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1. Introduction 

 
Smart materials, particularly magneto-rheological (MR) 

fluids, are becoming increasingly popular due to their 
superior characteristics, such as increased strength, 
flexibility, and responsiveness to external stimuli (Rabinow 
1948). MR fluid is a semi-active material that responds to 
magnetic fields. The ability of MR fluid to adaptively adjust 
its properties makes it ideal for use in various engineering 
applications such as clutches, brakes, beams, dampers and 
other engineering applications. (Rabinow 1948, Acharya et 
al. 2021, Allien et al. 2020, Desai et al. 2019, Kargar et al. 
2021). Another interesting application of MR fluids 
includes their usage in control and vibration suppression of 
structures by embedding these fluids in the core of 
sandwich plates (Amir et al. 2020a, b, Karger et al. 2021). 

MR fluid is a suspension of ferrous particles in a base 
oil with additives that enhance redispersibility and 
sedimentation stability. Various studies have been performed 
studying rheological performances of commercial and in-
house synthesized MR fluids (Ghaffari et al. 2015, 
Muhammad et al. 2006, Jolly et al. 1999, Vicente 2013). 
The challenge is to identify additives that improve 
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sedimentation stability without affecting the rheological 
performance. Additives that are often used are guar gum, 
bentonite clay, oleic acid, and aluminium distearate 
(Acharya et al. 2019, Kumbhar et al. 2015, Wahid et al. 
2016). Ferrous particles like carbonyl iron particles and 
electrolytic iron are also often used (Kumbhar et al. 2015, 
Wahid et al. 2016, Puneet et al. 2022). The proportions of 
these constituents greatly affect the rheological performance, 
allowing customization for specific engineering applications. 

One such application that is designed to absorb and 
damp shock impulses is an MR damper. MR dampers have 
been the research of interest widely in vehicle and structural 
applications (Zhang and Agrawal 2015, Maiti et al. 2006, 
Batterbee and Sims 2005). The potential benefits of using 
semi-active MR dampers in vehicle suspension systems 
have been reported in various publications. However, the 
application of semi-active MR dampers has been mostly 
limited to high-end vehicles, such as the Audi A3 (Audi 
magnetic ride suspension technology) (Audi Magnetic Ride 
2023), Cadillac ATS (Cadillac magnetic ride technology) 
(Cadillac Magnetic Ride 2023), and Ferrari GTC4Lusso 
(MagneRide SCM-E suspension) (Ferrari Magneride SCM-
E Suspension 2023). More recently, various studies have 
been conducted to explore the feasibility of this technology 
in commercial vehicles, both through simulation and 
experimentation. For example, Desai et al. (2019) designed 
and experimentally characterized a twin-tube MR damper 
for a passenger van. Jamadar et al. (2021) developed a 
mathematical model for MR damper based on equivalent 
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damping and showed its efficacy in reducing computational 
time during real-time control simulations. Babawuro et al. 
(2020) compared active quarter-car suspension against 
passive suspension systems and employed linear matrix 
inequality and linear quadratic regulator controllers. 
Akutain et al. (2007) performed a comparative analysis 
using vertical acceleration data with a modified hybrid 
semi-active control utilizing skyhook and groundhook 
concepts. Floreán-Aquino et al. (2021) tested a commercial 
MR damper using skyhook control and compared it with 
other control schemes. Savaresi et al. (2010) proposed a 
single sensor-based control strategy to reduce cost and 
increase reliability of a semi-active vehicular suspension 
system. 

The design of semi-active vehicular suspension systems 
involves the integration of several components, including 
MR fluid, a damper with an electromagnetic valve, and a 
control system. Balancing performance with cost poses a 
significant challenge in this design problem. While many 
studies have focused on individual aspects related to the 
optimal design of MR fluid constituents, dampers, and 
control systems, there is currently no comprehensive study 
addressing all these elements with the overall objective of 
cost-effectiveness, to the best of the author’s knowledge. 
The following observations can be made based on the 
literature studies: 

 

1. MR dampers are only available in high-end 
vehicles, owing to their high design costs, control 
sensor and logic implementations, and intellectual 
patent rights. 

2. Most studies on semi-active MR dampers have 
concentrated on individual areas, such as optimal 
damper design, determining optimal fluid 
constituents, and optimal controller design. 
Furthermore, experimental studies on the real-time 
implementation of semi-active dampers are limited 
when compared to analytical and simulation studies. 

3. Ride comfort and road-holding performance indices 
are commonly used to assess control logic 
performance. Although ride comfort is subjective, 
both indices are measured in terms of the 
acceleration values of the sprung and unsprung 
masses, respectively. Thus, several parameters, 
including damper geometric dimensions, MR fluid 
properties, suspension geometry, control logic, and 
its tunable parameters, affect the performance 
indices. Optimal damper design for a particular 
application considering such a large number of 
parameters adds to the cost of the damper. 

 

Based on the above observations, this study aims to 
develop a methodology to design a semi-active damper for 
a commercial four-wheeler vehicle. The cost-effectiveness 
of the proposed semi-active suspension system is observed 
in developing an in-house MR fluid (optimally developed 
for vehicular applications in our previous works (Acharya et 
al. 2019), modifying an already existing passive damper 
into a semi-active one, reduction of the number of sensors 
and developing a novel control strategy. 

The rest of the paper is organized as follows. The 
overall methodology of design procedure is detailed in 

section 2. The rheology of the in-house prepared MR fluid 
along with the characterization results are provided in 
section 3. Section 4 and 5 discusses about the retro-fit 
development and characterization of MR damper 
respectively. Our novel approach to developing an ADV 
controller is detailed in section 6. The developed strategy is 
evaluated for performance both via mathematical modeling 
in section 7 and experimental studies in section 8. The 
results are discussed in section 9, followed by conclusions 
in section 10. 

 
 

2. Methodology 
 
The primary objective of this study is to design a cost-

effective semi-active suspension system. The study presents 
a detailed methodology starting from the preparation of MR 
fluid to its usage in a quarter car test assembly. The process 
of achieving this objective is outlined in this section. Firstly, 
the MR fluid is prepared in the laboratory using an optimal 
fraction of constituents. The study of the rheological 
characterization of the MR fluid for different currents and 
dynamic conditions are also included. Secondly, an MR 
damper is designed for a specific four-wheeler vehicle, and 
its characteristics are studied for various harmonic inputs in 
a dynamic testing machine. Thirdly, a novel single-sensor-
based control logic is developed, and simulation studies are 
conducted. Lastly, the designed damper is implemented in 
the McPherson suspension system of a typical commercial 
vehicle, and the experimental results obtained from a 
quarter car test setup are compared to simulations. 
Additionally, the obtained results are compared to various 
control logics from previous studies. 

 
 

3. Rheology of in-house MR fluid 
 
Initially, MR fluid is developed using carbonyl iron as 

ferrous particles, poly alpha olefin as the carrier fluid, and 
aluminium distearate and bentonite clay as additives. The 
addition of aluminium distearate enhances the redispersibility 
of ferrous particles in the MR fluid, while bentonite clay 
improves its stability by preventing the settling of ferrous 
particles (Acharya et al. 2019). To prepare the MR fluid, the 
additives are added to the carrier fluid in stages and stirred 
for 4 hours to ensure a uniform distribution. Carbonyl iron 
particles are then added to the mixture and stirred for 12 
hours, resulting in an MR fluid consisting of 78% carbonyl 
iron particles and 20% base oil in terms of volume fraction. 
Both additives are added in equal amounts, constituting a 
total of 5% of base oil. The rheological properties of the 
synthesized MR fluid are characterized using a Rheometer. 
This allows for the study of the MR fluid’s rheology with 
varying magnetic fields for different current inputs. The 
measurements of shear stress and viscosity for a given shear 
rate are included in the characterization testing. The 
experimental setup for rheology testing is illustrated in Fig. 
1. 

The rheology tests were performed under two 
conditions: varying shear rate with constant currents and 
constant shear rate with varying current. During testing, 
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Fig. 1 Rheometer (Make: Anton Paar Pvt Ltd.)

 
 

changes in the magnetic field intensity were induced by 
varying the current. The Rheometer was set up with a shear 
gap of 0.5 mm between two parallel plates. Fig. 2(a) 
displays the variations in shear stress with varying shear 
rate and different currents. The shear rate was adjusted 
between 1 and 600 s-1. The rheological characterization was 
conducted with four different current inputs: off-state (0 A), 
1 A, 2 A, and 3 A. The recorded shear stress of the MR fluid 
displayed a significant increase in magnitude as the current 
input increased. 

The MR fluid demonstrates linear shear stress behavior 
at off-state that is reminiscent of a Newtonian fluid. 
However, the non-Newtonian nature of the MR fluid is 
prominently observed when a magnetic field is applied. At a 
shear rate of 600 s-1 and 3A current input, the maximum 
shear stress increases significantly from 163 Pa to 29,505 Pa 

 
 

 
 

as seen in Fig. 2(a). As illustrated in Fig. 2(b), the viscosity 
of the MR fluid decreases as the shear rate increases. The 
behavior is consistent for all applied currents, however, 
apparent viscosity increases with an increase in current. At 
600 s-1 shear rate, the viscosity of MR fluid in off-state 
condition is 271.29 mPa.s, which increases to 49,175 mPa.s 
at a magnetic field corresponding to 3A current. 

A set of experiments were also conducted to understand 
the shear stress and the viscosity variation with current 
sweep at constant shear rate. Bingham fluid model was used 
to determine the yield stress and the apparent viscosity. The 
current input is varied linearly from 0.01A to 5A and the 
resulting response is depicted in Fig. 3. 

The shear stress increased from 245 Pa to 37,613 Pa and 
the viscosity increased from 819 mPa.s to 125,450 mPa.s 
with the current sweep. From the rheological 
characterization results, it is evident that the MR fluid 
responded favorably to the external magnetic field. Even 
though the current sweep was linear, the shear stress and 
viscosity variation have deviated from linearity after a 
certain point, as shown in Fig. 3. This can be attributed to 
the saturation limit of magnetic field application on ferrous 
particles (Acharya et al. 2019). 

 
 

4. Development of MR damper 
 
Fig. 4 illustrates the primary components of the MR 

damper, which include the cylinder, piston rod, piston with 
electromagnetic coil, and MR fluid. Together, these 
components form an electromagnetic circuit, with the 
cylinder, MR fluid in the shear gap, and the piston serving 

 
 

 
 

  
(a) Shear stress variation (b) Viscosity variation 

Fig. 2 Shear and viscosity variation with varying shear rate

  
(a) Shear stress variation (b) Viscosity variation 

Fig. 3 Shear and viscosity variation with current sweep
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Fig. 4 Schematic diagram of shear mode MR damper
 
 

Fig. 5 Fabricated piston and the damper 
 
 

as the circuit’s three key elements. The terminals of the 
electromagnetic coil are pulled through the piston rod to 
apply current inputs. The MR damper operates in a shear 
mode, wherein the piston’s relative motion with the cylinder 
inner surface drives the MR fluid from one chamber to the 
other. Any change in the current inputs alters the applied 
magnetic field in the fluid gap, thereby manipulating the 
rheological properties of the MR fluid and ultimately 
varying the damping force of the damper. 

Achieving optimal design of the MR damper requires 
solving a multi-physics problem that involves magnetostatic 
and computational fluid dynamic analysis. However, to 
simplify the non-Newtonian fluid mechanics, a quasi-static 
behavior is assumed, resulting in simpler equations that 
relate to pressure difference (subsequently, the damping 
force) and piston geometric variables (Yang et al. 2002, 
Phillips 1969, Gavin et al. 1996). On the other hand, 
nonlinear magnetostatic analysis can be simplified by using 
lumped parameter equivalent magnetic circuit models 
(Gavin et al. 2001, Saini et al. 2019, Nguyen and Choi 
2009). 

In this study, a cost-effective methodology is developed 
for the design of the damper by retrofitting an optimally 
designed electromagnetic valve inside the existing damper 
geometry, converting it into a semi-active damper. A 
volume-constrained optimization problem is formulated to 
determine the highest magnetic field in the flow gap region 
without exposing any part of electromagnetic circuit to 
saturation. The procedure for volume-constrained optimal 
design is provided elsewhere (Acharya et al. 2019, Saini et 
al. 2019), and the optimal dimensions of the damper, 
rounded off, shown in Table 1. All materials used in the 
electromagnetic circuit, except for the cylinder, are 
fabricated with American Iron and Steel Institute 1018 
(AISI 1018) steel. 

American wire gauge 25 (AWG 25) copper wire is 
wound around the piston with 300 turns. The developed MR 

Table 1 Dimensions of piston and electromagnetic valve 

Piston specification Dimension (mm) 
Piston head diameter (D) 36 
Piston rod diameter (d) 20 

Pole length (h) 10 
Total piston head length (L) 50 

Annular flow gap (x) 1 
 
 

damper is depicted in Fig. 5. Also, a spring accumulator is 
placed at the bottom position of the damper to 
accommodate for the volume difference arising due to the 
movement of the piston rod in the cylinder. 

 
 

5. Characterization of MR damper 
 
In order to comprehend the dynamic response of the MR 

damper, a characterization analysis of the assembled 
damper is conducted with various harmonic inputs on a 
dynamic testing machine. Fig. 6(a) depicts a schematic 
diagram of the damper testing machine (DTM). For any 
selected input, the controller provides a signal to the servo 
valves, which controls the motion of the actuator backed by 
hydraulic power supply. The actuating signal excites the 
damper under study, and a load cell measures the damping 
force exerted by the device. In addition, a DC power supply 
is used to provide current input to the electromagnetic coil 
in the damper in order to estimate the damping effect of MR 
fluid under the influence of various magnetic fields. The 
acquired sensory data is measured by a data acquisition 
system and recorded for subsequent analysis. The 
experimental test setup of the dynamic testing machine 
attached with an MR damper is presented in Fig. 6(b). 

The MR damper is subjected to harmonic excitations 
with varying amplitudes and frequencies. Along with these, 
the performance of MR damper is observed for different 
current excitations varying from 0 A (off-state) to 1 A in 
steps of 0.25 A. The current input to the damper is provided 
by direct current (DC) power supply. The characterization 
of MR damper is performed for various sinusoidal input 
displacements. However, for the sake of brevity, results 
related to 10 mm amplitude and 2 Hz frequency for varying 
current inputs are provided, as seen in Fig. 7. 

Based on the results of the characterization of the MR 
damper, it is evident that the total damping force generated 
in the off-state condition is approximately 411 N (rebound) 
and -191 N (compressive). Similarly, when a 1A current 
input is applied to the piston of the MR damper, the 
damping forces recorded are 808 N (rebound) and -540 N 
(compressive). As can be inferred from the characterization 
data, the compression and rebound forces are asymmetrical, 
which could be attributed to the usage of a spring 
accumulator within the damper. Although the spring 
accumulator prevented the problem of lateral shift, the 
magnitude of the spring force could be a reason behind the 
asymmetry between the compression and rebound force. 
The testing of the MR damper at other current conditions 
also revealed a significant difference in the damping forces 
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(refer to Fig. 7). This design yielded a dynamic range of 
2.3, which is comparable to other dampers intended for 
vehicular applications (Devikiran et al. 2022, Yu et al. 
2006). Also, a slight horizontal shift between the lower and 
upper characteristic curve can be observed. As compared to 
previous studies, this shift is minimal, thus suggesting that 
the use of floating piston resulted in reduction of cavitation 
effects in the damper. 

 
 

6. Controller 
 
Numerous control approaches have been developed in 

previous studies for semi-active vehicle suspension, which 
can generally be categorized as linear, nonlinear, or robust 
controllers. Linear controllers, such as skyhook and 
groundhook, are considered the simplest to implement. 
However, the cost of hardware to implement the control 
logic and the required sensors for feedback can be a 
significant factor. The aforementioned controllers necessitate 
at least two sensors to obtain feedback data. Thus, in this 
study, a low-cost, single-sensor-based controller is designed, 
and the control logic is executed using inexpensive sensors 
and microcontroller. The efficacy of the proposed controller 
is evaluated and compared with that of the widely used 
skyhook controller, which is known for its simplicity and 
effectiveness in improving ride comfort. 

 
 

 
 
6.1 Acceleration driven velocity (ADV) control 
 
Recent studies have demonstrated that the longitudinal 

acceleration of the car body can be used to estimate road 
profile and surface condition. It was shown that there exists 
a correlation between the mean amplitude value of body 
acceleration and the road surface roughness (Praznowski et 
al. 2020, Nguyen et al. 2019, Zhao et al. 2019). Based on 
this finding, the current supplied to the damper is modulated 
according to the root mean square (RMS) values of sprung 
mass accelerations. As only one sensor is required to 
measure the body acceleration, this approach can effectively 
reduce the overall cost of the controller. 

The control strategy involves setting the damping 
constant to a low value when the RMS value of sprung 
mass acceleration exceeds a specified threshold, while 
regulating it to a maximum using Eq. (1) when it falls 
below the threshold. This approach provides a simple and 
cost-effective method of controlling the semi-active 
suspension system (Savaresi et al. 2010). 

 𝑐௜௡ = ൜𝑐௠௜௡ 𝑖𝑓   𝑧ሷோெௌ ൒ 𝑎௧௛௥௘௦௛௢௟ௗ𝑐௠௔௫                otherwise  (1)

 
Here, 𝑐௠௜௡  is the minimum damping constant 

equivalent to zero current, 𝑐௠௔௫ is the maximum damping 
constant equivalent to high current, 𝑧ሷோெௌ  is the RMS 

(a) Dynamic testing machine schematic (a) Dynamic testing machine schematic

Fig. 6 Schematic and experimental setup of dynamic testing machine installed with MR damper (in the figure LVDT is 
abbreviated form of Linear variable differential transformer)

 
(a) Force-displacement curves (b) Force-velocity curves 

Fig. 7 Damper characterization curves at 10 mm amplitude, 2 Hz frequency and at varying currents
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acceleration of sprung mass acceleration evaluated over a 
moving window, and athreshold is the acceleration threshold 
which can be user controlled. 

 
6.2 Skyhook control 
 
This is a simple on/off strategy which switches between 

high and low damping coefficients in order to achieve the 
required levels of comfort or road holding (Akutain et al. 
2007). The control law is given by the Eq. (2) 

 𝑐௜௡ = ൜𝑐௠௜௡     𝑖𝑓    𝑧ሶ𝑧ሶௗ௘௙ ≤ 0𝑐௠௔௫    𝑖𝑓    𝑧ሶ𝑧ሶௗ௘௙ > 0 (2)

 
Here, 𝑧ሶ is the sprung mass velocity and 𝑧ሶௗ௘௙ is the 

deflection velocity. From an implementation point of view, 
it requires two measurements and thus two sensors for each 
wheel. 

 
 

7. Mathematical modeling 
 
7.1 Quarter car model 
 
The quarter car model is a simplified representation of a 

vehicle’s suspension system, used for analyzing and 
evaluating the performance of the system. It consists of a 
sprung mass, representing the vehicle body, and an 
unsprung mass, representing the wheels and suspension 
components. The two masses are connected by a spring and 
a damper, which represent the suspension system. The 
suspension elements, namely the spring and damper, are 
designed to reduce the effects of these disturbances on the 
vehicle body, and provide a smoother ride for the 
occupants. A two degree of freedom quarter car model as 
shown in Fig. 8 is used in this study. 

The mathematical model of the quarter car model is 
defined by following Eqs. (3)-(4) (Jamadar et al. 2021) 

 𝑚ଵ𝑧ሷሺ𝑡ሻ + 𝑘ଵሺ𝑧 − 𝑧௧ሻ + 𝑐ଵሺ𝑧ሶ − 𝑧ሶ௧ሻ = 0 (3)
 𝑚ଶ𝑧ሷ௧ሺ𝑡ሻ − 𝑘ଵሺ𝑧 − 𝑧௧ሻ − 𝑐ଵሺ𝑧ሶ − 𝑧ሶ௧ሻ +𝑘ଶሺ𝑧௧ − 𝑧௥ሻ + 𝑐ଶሺ𝑧ሶ௧ − 𝑧ሶ௥ሻ = 0 (4)

 
Here, 𝑚ଵ is the mass of sprung mass, 𝑚ଶ is the mass 

of unsprung mass, 𝑘ଵ is the suspension spring constant, 𝑐ଵ 
is the suspension damping constant which is being 

 
 

 
Fig. 8 Quarter car model 

 

Table 2 Quarter car simulation parameters 

Parameter Value (units) 𝑚ଵ 600 (kg) 𝑚ଶ 75 (kg) 𝑘ଵ 30000 (N/m) 𝑘ଶ 300000 (N/m) 𝑐ଵ 1516 (Ns/m) 𝑐ଶ 0 (Ns/m) 𝑐௠௔௫ 4000 (Ns/m) 𝑐௠௜௡ 700 (Ns/m) 
 
 

modulated by the controller, 𝑘ଶ is the tire stiffness, 𝑐ଶ is 
the tire damping, z is the sprung mass deflection, 𝑧௧ is the 
unsprung mass deflection and 𝑧௥ is the vertical deflection 
of road. The parameters used in this study are given in Table 
2. 

 
7.2 Comparison metrics 
 
To compare responses generated by various control 

algorithms, a method detailed in Savaresi et al. (2010) is 
used. The method is described below. 

 
1. A sinusoidal road input given by Eq. (5) is fed to the 

quarter car model over a period of 10 cycles. 
 𝑧௥ = 𝐴 𝑠𝑖𝑛ሺ2𝜋𝑓𝑡ሻ (5)
 
Here, A is the amplitude of the road profile, f is the 
frequency and t is time in seconds in the range [0, 
10/f]. 

2. The corresponding output displacement plots of 
sprung mass ሺ𝑧ሻ and relative displacement of tire ሺ𝑧௥௘௟ = 𝑧௧ − 𝑧௥ሻ are recorded. 

3. Power spectral densities of road input ሺ𝑍௥ሻ, sprung 
mass displacement ሺ𝑍ሻ  and relative tire 
displacement ሺ𝑍௥௘௟ሻ are evaluated. 

4. The corresponding frequency plots for ride comfort 
and road holding are generated as ratios 𝑍ሺ𝑓ሻ 𝑍௥ሺ𝑓ሻ⁄  and 𝑍௥௘௟ሺ𝑓ሻ 𝑍௥ሺ𝑓ሻ⁄  for all road input 
frequencies, 𝑍௥ሺ𝑓ሻ. 

 
This methodology allows to derive Bode like diagrams 

for nonlinear systems and thus can be used in comparative 
studies of control algorithms. 

 
 

8. Experimental testing on quarter car 
 
The developed MR damper has its compatibility in 

terms of dimension with the suspension system of a definite 
light motor vehicle. This work used the McPherson 
suspension system for the damper installment. A schematic 
of the quarter car suspension test rig is depicted in Fig. 9(a), 
wherein vertical motion representing road undulations is 
imparted to the actuation table by an actuator, and the tire of 
the quarter car structure is placed atop it. The suspension 
system, consisting of the McPherson strut assembly in this 
case, is affixed to the wheel unit and the bottom plate of the 
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sliding unit. The sliding unit, along with the bottom and top 
plates, controller, and weight blocks, represents the sprung 
mass, which can be adjusted using weight blocks. The 
sliding unit is permitted to move in the vertical direction, 
thereby simulating the vertical displacement of the vehicle. 
Several sensors, as shown in Fig. 9(a), are positioned on the 
test rig to measure simulated road displacements, sprung 
and unsprung mass accelerations, and sprung mass 
displacement. All sensor signals are acquired by data 
acquisition systems and recorded for subsequent analysis. 

The suspension system is then fitted along with other 
components required in a quarter car set up. The sprung 
mass is placed over the suspension system and the sprung 
mass was set to be 210 kg, which represents the quarter 
mass of a commercial light motor vehicle. The spring 
element was the commercially available one that came 
along with the McPherson system of the vehicle. The 
resulting quarter car structure, equipped with the MR 
damper in the McPherson suspension, is illustrated in Fig. 
9(b). Due to experimental limitations and to avoid excessive 
vibrations, experiments have only been carried out in the 
range of 1 to 7 Hz in the interval of 0.1 Hz and for an 
amplitude of 10 mm in a sinusoidal profile. 

 
 

Fig. 10 Developed compact controller
 
 
8.1 ADV controller 
 
A compact controller has been developed to supply 

input current to the damper, as shown in Fig. 10. The 
controller consists of an Arduino microprocessor, GY61 
accelerometer sensor, a 12V DC power supply, and an H- 

 
(a) Schematic of quarter car suspension test rig

 

(b) Experimental quarter car suspension test rig

Fig. 9 Schematic and experimental setup of quarter car suspension test rig incorporated with MR damper
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bridge module. Based on the acceleration values of the 
sprung mass, the input current to the MR damper is 
regulated on-off, corresponding to (cmax, cmin) damping 
constant. For a sampling frequency of 1000 Hz and RMS 
calculations for a moving window of 500 time steps were 
considered. Since the moving window is kept constant and 
to avoid redundant calculations, sum of squares (SS) values 
of accelerations in the moving window are used instead of 
RMS values. 

The following algorithm, which makes use of previous 
time step calculations, is used in the microcontroller. 

 
1. Initialize the parameters, BufferSize = 500, counter 

= 0, array AR[BufferSize] = 0, SS = 0. 
2. Record the acceleration sensor reading in the 

variable z. 
3. Calculate the sum of square values, SS = SS+ z*z –

AR[counter]*AR[counter] 
4. Initialize AR[counter] = z. 
5. Increment counter value.  
6. Reinitialize the value of counter to 0, if counter < 

BufferSize – 1. 
7. Regulate damper current based on SS values and 

repeat the process from steps 2 to 6. 
 
 

9. Results and discussion 
 
Numerical studies were conducted to analyze ride 

comfort and road holding for a 10 mm displacement, 
resulting in nonlinear frequency plots. An acceleration 
threshold of 0.35 m/s2 was implemented to demonstrate the 
effectiveness of the control algorithm. The obtained results 
revealed that for low frequencies ranging between 1-1.4 Hz, 
stiff damping yielded the optimal filtering performance, 
whereas soft damping exhibited significant attenuation, 
ultimately resulting in improved comfort. These findings 
are supported by the results displayed in Fig. 11(a). 

The skyhook controller exhibits superior ride comfort 
for both higher and lower frequency components. In 
contrast, the proposed ADV controller exhibits an 
intermediate response in the low frequency range and a 
response similar to the skyhook controller in the high 
frequency range. 

Regarding road holding, the frequency plots indicate 
that for higher frequencies within the 8 – 17 Hz range, soft 

 
 

Fig. 12 Experimental nonlinear frequency ride comfort 
characteristics

 
 

damping results in poorer road holding, whereas stiff 
suspension yields better filtering performance. Notably, the 
skyhook controller performs worse in higher frequency 
ranges, similar to soft damping as shown in Fig. 11(b). In 
contrast, the proposed controller performs comparably to 
the stiff damper and results in improved road holding 
characteristics. A transition point around 6 Hz can be 
noticed for the proposed controllers where the ADV 
controller transitions from the soft damping to hard 
damping. This switching frequency can be varied by 
selecting the acceleration threshold. Therefore, the proposed 
controller provides selective performance in enhancing both 
ride comfort and road holding. 

Fig. 12 illustrates the experimental results for nonlinear 
ride comfort at various frequencies. Two separate case 
studies were conducted, one by setting an acceleration 
threshold of 0.25 m/s2 (hereafter referred to as ‘C1’ in 
subsequent analysis), and the other at 0.35 m/s2 (hereafter 
referred to as ‘C2’). Due to the much lower acceleration 
threshold value of 0.25 m/s2, the controller ‘C1’ transitions 
to hard damping after 2.4 Hz. In contrast, the controller 
‘C2’ exhibits a transition point at approximately 4.4 Hz, at 
which point the damping characteristics modulate from soft 
to hard damping, as shown in Fig. 12. After this frequency, 
the RMS accelerations of the sprung mass exceed the limit 
of 0.35 m/s2, leading to a transition from soft to stiff 
damping in the suspension system. 

Owing to experimental limitations, road holding 
analysis and responses to random road profiles were not 
conducted. Nevertheless, the experimental results for ride 

 
(a) Ride comfort frequency responses (b) Road holding frequency responses

Fig. 11 Nonlinear frequency response curves for ride comfort and road holding 
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Table 3 Cost comparison between commercial and 
developed one 

Component Cost of commercial 
one (INR) 

Cost of developed 
one (INR) 

MR Damper 83000 39000 
Controller 21000 4300 

Total 104000 43300 
 

 
 

comfort exhibit a similar trend as that of the simulation 
results, which is evident from Figs. 11(a) and 12. 

Lastly, a cost comparison between the damper models 
available commercially and the one fabricated in this study 
is performed. Due to non-availability of prices of semi-
active dampers of high end vehicles, a comparison with that 
of commercially available seat suspension dampers is 
performed. As can be seen in Table 3, a significant cost 
reduction of more than 50 % can be achieved by using the 
damper designed in this study. 

 
 

10. Conclusions 
 
The current study emphasizes the development of a 

cost-effective semi-active suspension system for a four-
wheeler vehicle. In this regard, a comprehensive study 
starting from the preparation of MR fluid with optimal 
constituents to experimental testing was conducted. After 
performing rheological characterization on the optimal MR 
fluid, a passive damper of a typical commercial vehicle of 
McPherson type was optimally designed to realize a semi-
active damper. Later, the semi-active damper was 
characterized using various harmonic inputs and was found 
to have a dynamic range of 2.3, which is on par with those 
of previous studies. A novel control strategy was proposed 
which regulates the current supplied to the damper based on 
the sum of square values of sprung mass acceleration in a 
moving horizon window. Subsequently, simulation studies 
were performed on the overall semi-active quarter car 
model coupling with the proposed controller and the control 
performances were compared to those of various passive 
dampers and skyhook controller. Finally, experimental 
studies were conducted on a suspension test rig using 
McPherson strut assembly fit with the developed semi-
active damper and the ride comfort was evaluated for the 
proposed controller. It was observed that the experimental 
results agree well with those of simulation trends. Overall, 
in this study a cost-effective methodology is proposed 
which can be similarly applied to develop other semi-active 
dampers for commercial vehicles in developing nations. 
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