̇c]
T (35)

u(t) = [F1, F2, F3, F4]
T (36)

ω(t) = [q1, q2, q3, q4]
T (37)

where x(t) represents the system states, u(t) denotes the control inputs, which are the control forces
calculated by the controller to suppress vibrations of the suspension and wheel hub motors, ω(t)
represents the road disturbances.

The system output is defined as the vertical acceleration, pitch angular acceleration, and roll
angular acceleration:

y(t) = [z̈ f , θ̈ f , φ̈ f ]
T (38)

Since the optimization problem in MPC must be performed in the discrete-time domain, the
continuous-time model is discretized using the zero-order hold method with a sampling time Ts,
yielding the discrete-time model represented as:{

xk+1 = Adxk + Bdwwk + Bduuk

yk = Cdxk + Ddwwk + Dduuk
(39)

where Ad, Bdu, Bdw, Cd, Ddu, and Ddw are the matrices of the discrete state-space representation.
The essence of the optimal control in MPC lies in the design of the cost function. The optimization

objective function is given by Equation (40):

J =
N

∑
i=1

(y(k + i)− yre f (k + i))TQi(y(k + i)− yre f (k + i)) +
N−1

∑
i=0

u(k + i)T Riu(k + i) (40)

where yre f denotes the reference signal, and Qi and Ri are symmetric positive definite weighting
matrices.

4. Experiments and Results

This section evaluates the effectiveness of the three control strategies described in Section 3 in
terms of ride comfort for a semi-active cab suspension system. Section 3 provided detailed control
design, while Section 2 offered vehicle modeling and parameter information. To assess the proposed
controllers’ effectiveness, we selected vertical acceleration, pitch acceleration, and roll acceleration as
comprehensive evaluation metrics. All analyses were conducted using MATLAB.

4.1. Random Road Surface

To verify the controllers’ performance, a road model was established as described in Section 2.2.
Common road types and speeds were selected for evaluation: Class A road (general highway) and
Class B road (rural concrete road), with speeds of 10 m/s and 5 m/s, respectively.

4.1.1. Class A Road at 10 m/s

In practice, typical highways are classified as Class A roads, tested at a speed of 10 m/s. Figure 13
respectively shows the performance of the three different controllers in terms of vertical acceleration
(z̈), pitch acceleration (θ̈), and roll acceleration (φ̈).
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Figure 13. Performance Comparison of Three Control Strategies on Grade A Road Surface: (a) Vertical
Acceleration. (b) Pitch Angle Acceleration. (c) Roll Angle Acceleration.

4.1.2. Class B Road at 5 m/s

For Class B roads, representing rural concrete roads, the evaluation was conducted at a speed of 5
m/s. Figure 14 summarizes the test results of each controller concerning vertical acceleration (z̈), pitch
acceleration (θ̈), and roll acceleration (φ̈)..
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Figure 14. Performance Comparison of Three Control Strategies on Grade B Road Surface: (a) Vertical
Acceleration. (b) Pitch Angle Acceleration. (c) Roll Angle Acceleration.

4.1.3. Performance Comparison

To quantitatively compare the performance of the control strategies, the RMS values of the
accelerations were calculated. Tables 7 and 8 present the RMS values for different road types and
speeds.

Table 7. Comparison of Control Methods on Grade A Road Surface.

Control Method Passive PID Fuzzy PID MPC

z̈(RMS) 0.27379 0.17853 0.16679 0.14448
θ̈(RMS) 0.095454 0.077903 0.062371 0.058613
φ̈(RMS) 0.097932 0.075125 0.073781 0.060532

Table 8. Comparison of Control Methods on Grade B Road Surface.

Control Method Passive PID Fuzzy PID MPC

z̈(RMS) 0.31288 0.19592 0.19078 0.17313
θ̈(RMS) 0.23141 0.15958 0.1206 0.10971
φ̈(RMS) 0.31039 0.23677 0.20873 0.15711
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Based on the analysis of Table 7, we can conclude that on Class A roads, MPC control significantly
outperforms other control methods in reducing z̈, θ̈, φ̈. Specifically, compared to passive control, MPC
control reduces vertical acceleration by 47%, by 19% compared to PID control, and by 13% compared
to fuzzy PID control. Regarding pitch acceleration, MPC control reduces it by 39% compared to
passive control, by 25% compared to PID control, and by 6% compared to fuzzy PID control. For roll
acceleration, MPC control reduces it by 38% compared to passive control, by 19% compared to PID
control, and by 18% compared to fuzzy PID control.

The analysis results of Table 8 indicate that on Class B roads, MPC control also performs best in
reducing vehicle longitudinal acceleration, pitch acceleration, and roll acceleration. Specifically, MPC
control reduces longitudinal acceleration by 45% compared to passive control, by 12% compared to
PID control, and by 9% compared to fuzzy PID control. In terms of pitch acceleration, MPC control
reduces it by 53% compared to passive control, by 31% compared to PID control, and by 9% compared
to fuzzy PID control. Regarding roll acceleration, MPC control reduces it by 49% compared to passive
control, by 34% compared to PID control, and by 25% compared to fuzzy PID control.

The analysis of Table 8 indicates that on Class B roads, MPC control also performs best in reducing
vehicle longitudinal acceleration, pitch acceleration, and roll acceleration. Specifically, MPC control
reduces vertical acceleration by 45% compared to passive control, by 12% compared to PID control,
and by 9% compared to fuzzy PID control. In terms of pitch acceleration, MPC control reduces it by
53% compared to passive control, by 31% compared to PID control, and by 9% compared to fuzzy PID
control. Regarding roll acceleration, MPC control reduces it by 49% compared to passive control, by
34% compared to PID control, and by 25% compared to fuzzy PID control.

On random roads, MPC control consistently excels in reducing vehicle acceleration, significantly
outperforming passive control, PID control, and fuzzy PID control.

4.2. Bump response

The bumpy road is described by Equation 1[36]:
Figure 15 shows z̈, θ̈, φ̈test results of each controller on the bumpy road. Table 9 lists the RMS

values of z̈, θ̈ and φ̈ on the bumpy road.

Table 9. Comparison of Control Methods at 15m/s.

Control Method Passive PID Fuzzy PID MPC

z̈(RMS) 0.25207 0.13749 0.131 0.11558
θ̈(RMS) 0.05446 0.04205 0.035943 0.032332
φ̈(RMS) 0.011419 0.012213 0.01207 0.0078793
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Figure 15. Comparison of Control Methods on the bumpy road.

The analysis of Table 9 indicates that on bumpy roads, MPC control also performs best in reducing
vehicle vertical acceleration (z̈), pitch acceleration (θ̈), and roll acceleration (φ̈). Specifically, compared
to passive control, MPC control reduces vertical acceleration by 45%, by 12% compared to PID control,
and by 9% compared to fuzzy PID control. In terms of pitch acceleration, MPC control reduces it by
53% compared to passive control, by 31% compared to PID control, and by 9% compared to fuzzy PID
control. Regarding roll acceleration, MPC control reduces it by 49% compared to passive control, by
34% compared to PID control, and by 25% compared to fuzzy PID control.

It is noteworthy that in the control of roll acceleration, a phenomenon of negative optimization
was observed, indicating that in some cases, PID and fuzzy PID control might perform worse than
passive control. However, MPC control still exhibits significant robustness in this aspect, effectively
reducing roll acceleration even in the face of negative optimization.

5. Conclusions

This study investigates the effectiveness of three control methods in enhancing ride comfort for
truck semi-active cab suspension system under random and bumpy road conditions: Proportional-
Integral-Derivative control, Fuzzy PID control, and Model Predictive Control .

The main conclusions are as follows:

1. A single-wheel and four-wheel road model based on the power spectral density of road roughness
was established. The simulations verified the lag between the front and rear wheels and the
correlation between the left and right wheels. The actual road roughness coefficient of the test
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road was obtained using the three-meter straightedge method, with the road surface irregularity
Gq(n0) is rounded to 20 × 10−6m3.;

2. The accuracy of the cab suspension system model was experimentally validated by comparing
the measured and simulated vertical acceleration data of the cab at different speeds. The model
accuracy ranged from 84.66% to 96.99%, demonstrating high precision;

3. Three control strategies for the truck’s semi-active cab suspension were designed based on the
model: PID control, Fuzzy PID control, and MPC control;

4. The validation results on both random and bumpy roads indicate that the proposed control
strategy significantly enhances ride comfort. Among the various methods, Model Predictive
Control (MPC) demonstrated superior performance and robustness, reducing vibrations by at
least 31% without causing any adverse lift effects. This performance is notably better than passive
control, PID control, and fuzzy PID control.

In conclusion, the proposed semi-active cab suspension control strategies significantly enhance
ride comfort, with MPC showing the best performance. Future research will focus on developing more
intelligent and adaptive control systems to address the uncertainties in vehicle parameters.
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6.

The relative displacement of the cab suspension (xcs )is expressed as Equation (41):

xcs = zwi − zsti (41)

The relative displacement of the suspension (xs) is defined as Equation (42):

xs = zcbi − zcti (42)

The absolute velocity is given by Equation (43):
żst1 = ż f + d1θ̇ f + d4 φ̇ f , żcb1 = ż f + b1θ̇ f + d4 φ̇ f , żct1 = żc + a1θ̇c + a4 φ̇c

żst2 = ż f + d1θ̇ f − d3 φ̇ f , żcb2 = ż f + b1θ̇ f − d3 φ̇ f , żct2 = żc + a1θ̇c − a3 φ̇c

żst3 = ż f − d2θ̇ f − d3 φ̇ f , żcb3 = ż f + b2θ̇ f − d3 φ̇ f , żct3 = żc − a2θ̇c − a3 φ̇c

żst4 = ż f − d2θ̇ f + d4 φ̇ f , żcb4 = ż f + b2θ̇ f + d4 φ̇ f , żct4 = żc − a2θ̇c + a4 φ̇c

(43)

The relative velocity of the cab suspension( vcs )is given by Equation (44):

vcs = żwi − żsti (44)

The relative velocity of the suspension( vs )is defined as Equation (45):

vs = żcbi − żcti (45)
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