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Abstract. Using the active suspension system of an electric vehicle driven by two rear in-wheel 
motors as the research object, a 14-degree of freedom coupled vehicle dynamic model is 
established. Based on the model, a dual-loop proportion integration differentiation controller 
based on the particle swarm algorithm is designed to control the active suspension in this paper. 
The designed controller can not only ease the vibration of the vehicle body from the road surface 
roughness and the unbalanced electromagnetic force but also can improve the ride comfort of the 
vehicle. To further verify the effectiveness of the control method, the control effect of the active 
suspension controller designed in this paper is compared with that of a passive suspension and a 
dual-loop proportion integration differentiation controller without the particle swarm algorithm. 
The results show that the vertical vibration acceleration, the roller angle and the pitch angle of the 
vehicle body are significantly improved with the dual-loop proportion integration differentiation 
controller based on the particle swarm algorithm. Compared with the passive suspension and the 
dual-loop proportion integration differentiation controller without the particle swarm algorithm, 
the improvement ratio of the vertical vibration acceleration is 20.92 % and 11.93 %, respectively; 
the roll angle improvement ratio can reach 57.23 % and 22.02 %, respectively; and the 
improvement ratio of the pitch angle is 30.23 % and 18.94 %, respectively. The comparison results 
show that the dual-loop proportion integration differentiation controller optimized with the 
particle swarm algorithm can better improve the ride comfort of the vehicle. 
Keywords: in-wheel motor, active suspension control, dual-loop proportion integration 
differentiation control, particle swarm optimization. 

Nomenclature ݑ Longitudinal speed of vehicle ߮ Roll angle of the vehicle body ߠ Pitch angle of the vehicle body ݈ Wheel base ݈௙, ݈௥ Distance of mass center to the front and rear axle ݀ Wheel track ℎ௦ Distance of the body mass center to roll center axis ܨ௫௜ Longitudinal force of the wheel, ݅ = ݅ ,௜ଵ Mass of the wheel݉ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = ݅ ,௜ଷ Total mass of the support shaft and brake caliper݉ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = ݅ ,௜ସ Total mass of the stator and housing݉ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = ݅ ,௜ହ Total mass of the rotor and brake disc݉ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = ݆ ,௝݇ଵ, ௝݇ଶ Stiffness of the tire and suspension ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = 1, 2, 3, 4 ௝ܿଵ, ௝ܿଶ Damping of the tire and suspension, ݆ = ݆ ,௝ Road surface roughness excitationݍ 4 ,3 ,2 ,1 = 1, 2, 3, 4 ݇ଷଷ, ݇ସଷ, ݇ଷହ, ݇ସହ Stiffness of the bearing ܿଷଷ, ܿସଷ, ܿଷହ, ܿସହ Damping of the bearing 
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 ସଷݖ ,ସଵݖ ,ଷଷݖ ,ଷଵݖ ,ଶଵݖ ,ଵଵݖ
Vertical displacement of the corresponding mass ܨ௠௫ଵ, ܨ௠௫ଶ Electromagnetic force generated by the IWM in ܺ direction ܨ௠௭ଵ, ܨ௠௭ଶ Electromagnetic force generated by the IWM in ܼ direction ௦݂௝ Active control force of the suspension, ݆ =  ௝ Vertical displacement of the join point of vehicle body and the fourݖ ௦ Vertical displacement of the vehicle bodyݖ 4 ,3 ,2 ,1
suspensions, ݆ = 1, 2, 3, 4 ݉ Mass of the vehicle ݉௦ Mass of the vehicle body ݈௔ Axial gap length of the motor ݎ Integral radius ܫ௫ Roll moment of inertia of vehicle body about ݔ-axis ܫ௬ Pitch moment of inertia of vehicle body about ݕ-axis ௠ܶ௜ Torque of the in-wheel motor, ݅ = ݅ ,௪௜ Moment of inertia of the wheelܫ ݎݎ ,݈ݎ = ݅ ,௜ Rotated speed of the wheelݓ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = ݆ ,௦௝ Spring force of suspensionܨ Deformation of the suspension spring ݔ ௧ Wheel radius ߬ Small constantݎ ݎݎ ,݈ݎ ,ݎ݂ ,݈݂ = 1, 2, 3, 4 ௝ܿଶ Damping factor, ݆ = ݆ ,ௗ௝ Damping force of suspensionܨ ௝ Asymmetrical coefficient ݊ Damping property indexߟ 4 ,3 ,2 ,1 = 1, 2, 3, 4 ܵ௤(݊଴) Coefficient of the road surface roughness ݊଴ Reference spatial frequency ݊଴଴ Low cutoff frequency ݃௘ Magnet gap length in circumference ݃଴ Nominal gap thickness ݁ Relative displacement between stator and rotor ߝ Magnet gap eccentricity ߱௥ Rotor speed ߠ௥ Rotor rotation angle ߤ଴ Vacuum permeability ߛ Rotor angle position ߙ Stator angle position relative to A phase winding ߣ Relative air gap permeability ܤ௥, ܤఏ Magnetic flux densities in radial and tangential direction (ݐ)ݎ System input signal ݁(ݐ) Deviation signal of controller (ݐ)ݑ Controller output signal ܿ(ݐ) Controlled object output signal ݒ௜௝ The ݅ particle’s ݆ dimension speed ݔ௜௝ The ݅ particle’s ݆ dimension coordinates ݐݏܾ݁݌௜௝ The ݅ particle’s ݆ dimension individual extremum coordinates ܾ݃݁ݐݏ௜௝ The global coordinates of the group ݆ dimension ݇ Iteration times ܿଵ, ܿଶ Study coefficient 
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 ௞ Inertia weight coefficient ݇௠௔௫  Maximum iterating timesݓ ଶ Random number between 0 and 1ݎ ,ଵݎ

1. Introduction 

The vehicle suspension system is a key component of improving the ride comfort and handling 
stability of vehicles [1]. During the running process, the active suspension can produce an 
expected active control force based on the road condition, movement state, and vehicle load, so 
that the active suspension is always in the best working condition to improve the ride comfort and 
handling stability of the vehicle. Therefore, the control of active suspensions is an important 
development direction in the field of automobile suspension. 

Designing the active suspension is the reasonable choice for the control method and strategy. 
At present, with the development of modern control theory and technology, more and more control 
methods have been applied to active suspension control, such as proportion integration 
differentiation (PID) control, optimal control, indistinct control, predictive control, neural network 
control, etc. [2-6]. In these control methods, PID control is widely used because of the simpler 
structure, stronger robustness and effective control. In [7], a single neuron PID control is used in 
the control of an active suspension system. In [8], a self-tuning PID controller is designed to 
control the active suspension. In [9, 10], the effectiveness of active suspension with a PID 
controller and a neural PID controller is verified based on the comparative analysis. The results 
show that the comprehensive performance of the active suspension controlled by the neural PID 
controller is better than that controlled by the PID controller. In [11], fuzzy and PID algorithms 
are combined and used in active suspension control. The results show that the integrated control 
algorithm is better than a controller with a single control algorithm. In [12], a PID controller with 
a self-adjusting parameter function is designed to control the active suspension and can improve 
the vehicle’s performance to some extent. In conclusion, the above studies were all designed on 
the basis of traditional vehicles using a single-loop PID structure to control the active suspension. 

However, for the electric vehicle (EV) driven by in-wheel motors (IWMs), the excitation in 
the vertical direction acted on the vehicle is not only from the road surface roughness (RSR), but 
also from the electromagnetic force (EMF) produced by the motor magnet gap deformation which 
is caused by the RSR, uneven load, etc. [13]. 

Focusing on the issue above, a dual-loop active suspension control structure that is based on 
the particle swarm optimization (PSO) algorithm and PID control is proposed in this paper. The 
control structure is applied to the active suspension control of EVs to reduce the shock and the 
vibration of the vehicle body from the RSR and EMF and to improve the ride comfort of the 
vehicle. Furthermore, to verify the effectiveness of the control structure proposed in this paper, a 
passive suspension and a dual-loop PID controller without the PSO algorithm are compared. 

2. Active suspension system model of the EV driven by IWM 

2.1. Active suspension dynamic model 

A rear IWMs drive EV is taken as the research object. The electric wheel structure is the form 
of direct drive without speed reducer, the detailed structure can be found in [14]. Fig. 1 shows the 
active suspension dynamic model of the whole vehicle. There are 14 degrees of freedom in the 
dynamic model, including one degree of freedom for the longitudinal movement of the vehicle, 
three degrees of freedom for the vertical, pitch, and roll movement of the vehicle body, six degrees 
of freedom for the vertical movement of the unsprung mass, and four degrees of freedom for the 
rotational movement of the wheels. 
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Fig. 1. 14-degree of freedom dynamic model 

Using Newton’s Second Law, the mathematical model can be deduced based on Fig. 1: 

ەۖۖ
ۖۖۖ
ۖۖۖ
۔ۖۖ
ۖۖۖ
ۖۖۖ
ሶݑ)݉ۓۖۖ − ߛݒ + (ሶߠሶ௦ݖ − ݉௦ℎ௦ߠሷ − ௫௙௟ܨ − ௫௙௥ܨ − ௫௥௟ܨ − ௫௥௥ܨ − ௠௫ଵܨ − ௠௫ଶܨ = 0,

ቌܫ௫߶ሷ − ݉௦݃ℎ௦߶ + 2݀ ௦ଵܨ] + ௗଵܨ + ௦ଷܨ + ௗଷܨ − ௗଶܨ−௦ଶܨ − ௦ସܨ − ௗସܨ + ௦݂ଵ + ௦݂ଷ − ௦݂ଶ − ௦݂ସ] = 0 ቍ ,
ቆܫ௬ߠሷ + ݉௦ܽ௫ℎ௦ − ݈௙(ܨ௦ଵ + ௗଵܨ + ௦ଶܨ + ௗଶܨ − ௦݂ଵ − ௦݂ଶ)+݈௥(ܨ௦ଷ + ௗଷܨ + ௦ସܨ + ௗସܨ + ௦݂ଷ + ௦݂ସ) = 0 ቇ ,൬݉௦(ݖሷ௦ + ሶ߶ݒ − (ሶߠݑ + ௦ଵܨ + ௗଵܨ + ௦ଶܨ + ௗଶܨ + ௗଷܨ+௦ଷܨ + ௦ସܨ + ௗସܨ − ௦݂ଵ − ௦݂ଶ − ௦݂ଷ − ௦݂ସ = 0 ൰ ,݉௙௟ଵݖሷଵଵ + ݇ଵଵ(ݖଵଵ − (ଵݍ + ܿଵଵ(ݖሶଵଵ − (ሶଵݍ − ௦ଵܨ − ௗଵܨ + ௦݂ଵ = 0,݉௙௥ଵݖሷଶଵ + ݇ଶଵ(ݖଶଵ − (ଶݍ + ܿଶଵ(ݖሶଶଵ − (ሶଶݍ − ௦ଶܨ − ௗଶܨ + ௦݂ଶ = 0,൬(݉௥௟ଵ + ݉௥௟ହ)ݖሷଷଵ + ݇ଷଵ(ݖଷଵ − (ଷݍ + ܿଷଵ(ݖሶଷଵ − (ሶଷݍ + ݇ଷଷ(ݖଷଵ − ሶଷଵݖ)ଷଷ)+ܿଷଷݖ − (ሶଷଷݖ + ݇ଷହ(ݖଷଵ − (ଷଷݖ + ܿଷହ(ݖሶଷଵ − (ሶଷଷݖ + ௠௭ଵܨ = 0 ൰ ,൬ (݉௥௟ଷ + ݉௥௟ସ)ݖሷଷଷ + ݇ଷଷ(ݖଷଷ − (ଷଵݖ + ܿଷଷ(ݖሶଷଷ − ଷଷݖ)ሶଷଵ)+݇ଷହݖ − (ଷଵݖ + ܿଷହ(ݖሶଷଷ − (ሶଷଵݖ − ௦ଷܨ − ௗଷܨ − ௠௭ଵܨ + ௦݂ଷ = 0൰ ,൬(݉௥௥ଵ + ݉௥௥ହ)ݖሷସଵ + ݇ସଵ(ݖସଵ − (ସݍ + ܿସଵ(ݖሶସଵ − (ሶସݍ + ݇ସଷ(ݖସଵ − ሶସଵݖ)ସଷ)+ܿସଷݖ − (ሶସଷݖ + ݇ସହ(ݖସଵ − (ସଷݖ + ܿସହ(ݖሶସଵ − (ሶସଷݖ + ௠௭ଶܨ = 0 ൰ ,൬ (݉௥௥ଷ + ݉௥௥ସ)ݖሷସଷ + ݇ସଷ(ݖସଷ − (ସଵݖ + ܿସଷ(ݖሶସଷ − ସଷݖ)ሶସଵ)+݇ସହݖ − (ସଵݖ + ܿସହ(ݖሶସଷ − (ሶସଵݖ − ௦ସܨ − ௗସܨ − ௠௭ଶܨ + ௦݂ସ = 0൰ ఠ೔ܫ, ሶ߱ ௜ = ௠ܶ௜ − .௧ݎ௫௜ܨ

 (1)

The vertical displacement of the join point of vehicle body and the four suspensions can be 
deduced as: 

ەۖۖ
۔ۖ
ଵݖۓۖ = ௦ݖ − ݈௙ߠ + 2݀ ଶݖ,߶ = ௦ݖ − ݈௙ߠ − 2݀ ଷݖ,߶ = ௦ݖ + ݈௥ߠ + 2݀ ସݖ,߶ = ௦ݖ + ݈௥ߠ − 2݀ ߶.

 (2)
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Nonlinear of the adaptive suspension has been considered in the model, the nonlinear 
characteristics of the spring can be expressed as follow [15]: ܨ௦௝ = ௝݇ଶ ⋅ ݔ + ߬ ⋅ ௝݇ଶݔଷ. (3)

When ߬ = 0, the spring is linear. Here, ߬ = 0.01. 
For the damping coefficient, the nonlinear characteristics can be expressed as follow [16]: ܨௗ௝ = ௝ܿଶ൫1 + ௝ߟ ⋅ sgn(ݔሶ )൯ݔሶ ௡, (4)sgn(ݔሶ ) = ൜1, ሶݔ ≥ ሶݔ      ,1−,0 < 0. (5)

2.2. RSR and EMF model 

2.2.1. Mathematical model of the RSR 

For the whole dynamic model with 14 degrees of freedom, four random RSR input signals are 
required to each wheel. Considering the RSR correlation among the four wheels in the space and 
time domain, the state equation of the four-wheel RSR input model can be expressed as  
follows [17]: ሶܻ (ݐ) = (ݐ)ܻܣ + ,(ݐ)଴ܹܤ (6)

where: ܻ(ݐ) = (ݐ)ଵݍ] (ݐ)ଶݍ (ݐ)ଷݍ (ݐ)ସݍ (ݐ)ଵݔ ሶܻ,்[(ݐ)ଶݔ (ݐ) = (ݐ)ሶଵݍ] (ݐ)ሶଶݍ (ݐ)ሶଷݍ (ݐ)ሶସݍ (ݐ)ሶଵݔ ,்[(ݐ)ሶଶݔ

ܣ =
ێێۏ
ێێێ
ێێێ
ۍێێ

ܽଵ 0 0 0 0 0݁ିଶగ௡బబௗ݀ݑ ݑ݀− 0 0 0 ݈ݑ0−12 + ܽଵ 0 0 0 0 0݁ିଶగ௡బబௗ݀ݑ − ൬12݈ݑ + ൰ݑ݀ 0 0 0 1− ݈ݑ12 0 0 0 0 ଶ݈ଶݑ172 0 0 0 − ଶ݈ଶݑ12 − ۑۑےݑ6݈
ۑۑۑ
ۑۑۑ
ېۑۑ
, 

଴ܤ = [ܾଵ 0 ܾଵ 0 0 0]், ܽଵ = ,ݑ଴଴݊ߨ2− ܾଵ = .ݑ଴ටܵ௤(݊଴)݊ߨ2
2.2.2. Mathematical model of the EMF 

The air gap length of the IWM is the function of time ݐ. The specific expression is as follows: ݃௘(ݖ, ,ߛ (ݐ = ݃଴൫1 − ݐcos(߱௥(ݖ)ߝ − ,൯(ߛ (ݖ)ߝ(7) = ݁݃଴. (8)

Transient air gap magnetic flux density is the synthetic magnetic flux density which is caused 
by the no-load air gap magnetic field generated by the permanent magnet and the armature reaction 
magnetic field generated by the three-phase stator winding, that is [18-21]: 
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,ݎ)௟௢௔ௗܤ ,ߙ (ݐ = ൫ܤ௠(ݎ, ,ߠ (ݐ + ,ݎ)௔ܤ ,ߙ ,ݎ)ߣ൯(ݐ ,ߙ (9) .(ݐ

Based on the Maxwell magnet stress tensor theory, the magnetic force density in the radial and 
tangential direction in 2-D magnetic field under polar coordinate can be calculated by: 

۔ە
௡ܵۓ = − ଴ߤ12 ௥ଶܤ) − ఏଶ),ܵఏܤ = − ଴ߤ1 .(ఏܤ௥ܤ) (10)

Transforming the magnetic force density from the polar coordinates to Cartesian coordinate, 
the magnetic force density in ܺ and ܻ direction is: ൜ܵ௫ = ܵ௡cosߠ௥ − ܵఏsinߠ௥,ܵ௬ = ܵ௡sinߠ௥ + ܵఏcosߠ௥. (11)

Considering the axial length of the IWM, the forces acting on the direction of ܺ and ܻ of 
stator’s center can be obtained by the following integral: 

۔ۖەۖ
௠௫ܨۓ = ௔݈ݎ න ܵ௫݀ߠ௥ଶగ

଴ ,
௠௬ܨ = ௔݈ݎ න ܵ௬݀ߠ௥ଶగ

଴ . (12)

3. Design of dual-loop PID controller based on PSO algorithm 

3.1. Dual-loop PID control structure 

Vehicle vibration in the vertical direction can be considered to consist of two parts: a part 
caused by the RSR and EMF excitation, and another part caused by the inertia of the sprung mass 
[22]. Aiming at these two parts of vibration, the dual-loop PID control structure that is shown in 
Fig. 2 is adopted to control the active suspension system. 
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Fig. 2. Dual-loop PID control structure of active suspension 

According to the control objective of active suspension, the deviation between the expected 
value and the actual value of the vertical acceleration, the pitch angle, the roll angle, and the 
suspension dynamic travel of the vehicle body is taken as the PID controller input. 

For the inner loop controller, the deviation of the suspension dynamic travel ∆ܼ௜ (݅ = 1, 2, 3, 
4) between the expected and actual value is selected as the input variable of four PID controllers, 
and the suspension control force ݌௝ (݆ =  is selected as the output variable to reduce (ݎݎ ,݈ݎ ,ݎ݂ ,݈݂
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the vibration caused by the RSR and EMF. 
For the outer loop controller, the deviation between the expected and actual values of the 

vertical acceleration, the pitch angle, and the roll angle of the vehicle body is the PID controller 
input, and the control force ( ௭݂, ఏ݂, and ఝ݂) is selected as the output variable to reduce the vibration 
caused by the inertia of the sprung mass. According to the mechanical relationship between the 
vehicle body and suspension, the control force ( ௭݂, ఏ݂, and ఝ݂) can be expressed as: 

቎ ௭݂݂ఏ݂థ቏ = ܪ × ێێۏ
ۍ ௙݂௟௙݂௥௥݂௟௥݂௥ ۑۑے

ې = ൥ 1 1 1 1−݈௙ −݈௙ ݈௥ ݈௥0.5݀ −0.5݀ 0.5݀ −0.5݀൩ ێێۏ
ۍ ௙݂௟௙݂௥௥݂௟௥݂௥ ۑۑے

.ې (13)

By solving the generalized inverse matrix of ܪ, the target control force of four suspensions ௜݂ 
(݅ =  :can be obtained (ݎݎ ,݈ݎ ,ݎ݂ ,݈݂

ێێۏ
ۍ ௙݂௟௙݂௥௥݂௟௥݂௥ ۑۑے

ې =
ێێۏ
ێێێ
ێێێ
ۍ ݈௥2(݈௙ + ݈௥) − 12(݈௙ + ݈௥) 12݈݀௥2(݈௙ + ݈௥) − 12(݈௙ + ݈௥) − 12݈݀௙2(݈௙ + ݈௥) 12(݈௙ + ݈௥) 12݈݀௙2(݈௙ + ݈௥) 12(݈௙ + ݈௥) − ۑۑے12݀

ۑۑۑ
ۑۑۑ
ې

቎ ௭݂݂ఏ݂ఝ቏. (14)

Total control force of the suspensions is the superposition from the inner and outer loop 
controller, which can be expressed as: 

൦ ௦݂ଵ௦݂ଶ௦݂ଷ௦݂ସ
൪ = ێێۏ

ۍ ௙݂௟௙݂௥௥݂௟௥݂௥ ۑۑے
ې + ൦݌௙௟݌௙௥݌௥௟݌௥௥ ൪. (15)

3.2. Optimization of PID control parameters based on PSO algorithm 

For the PID controller, the choice of control parameters ܭ௣, ܭ௜ and ܭௗ plays a significant role 
in the control effect. Generally, the appropriate selection of PID control parameters requires 
repeated debugs based on the designer’s experience; it is difficult to obtain the optimum value. 
Focusing on the above issue, the PSO algorithm is used in the dual-loop PID control structure to 
dynamically adjust the control parameters and to meet the optimal control effect. Fig. 3 shows the 
schematic of the PID controller with a PSO algorithm. 

In this paper, the PSO algorithm with inertia weight coefficient is used for the PID parameter 
self-tuning and optimizing. In this algorithm, the speed and position of the particles can be updated 
as follows [23-24]: ݒ௜௝௞ାଵ = ௞ݓ × ௜௝௞ݒ + ܿଵ × ଵݎ × ൫ݐݏܾ݁݌௜௝௞ାଵ − ௜௝௞ݔ ൯ + ܿଶ × ଶݎ × ൫ܾ݃݁ݐݏ௜௝௞ାଵ − ௜௝௞ݔ ൯, ௜௝௞ାଵݔ(16) = ௜௝௞ݔ − ௜௝௞ାଵ. (17)ݒ

Weight coefficient ݓ௞ decides the search ability of the particles in the global and local range. 
To avoid “oscillating” phenomenon in the global optimal and local optimal solution when particles 
searching in the solution space, the weighting factor ݓ௞ linearly reduces from the maximum ݓ௠௔௫ 
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to the minimum weighted value ݓ௠௜௡ in the speed update formula, as shown in Eq. (18): ݓ௞ = ௠௔௫ݓ − ௠௔௫ݓ − ௠௜௡݇௠௔௫ݓ × ݇. (18)

pK iK dK

)(tu)(tr )(tc)(te

 
Fig. 3. Schematic of PID controller with PSO algorithm 

3.3. Optimization model of active suspension 

3.3.1. Optimization objective function 

Considering the driving dynamics of the whole vehicle, the vertical acceleration, the lateral 
angle, the pitch angle and the relative displacement of the IWM are chosen as the control objective. 
The weighting coefficient method is adopted to transform the multi-objective optimization 
problem into a single objective optimization problem. Additionally, to conquer the numerous 
inconsistent problems of the above control objectives, each control variable of the active 
suspension is divided by the corresponding passive suspension control variable. The optimization 
objective function is obtained as follows: 

Min  ܮ  (ܺ) = ଵߣ (߶)௣ߪ(߶)௔ߪ + ଶߣ (ሷ௦ݖ)௣ߪ(ሷ௦ݖ)௔ߪ + ଷߣ (ߠ)௣ߪ(ߠ)௔ߪ + ସߣ ଷଷݖ)௔ߪ − ଷଷݖ)௣ߪ(ଷଵݖ − (ଷଵݖ + ହߣ ସଷݖ)௔ߪ − ସଷݖ)௣ߪ(ସଵݖ − ସଵ), (19)ݖ

where ߪ௔(ݖሷ௦), ߪ௔(߮), ߪ௔(ߠ), ߪ௔(ݖଷଷ − ସଷݖ)௔ߪ ଷଵ) andݖ −  ସଵ) are the root mean square (RMS)ݖ
value of the vertical acceleration, the roll angle, the pitch angel, the relative displacement between 
the stator and rotor of the left rear IWM and right rear IWM of the active suspension. ߪ௣(ݖሷ௦), ߪ௣(߮), ,(ߠ)௣ߪ  ଷଷݖ)௣ߪ  − (ଷଵݖ  and ߪ௣(ݖସଷ − (ସଵݖ  are the RMS value of the corresponding 
performance index of the passive suspension. 

3.3.2. Constraint condition  

Suspension dynamic travel: The allowable limited travel [ ௗ݂ ] of the suspension is the 
maximum compression travel from the balance position of the vehicle body. The suspension 
dynamic travel and limit travel should be appropriately, otherwise the collision probability 
between the frame and the axle block will be increased in the driving process. The constraint 
condition about the suspension dynamic travel can be expressed as: 

۔ە
ଵݖ)ߪۓ − (ଵଵݖ ≤ [ ௗ݂] 3⁄ ଶݖ)ߪ, − (ଶଵݖ ≤ [ ௗ݂] 3⁄ ଷݖ)ߪ, − (ଷଷݖ ≤ [ ௗ݂] 3⁄ ସݖ)ߪ, − (ସଷݖ ≤ [ ௗ݂] 3⁄ , (20)

where ݖ)ߪଵ − ଶݖ)ߪ ,(ଵଵݖ − ଷݖ)ߪ ,(ଶଵݖ − ସݖ)ߪ ଷଷ) andݖ −  ସଷ) are the RMS of the left front, theݖ
right front, the left rear and the right rear suspension dynamic travel. 

Tire dynamic load: To improve the stability and safety of the vehicle, the tire dynamic load 
should meet the following conditions: 
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۔ۖەۖ
ௗ௙௟൯ܨ൫ߪۓ < ௙௟ܩ 3⁄ ௗ௙௥൯ܨ൫ߪ, < ௙௥ܩ 3⁄ (ௗ௥௟ܨ)ߪ, < ௥௟ܩ 3⁄ (ௗ௥௥ܨ)ߪ, < ௥௥ܩ 3⁄ , (21)

where ߪ൫ܨௗ௙௟൯,  are the RMS of the left front, the right front, the left (ௗ௥௥ܨ)ߪ and (ௗ௥௟ܨ)ߪ ,ௗ௙௥൯ܨ൫ߪ
rear and the right rear tire dynamic load. ܩ௙௟, ܩ௥௟ and ܩ௥௥ are the RMS of the left front, the right 
front, the left rear and the right rear tire static load. 

According to the structural design requirements of the IWM, the relative displacement of the 
rotor and the stator should be satisfied with the following conditions: ൜ݖ)ߪଷଷ − (ଷଵݖ < ସଷݖ)ߪ,0.001 − (ସଵݖ < 0.001, (22)

where ݖ)ߪଷଷ − ସଷݖ)ߪ ଷଵ) andݖ −  ସଵ) are the RMS of the relative displacement of the left rear andݖ
right rear IWMs. 

3.3.3. Optimization objective 

Based on the optimization control objective and the constraint conditions above, the 
optimization problem in this study is a minimal design problem with constraint conditions. The 
optimization control problem can be formulated as: Min  ݏ ,(ܺ)ܮ.  .ݐ

ەۖۖ
ۖۖۖ
ۖۖۖ
ۖۖۖ
۔ۖ
ۖۖۖ
ۖۖۖ
ۖۖۖ
(ܺ)ଷ݃ۓۖ = (ሷ௦ݖ)௔ߪ − (ሷ௦ݖ)௣ߪ < 0,݃ସ(ܺ) = (߶)௔ߪ − (߶)௣ߪ < 0,݃ହ(ܺ) = (ߠ)௔ߪ − (ߠ)௣ߪ < 0,݃଺(ܺ) = ଵݖ)௔ߪ − ](ଵଵݖ ௗ݂] − 13 < 0,݃଻(ܺ) = ଶݖ)௔ߪ − ](ଶଵݖ ௗ݂] − 13 < 0,଼݃(ܺ) = ଷݖ)௔ߪ − ](ଷଷݖ ௗ݂] − 13 < 0,݃ଽ(ܺ) = ସݖ)௔ߪ − ](ସଷݖ ௗ݂] − 13 < 0,

ଵ݃଴(ܺ) = ௙௟ܩௗ௙௟൯ܨ௔൫ߪ − 13 < 0,
ଵ݃ଵ(ܺ) = ௙௥ܩௗ௙௥൯ܨ௔൫ߪ − 13 < 0,
ଵ݃ଶ(ܺ) = ௥௙ܩௗ௥௙൯ܨ௔൫ߪ − 13 < 0,
ଵ݃ଷ(ܺ) = ௥௥ܩ(ௗ௥௥ܨ)௔ߪ − 13 < 0,
ଵ݃ସ(ܺ) = ଷଷݖ)௔ߪ − (ଷଵݖ − 0.001 < 0,ଵ݃ହ(ܺ) = ସଷݖ)௔ߪ − (ସଵݖ − 0.001 < 0.

 (23)
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3.4. Dual-loop PID controller based on PSO algorithm 

PSO, a type of swarm intelligent optimization algorithm, is put forward by a foraging act of 
research and observation about groups of birds. A PSO algorithm has the characteristics of good 
convergence and parallel global search; because of these characteristics, the algorithm can search 
the global optimal solution with a larger probability and effectively solve complex optimization 
problems [25-26]. Therefore, the PSO algorithm is used for PID parameter self-tuning and 
optimization in this paper. The optimization control process of the dual-loop PID controller based 
on the PSO algorithm is shown in Fig. 4. 

 
Fig. 4. Optimization control process of the dual-loop 

PID controller based on the PSO algorithm 

Table 1. Vehicle parameters 
Symbol Unit Value ݉ Kg 1450 ݉௦ Kg 1160 ܫ௫ Kg·m2 606 ܫ௬ Kg·m2 1800 ܫ௫௭ Kg·m2 45 ܫ௪௜ Kg·m2 2.5 ௝݇ଵ (݆ = 1, 2, 3, 4) N/m 200000 ௝ܿଵ (݆ = 1, 2, 3, 4) N/(m/s) 100 ௝݇ଶ (݆ = 1, 2) N/m 35000 ௝݇ଶ (݆ = 3, 4) N/m 40000 ௝ܿଶ (݆ = 1, 2) N/(m/s) 1500 ௝ܿଶ (݆ = 3, 4) N/(m/s) 1800 ߟ௝ (݆ = ݆) ௝ߟ 0.4 – (2 ,1 = 3, 4) – 0.32 ݊ – 0.33 ݇ଷଷ, ݇ସଷ, ݇ଷହ, ݇ସହ N/m 5000000 ݈௙ m 1.2 ݈௥ m 1.4 ݀ m 1.44 ℎ௦  m 0.488 ݎ௧ m 0.3 

 

4. Simulation and result analysis 

4.1. Vehicle parameters 

The vehicle parameters are summarized in Table 1, and the IWM parameters are shown in 
Table 2. 

According to the Eqs. (3-5), the nonlinear characteristic of the suspension is shown in Fig. 5. 

Table 2. IWM parameters 
Item Symbol Unit Value 

Magnet gap thickness ݃଴ mm 1.5 
Rotor inner radius ݎ௥௜ mm 229 

Constant magnet thickness ℎ௠ mm 6 
Remanence ்ܤ T 0.98 
Slot number ܳ௦ – 36 

Magnetic polar number ݌ – 6 
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a) Nonlinear stiffness characteristic b) Nonlinear damping characteristic 

Fig. 5. Nonlinear characteristic of the suspension 

4.2. Simulation and result analysis 

Assuming that the vehicle runs on the road of B-class, and the vehicle speed is kept at 20 m/s. 
For the PSO algorithm, parameter selection is critical for the algorithm efficiency. At present, the 
selection of the parameters mostly relies on the experience and the test. So far, many researchers 
have made a body of studies and have gained great achievements on the PSO parameter selection 
[27-28]. Based on the previous works and several tests, the key PSO parameters are set as shown 
in Table 3. 

Table 3. PSO parameters 
Parameter Value 

Particle number 100 ݓ௠௜௡ ௠௔௫ݓ 0.4 0.9 ܿଵ 2 ܿଶ 2 ݇௠௔௫ 100 

In order to verify the effectiveness of the control structure proposed in this paper, a dual-loop 
PID controller without the PSO algorithm and a passive suspension are adopted to control the 
vehicle dynamics at the same conditions. Fig. 6 shows the contrast control results of the vertical 
acceleration, the lateral angle, the pitch angle and the relative displacement. Here, the weight 
coefficient of each index in the simulation is: ߣଵ ଶߣ ,0.4 = ଷߣ ,0.2 = ସߣ ,0.2 = = ହߣ = 0.1. 

To make a better comparison over the three control methods, statistical analysis of the above 
figures are carried out, and the RMS value of each performance indexes is shown in Table 4. 

Table 4. RMS value of the performance index using different control method 

RMS value Passive 
suspension 

Dual-loop PID 
control 

Dual-loop PID with 
PSO control 

Vertical acceleration (m/s2) 1.1019 0.9894 0.8714 
Roll angle (°) 0.2343 0.1285 0.1002 
Pitch angle (°) 0.1343 0.1156 0.0937 

Relative displacement of the left rear 
IWM (mm) 7.8717e-2 7.8655e-2 7.8361e-2 

Relative displacement of the right 
rear IWM (mm) 7.9454e-2 7.8945e-2 7.8468e-2 

As shown in Fig. 6 and Table 4, compared with the passive suspension and the dual-loop PID 
control without the PSO, the vertical vibration acceleration, the roll angle and the pitch angle of 
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the vehicle body using dual-loop PID control with PSO have significant improvement, and the 
relative displacement of the IWM rotor and the stator has some improvement. Ratio of the 
difference between the index’s RMS obtained from the passive suspension method (or dual-loop 
PID control) and the dual-loop PID with PSO control method to the index’s RMS obtained from 
the passive suspension method (or dual-loop PID control) is used to indicate the improving degree 
of the performance index obtained from the control method proposed in this paper. And the 
calculation results show that, compared to the passive suspension and the dual-loop PID control 
without the PSO, the improvement ratio of the vertical vibration acceleration is 20.92 % and 
11.93 %, respectively, the roll angle improvement ratio can reach 57.23 % and 22.02 %, 
respectively, and the improvement ratio of the pitch angle is 30.23 % and 18.94 %, respectively. 
Therefore, the dual-loop PID controller with PSO designed in this paper has good improvement 
for the ride comfort of EVs driven by IWMs. 

 
a) Vertical acceleration b) Roll angle 

c) Pitch angle 
 

d) Relative displacement of the left rear IWM 

 
e) Relative displacement of the right rear IWM 

Fig. 6. Comparison result of the different control method 
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The iterative process of the controller is shown in Fig. 7.  
As shown in Fig. 7, after 32 iteration steps, the iterative search process converged to a stable 

state, and the objective function value is reduced to 0.7986. The controller developed in this paper 
has a good convergence. 

 
Fig. 7. The value of the fitness function in the whole iterative process 

5. Conclusions 

To reduce the shock and the vibration of the vehicle body caused by the RSR and the EMF, a 
dual-loop PID control structure with a PSO algorithm is proposed for the active suspension control 
of EVs driven by IWMs in this paper. Based on this study, some conclusions can be obtained: 

1) For EVs driven by IWMs, the excitation in the vertical direction acted on the vehicle is not 
only from the RSR but also from the EMF produced by the motor magnet gap deformation that is 
caused by the RSR, uneven load, etc. Therefore, in addition to the excitation of the RSR, the EMF 
must be considered in active suspension control. 

2) Dual-loop PID control is adopted in active suspension control according to the different 
causes of vibration. For the vibration caused by RSR and EMF, the inner loop PID controller is 
used to reduce the deviation between the desired and the actual value of the suspension dynamic 
travel. For the vibration caused by the inertia of the sprung mass, the outer loop PID controller is 
used to reduce the deviation between the desired and actual values of the vertical acceleration, roll 
angel, and pitch angle. In addition, the PSO algorithm is adopted to optimize the control 
parameters of the PID controller to improve the blindness of the PID control parameter adjustment. 

3) To verify the effectiveness of the control structure proposed in this paper, a dual-loop PID 
controller without the PSO algorithm and a passive suspension are adopted to control the vehicle 
dynamics at the same conditions. Comparative analysis shows that compared with the passive 
suspension and the dual-loop PID control without the PSO algorithm, the vertical vibration 
acceleration, the roll angle and the pitch angle of the vehicle body using the dual-loop PID control 
with the algorithm PSO have significant improvement, and the relative displacement of the IWM 
rotor and the stator has some improvement. Where, the improvement ratio of the vertical vibration 
acceleration is 20.92 % and 11.93 %, respectively, the roll angle improvement ratio can reach 
57.23 % and 22.02 %, respectively, and the improvement ratio of the pitch angle is 30.23 % and 
18.94 %, respectively. In addition, the controller developed in this paper has a good convergence. 
Therefore, the dual-loop PID controller with the PSO algorithm has good improvement for the 
ride comfort of EVs driven by IWMs.  
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