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MODELING OF MAGNETORHEOLOGICAL DAMPER 

USING MULTIPLE ARTIFICIAL NEURAL NETWORKS FOR 

FUZZY CONTROL DESIGN OF A SEMI-ACTIVE 

SUSPENSION SYSTEM 

Erwin SITOMPUL1, Lydia ANGGRAINI2, Arjon TURNIP3 

Suspension is a very important part of the functionality of a car. It supports 

the comfort of the passengers and can be used to improve the car's stability. If a 

magnetorheological (MR) damper is used, the damping performance can be 

adjusted according to the road condition. In this research, an attempt to model an 

MR damper using multiple artificial neural networks (ANNs) was conducted. The 

measurement data was obtained by using a damper dynamometer. Eight 

measurements were conducted to cover the coil current range between 0 and 1,400 

mA. The MR damper model was then integrated into the semi-active suspension of a 

quarter-car model. Furthermore, the fuzzy logic controller (FLC) design for the 

semi-active suspension system was conducted. This artificial intelligence control 

deployed a novel approach in using the frequency content of the road surface as the 

input. The control scheme was tested by giving a sinusoidal bumpy road and a 

pseudo-random bumpy road as the input to the quarter-car model. The FLC 

performed well and was able to reduce the transmitted excitation from the road to 

the car chassis. 

Keywords: magnetorheological (MR) damper, semi-active suspension, artificial 

neural networks (ANN), fuzzy logic controller (FLC) 

1. Introduction 

The development of automotive technology also increases the safety and 

comfort standards demanded by car users as well as environmental considerations 

[1-2]. One factor that can be the source of discomfort is oscillation due to the 

uneven road surface transmitted by the suspension system to the car chassis and 

experienced by passengers. 

A good suspension system provides a trade-off between stiffness and 

softness while withstanding the shocks caused by the road surface that contains 
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low and high-frequency contents [3]. Thus, an adaptive suspension system is 

required to minimize oscillation transmission and its effects, where the system is 

expected to adjust the damping force based on varying road surfaces. This 

adaptivity and adjustability based on measured vehicle ride and handling 

indicators can be provided by a semi-active suspension system. 

In a semi-active suspension system, the flow of the damper fluid can be 

regulated by using various valve mechanisms, such as electromechanical or 

electromagnetic valves. In an electromagnetic valve, the flow of the fluid is 

influenced by an electromagnetic field that affects the viscosity of the fluid [4-6]. 

Such a fluid whose viscosity can be varied depending on the applied 

electromagnetic field is called magnetorheological (MR) fluid, which is composed 

of ferromagnetic particles in the order of micrometers besides carrier fluids and 

some additives [1,7]. The damper with MR fluid has a certain characteristic 

relation of damping force versus piston velocity for a given electric current fed to 

its electromagnetic circuit [8-10]. 

In this paper, the modeling of an MR damper and its utilization in 

designing an artificial-intelligent control scheme of a semi-active suspension 

system will be presented. A novel model structure for the damping-force to 

piston-velocity relation of the MR damper was devised using multiple artificial 

neural networks (ANN) and linear interpolation [8,11]. A pre-defined electric 

current was fed to the MR damper, and a dedicated ANN modeled its effect on the 

damping performance. 

Afterward, the MR damper model was integrated into a semi-active 

suspension of a quarter-car model, consisting of one tire as unsprung mass, one 

car chassis as sprung mass, two springs, and the MR damper. Then, a unique 

artificial-intelligent-based control was developed to optimally regulate the semi-

active suspension model when the quarter-car model was introduced to varying 

road surface conditions, such as a simulative speed bump, bumpy road, and 

pseudo-random bumpy road [12-14]. Thus, optimized driving comfort can be 

achieved for various road conditions [15]. 

2. Modeling of MR Damper 

2.1. Basic Theory of MR Damper 

In a car suspension system, the function of a damper is to dissipate the 

excitation energy received by the tire from the road and thus reduce the oscillation 

and vibration transmitted to the car chassis. The reaction force produced by a 

damper comes from the energy required to flow the fluid through the orifice as the 

piston moves with a certain velocity.  

In its simplest mathematical modeling, the damping force is taken as a 

multiplication between the damper coefficient b and the piston velocity. However, 
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in reality, this relation is nonlinear, with b having a greater value in the lower 

velocity and a smaller value in the higher velocity. 

Conventional dampers only have a single function to relate the damping 

force and the piston velocity. On the other hand, an MR damper has an additional 

free variable, which is the current flowing to the electromagnetic coil. Fig. 1(a) 

shows the functional diagram of an MR damper. It has coils that if given an 

electric current, will generate an adequate electromagnetic field to influence the 

orientation of the MR fluid particles, increase the overall fluid viscosity, and 

finally increase the damping coefficient [16]. 

The damping-force to piston-velocity relation of an MR damper can be 

seen in Fig. 1(b). The shaded area shows the region where the MR damper can 

operate within the range of the input current. For a given piston velocity, the 

greater the current is given to the damper, the higher the resulting damping force 

will be [17]. 

  

Piston velocity (m/s)

D
am

p
in

g
 f

o
rc

e 
(N

)
Control range

Compression

Rebound

 
 (a) (b) 

Fig. 1. (a) The sketch of the MR damper [18]; (b) The working range of an MR damper 

Fig. 2(a) shows the MR damper investigated in this research. The damper 

of type C45-55B01 was manufactured by Bohai New Materials Co., Ltd. It was 

designed for low voltage and low energy consumption. The damping coefficient 

can respond to the change in magnetic field change in less than 15 ms. The 

maximum allowed electric current feed is 1.5 A. The dimension of the MR 

damper is depicted in Fig. 2(b), while some basic information is summarized in 

Table 1. 

       
 (a) (b) 

Fig. 2. Magnetorheological (MR) damper Bohai C45-55B01  

(a) The image; (b) The technical drawing [18] 
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Table 1 

Parameters of the MR damper [18] 

Item Value 

Stroke 55 ± 5 mm 

Damping 

force 

270-2250 N/(m/s)± 

10% at 100 mm/s 

Current 0-1.5 A 

Resistance 5 Ω 

Pressure of 

accumulator  
2 MPa 

2.2. Artificial Neural Network (ANN) 

Artificial neural networks resemble human biological neural networks 

through the interconnections of neurons and weights. The neuron model utilized 

in this paper is shown in Fig. 3. 

 
Fig. 3. The neuron model 

The inputs of a neuron (ui) are multiplied with the corresponding weights 

(wi) first, and the summation is given as the input of an activation function f(.). 

The following equations govern the calculation of the neuron output. 
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As a continuous differentiable function, the tangent sigmoid is chosen to 

be the activation function of the ANN. An ANN with a single hidden layer is 

considered a universal approximator that can approximate any continuous 

function with a certain accuracy if its parameters, i.e., weights and biases, are 

properly assigned. A learning phase is conducted to find the best parameter set θ 

for the ANN to minimize the cost function E, 
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where ym is the ANN output and y is the expected output. 
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The backpropagation learning method applies the negative gradient 

optimization method, which updates the parameters to the direction opposite to 

the gradient of the cost function E with respect to the parameters, 

 new old = −m m G  (4) 

where η is the learning rate variable and .E=  G θ  

2.3. Proposed Modeling Approach 

It was apriori known that the input current range of the MR damper was 

between 0 and 1.5 A, and the velocity range of the piston velocity varied between 

−0.4 m/s and +0.4 m/s during the experiment. This control range, as shown in 

Fig. 1(b), was to be covered by a number of ANNs responsible for the whole 

piston velocity range but only for pre-defined current values. For other current 

values than the pre-defined ones, an interpolation method was used to find the 

best estimate of the damping force produced by the MR damper. 

The structure of the ANN chosen to model the MR damper is shown in 

Fig. 4. The network has one hidden layer with four neurons. The activation 

function for the neurons in the hidden layer is tangent sigmoid, while for the 

output neuron, it is linear. 

 
Fig. 4. The ANN to model the MR damper 

The interpolation between the curves of two pre-defined current values is 

shown in Fig. 5. If the ANN model for a certain current is not available, as shown 

by the red dot, then the damping force must be interpolated by using the values 

from the two closest ANN models, the blue and the green dots. The interpolation 

calculation is given by  
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Fig. 5. The interpolation to obtain the damping force for given piston velocity va and coil current i. 

3. Control of Semi-Active Suspension Using Fuzzy Logic Controller 

3.1. Quarter-Car Model 

A quarter-car model is the simplest representation of a vehicle in dynamic 

analysis. Fig. 6 shows the diagram of a quarter-car model. It describes the 

essential movements of the vehicle parts, namely the sprung mass (car chassis, 

m2) and the unsprung mass (tire, m1), all in the vertical translational direction. 

The tire is assumed to be visco-elastic with a constant stiffness (kw). The car 

chassis is rigidly connected to the tire through a damper (b) and a spring (ks).  

 
Fig. 6. The quarter-car model 

The input to the model is the road surface (r), which results in the 

displacement of the tire (x), the displacement of the car chassis (y), the vertical 

velocity of the tire, and the vertical velocity of the car chassis   

The ordinary differential equation that expresses the quarter-car 

suspension model can be given by two ordinary differential equations as follows: 

 
1 1 1 1

( ) ( )s w wk k kb
x x y x y x r
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In this research, the parameters of the quarter-car model were chosen to 

match the specifications of a small city car. In Indonesia, this car was aimed to be 

the class of Daihatsu Ayla. This consideration was based on the future plan to 

implement the research result in such a car class in real life. These parameters are 

compiled in Table 2. 

The sprung mass was based on the car's weight of 850 kg without 

passengers. The mass of the tire and the rim was approximated to be 40 kg. The 

damping coefficient of 2750 N/(m/s) was based on the data obtained from a 

standard damper’s test of a Daihatsu Ayla. The tire stiffness and chassis stiffness 

were the values taken within the value range as reported by several sources [19-

21]. 
Table 2 

Parameters of the quarter-car model 

Parameter Term Value Unit 

m2 Sprung mass 250 kg 

m1 Unsprung mass 40 kg 

ks Car chassis stiffness 55,000 N/m 

b Damping coefficient 3,500 Ns/m 

kw Tire stiffness 265,000 N/m 

3.2. Proposed Control Scheme 

A fuzzy logic controller (FLC) is a control approach that integrates the 

human way of thinking. It is a normal daily matter to decide based on certain 

conditional statements in the form of “IF … THEN …” rules. Fuzzy control uses 

a set of these rules to relate the input variables of the controller to the output 

variables. For further improvements, the rules can also be optimized by using 

various optimization methods such as those applied in [22] and [23] 

Fig. 7 shows the diagram of an FLC where its core is the rule base (set of 

rules) and the inference engine. This engine is used to determine the contribution 

of each rule to the output.  

Fuzzification Defuzzification
Pre-

processing
Post-

processing
Inference 
Engine

Rule Base

Fuzzy Logic 
Controller

 
Fig. 7. The block diagram of the fuzzy logic controller (FLC) 

Any real measurement value can be pre-processed to adjust the variable range 

before being given to the fuzzification process. Here, the crisp value is converted 

into membership value with the logic values of [0,1]. Only firing rules will 

contribute to the output. After the aggregation of the firing rules’ contribution, a 
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crisp value must again be determined as the output of the FLC. If required, this 

value can be post-processed to suit the variable range. 

The proposed control scheme to realize the artificial intelligence control of 

the semi-active suspension system using an MR damper is presented in Fig. 8. 

Road surface excitation is given as the input of the suspension system. The 

outputs of the system are used by the MR damper (piston velocity) [24]. 

The FLC transmits the optimal current as the output to the MR damper. 

Thus, it is crucial to design a rule base that covers all eventualities of the 

operation. Through the adaptable damping coefficient values, it is expected that 

the performance of the suspension system can be improved and the control 

objective in the form of the set point can be better achieved. 

Fuzzy Logic 
Controller MR 

Damper

Passive 
Suspension System 

Minus Damper

Road 
Surface

Current

Piston 
velocity

Set Point

 
Fig. 8. The control scheme of the MR damper for semi-active controller 

4. Results and Discussion 

4.1. Characteristics of MR Damper  

The measurement of the MR damper characteristics was conducted by 

using a damper dynamometer or shock dyno, as seen in Fig. 9.  
 

 
Fig. 9. Experimental setup using damper dynamometer 
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The upper mount and the lower mount of the damper were first fixed to the 

dynamometer. Afterward, a crankshaft rotated and gave a certain up-and-down 

velocity to the piston. During one experiment, the piston speed was varied from 0 

to 0.40 m/s with an interval of 0.05 m/s. The piston velocity during a compression 

(the piston pressing into the damper) was taken as positive, while during a 

rebound (the piston releasing out to the normal position) was taken as negative. 

Since the input electric current to the MR damper can be up to 1.5 A, the 

experiment was repeated for eight different currents with an interval of 200 mA, 

starting from 0 to 1,400 mA. At the end of the last experiment, eight measurement 

results were obtained. Their representation in the damping-force to piston-velocity 

graph is shown in Fig. 10. 

 
Fig. 10. The measurement results of the damper dynamometer 

4.2. Model of MR Damper 

The modeling result of the MR damper using ANN is shown in Fig. 11.  

 
Fig. 11. The output of ANNs for all pre-defined current values 
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The critical merit of the application of the ANN model here is for the velocity 

value between 0 and ±0.05 m/s, where a direct linear line clearly cannot represent 

reality. The seamless quasi-exponential increase of the damping force at the low 

velocity is preferred. The smooth transition between graphs with increasing 

current values is outstanding. The distance between two neighboring graphs is 

also coherent across the considered velocity range. 

4.3. Test of MR Damper Model 

The model of the MR damper was realized in Matlab Simulink for further 

simulation purposes. The result is shown in Fig. 12. The piston velocity was fed to 

all ANNs from the first input. However, only the corresponding interpolated value 

was passed as the output, depending on the value of the current to the coil, i.e., the 

second input. 

 

Fig. 12. The model of the MR damper using multiple ANNs 

The obtained MR damper model was then put to the test. The piston 

velocity was varied from −0.40 m/s to +0.40 m/s, as shown by the top graph in 

Fig. 13. At the same time, the current was varied following a sinusoidal function 

with a bias of 600 mA and an amplitude of 300 mA. This means that the current to 

the coil was varied between 300 mA and 900 mA. This is shown in the middle 

graph in Fig. 13. 

Thus, five ANNs are included in the damping force calculation, 

representing the currents 200 mA, 400 mA, 600 mA, 800 mA, and 1,000 mA. The 

bottom graph in Fig. 13 shows the outputs of the five ANN models (thin lines) 

and the interpolation results (thick blue line). The thick blue line wandered up and 

down, claiming the values between the 200 mA line and the 1,000 mA line, 

according to the value of the current to the coil. 
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Fig. 13. The test of MR damper model 

This test confirmed the functionality of the MR damper model using 

multiple ANNs. 

4.4. Analysis of Quarter-Car Model 

The realization of the passive suspension system, as described by Eqs. 6 

and 7, is presented in Fig. 14. The green triangle depicts the constant damping 

coefficient b, which will later be a variable in modeling the semi-active 

suspension system. 

The time response and the frequency response of the quarter-car system 

were first investigated to find the effect of the damping coefficient b on the 

system output. The transfer function of the quarter-car model can be derived into 

the transfer function form presented in Eq. 8. 
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Fig. 14. The model of a quarter-car model with a passive damper in Matlab Simulink 

The unit step response of the quarter-car model for various damping 

coefficients is shown in Fig. 15(a). For an input with low-frequency content, such 

as a step function, the rise time, the peak time, and the settling time decrease as 

the damping coefficient increases. 

Fig. 15(a) also shows that the quarter-car model is a stable system. The 

change of b will not affect the system’s stability. Nevertheless, a better-chosen 

parameter b will improve the tracking ability of the system. This figure also shows 

that the best value of b cannot be found only based on instantaneous displacement 

or velocity alone. The frequency content of the input must also be considered 

[22,25]. 

The frequency response of the quarter car model is depicted in Fig. 15(b). 

A certain critical frequency ωC as the crossing point of all lines of various b can 

be located at the frequency of approximately 17.5 rad/s or 2.79 Hz. For the 

frequency lower than ωC, the gain decreases with increasing b. Thus, the greater 

value of b is better for suppressing lower frequency disturbance. For the 

frequency higher than ωC, the gain decreases with decreasing b. In this case, a 

smaller value of b is preferable to filter high-frequency. 

The time and frequency responses of the quarter-car model confirmed that 

a semi-active suspension control strategy with the damping coefficient b as the 

control variable needed to accommodate the information about the frequency 

content of the road surface as the input [19]. The control objective was to reduce 

the road surface excitation that would reach the car chassis. This means if the road 

surface contains mainly low frequency, the damping coefficient is to be increased, 

and vice versa. 
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 (a) (b) 

Fig. 15. The response of the quarter-car model for various damping coefficients;  

(a) Time response; (b) Frequency response 

For illustration, a speed bump in the form of a positive half sinusoidal with 

an amplitude of 0.1 m and half wavelength of 0.4 m was traveled by the quarter-

car model at three different speeds: 3.0 km/h, 6.0 km/h, and 12.0 km/h. The three 

speeds correspond to the same sinusoidal with the half periods of 0.48 s, 0.24 s, 

and 0.12 s or the frequency of 1.04 Hz, 2.08 Hz, and 4.17 Hz, respectively. The 

first two frequencies are below the critical frequency ωC, while the last is above 

the critical frequency ωC. 

The response of the quarter-car model to the speed bumps is shown in 

Fig. 16. In line with the data of system gain in Fig. 15(b), the amplitude of the 

speed bump (0.1 m) is amplified by the car chassis (to be around 0.13 m) for the 

first two speeds or frequencies. At the last speed or frequency, with a gain of less 

than 1, the maximum displacement of the car chassis is less than 0.1 m. Minor 

changes in the transient responses can also be observed. 

 

 
Fig. 16. Response of the quarter-car model to input of a speed bump traveled at different speeds. 
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4.5. Design of Fuzzy Logic Controller (FLC) 

The control scheme using FLC is shown in Fig. 17. The input to the FLC 

was the main frequency of the road surface and its first derivative (change of 

frequency), i.e., whether the frequency was increasing or decreasing. The output 

of the FLC was the current to the MR damper’s coil, consisting of a bulk value 

(current) and an adjusting fine-tuning value (current change). 

A frequency detector was placed directly before the inputs. This frequency 

detector estimated the frequency of the road surface based on the zero crossing 

and peak-to-peak intervals. The detector used a tap delay unit to record the 

previous 200 ms data in estimating the frequency.  

The current integrator summed up the current change from time to time. 

This sum was added to the bulk value of the current to ensure that the current to 

the coil was always set to a reasonable influential value while still allowing small 

changes due to the actual condition of the road. The calculated current was fed 

into the MR damper model, which would deliver the amount of damping force to 

the suspension system [26,27]. 

 
Fig. 17. The proposed control scheme using FLC 

A fuzzy rule base consisting of nine rules was constructed and 

summarized in Table 3. The firing membership functions of the current (I) and the 

current change (ΔI) were decided based on the road surface’s frequency (F) and 

change of frequency (ΔF). 

The fuzzy membership functions for each input are shown in Fig. 18. The 

frequency range of 0 to 10 Hz was considered adequate to cover the significant 

frequency of the road surface. The ωC was placed as the peak of the membership 

function “Frequency is Middle.” Furthermore, the frequency change range was 

chosen from −1 Hz (decreasing) to +1 Hz (increasing). 
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Table 3 

The fuzzy rule base 

F

ΔF

Low

Middle

High

Neg None Pos

I

ΔI

MaintainIncrease Decrease

MaintainIncrease Decrease

MaintainIncrease Decrease

High High High

Middle Middle Middle

Low Low Low

 
 

On the output side, the range for current was from 0 to 1,400 mA, the 

same as the current range used during the experiment. The range for current 

change was set between −100 mA and +100 mA. The small value was chosen to 

ensure a gradual change of the current from the bulk current value. 

  
 (a) (b) 

  
 (c) (d) 

Fig. 18. The fuzzy membership functions (a) Input F; (b) Input ΔF; (c) Output I; (d) Output ΔI 

4.6. Test of Control Scheme with Bumpy Road  

The bumpy road was modeled to be a road with a sinusoidal contour of 

amplitude 0.1 m and wavelength of 0.8 m. This road was simulated to be traveled 

in 3 different speeds: 1.33 m/s (4.8 km/s), 2.67 m/s (9.6 km/h), and 5.33 m/s 

(19.2 km/h). 

The three different speeds are also corresponding to the frequency of 

1.67 Hz, 3.33 Hz, and 6.67 Hz. Frequencies were introduced in 1st, 7th, and 13th 
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seconds. The interval of 6 seconds was set to give the system enough time to 

reach the new equilibrium. 

Fig. 19 shows the comparison between the road surface as the input and 

the car chassis displacement as the output for both cases of passive suspension 

system and semi-active suspension system. The oscillation produced by the semi-

active (red line) had less amplitude in all cases, with a significant decrease for the 

second and third frequencies. 

Fig. 20(a) shows the detected frequencies of the road surface, which were 

1.67 Hz, 3.33 Hz, and 6.67 Hz. The frequency detector was successful in 

performing the detection within 3 seconds. Fig. 20(b) shows how the current to 

the MR-damper also decreased gradually according to the increase of the road 

surface’s frequency.  

 
Fig. 19. Comparison between passive and semi-active suspension systems for a bumpy road with 

three different frequencies (1.67 Hz, 3.33 Hz, and 6.67 Hz). 

  

 (a) (b) 

Fig. 20. The simulation with a bumpy road; (a) The detected frequency; (b) The current trajectory 

4.7. Test of Control Scheme with Pseudo-Random Bumpy Road  

The pseudo-random bumpy road was the road that consisted of flat 

segments in the multiplication of 4.0 m length with the heights varying pseudo-

randomly between 0, 0.05 m, and 0.10 m. The traveling velocity was 9.6 km/h, 
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which corresponded to a 1.5 s interval for each segment. This road simulated 

abrupt road height changes traveled with moderate speed. 

The response of the passive and the semi-active suspension system can be 

seen in Fig. 21. The semi-active suspension system delivered a lower overshoot 

and a shorter settling time based on visual examination. 
 

 
Fig. 21. Comparison between passive and semi-active suspension systems  

for pseudo-random bumpy road 

Fig. 22(a) shows the detected frequency of the road surface. As expected, 

the detected frequency for a step function was low, with sudden increases during 

the step changes. Then, this value faded due to the moving average of the 

measurement data. Fig. 22(b) shows the trajectory of the current supplied to the 

MR damper, varying around the value of 1,000 mA. 

  

 (a) (b) 

Fig. 22. The simulation with a pseudo-random bumpy road;  

(a) The detected frequency; (b) The current trajectory 

5. Conclusions 

The paper contributes to the development of an implementation-ready 

semi-active suspension system in two ways: Firstly, inventing a novel modeling 

approach of a magnetorheological (MR) damper using multiple Artificial Neural 

Networks (ANNs) and interpolation, and secondly, designing a suitable Artificial 
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Intelligence (AI) control in the form of a Fuzzy Logic Controller (FLC) for a 

quarter-car semi-active suspension system using the aforementioned MR damper 

model.  

The proposed MR damper model utilized multiple ANNs to model the 

relationship between the damping force and the piston velocity for a number of 

pre-defined coil current values. Interpolation was conducted to determine the 

damping force for other current values. The MR damper model was tested in the 

presence of varying current and piston velocity. The test result showed that the 

model could successfully deliver the best damping force approximates based on 

the existing experimental data. 

The presented FLC method's novelty was that it used the road surface 

frequency as the input. The control scheme of the semi-active suspension system 

was tested by using two road surface simulations. The test results showed that the 

FLC was able to regulate the MR damper so that the semi-active suspension 

system delivered better performance than the passive suspension system. All time-

domain specifications, such as lower amplitude, lower overshoot, and less settling 

time, were improved. 
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