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Abstract: The objective of this study is to develop a dynamic model utilizing the transfer function 
approach to depict the correlation between current and pressure in a magnetorheological (MR) device. 
A transfer function-based dynamic model is employed due to its ability to replicate the dynamic 
response of pressure drop caused by current fluctuations, while also ensuring simplicity in the design 
of automated control systems. This study also utilized the linear black-box approach to forecast the 
dynamic behavior of the current-pressure characteristics. The model was derived using empirical 
data collected from an annular MR valve. The experimental data were examined by fitting them to a 
series of transfer function structures. The poles and zeros coefficients in each transfer function were 
calculated using the invariant variable regression approach and the Levenberg-Marquardt (LM) 
iteration, employing the system identification tools in MATLAB. The result of this technique 
produced a transfer function model of the 14th order, which is referred to as TF14. The TF14 model 
closely matches the experimental data, with a mean absolute percentage error of 12.64%. The results 
offer useful insights into the dynamic correlation between current and pressure in MR devices and 
their modeling technique. 
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1. Introduction  
Since Rabinow discovered magnetorheological (MR) 

fluid in the 1940s, there has been a significant amount of 
work done on the development of MR fluid-based devices 
1). The main reason for this vast development is due to the 
unique ability of the MR fluid rheological properties, 
which allow the fluid's viscosity to be quickly and 
precisely regulated by introducing a specific magnetic 
field strength to the fluid2). The majority of MR devices 
modify the viscosity of the intended MR fluid using an 
MR valve3). The MR fluid is forced through the channels 
of the MR valve. The viscosity value is then altered by 
applying a magnetic field perpendicular to the fluid flow 
at the MR valve's channel area. The pressure drop on MR 
valve channels will vary depending on the fluid's viscosity 
variations. The pressure drop changes are useful in many 
devices requiring rapid flow or force control, such as 
semi-active and active dampers, brakes, valves, and 
actuator devices4). 

Based on the construction of the channel, there are two 

types of MR valves, i.e., annular and radial MR valves5). 
The main difference between these two types is the flow 
direction of the fluid6). The annular MR valve channel has 
an annular flow direction7), and the radial MR valve 
channel has a radial flow direction8). However, the annular 
MR valve offers a simpler construction and manufacturing 
process9). Despite the difference between these types of 
MR valves, the basic principle to change the pressure drop 
in the MR valve remains the same, i.e., by changing the 
fluid viscosity through the magnetic field adjustments the 
fluid10).  

The magnetic field needed to alter the fluid's viscosity 
in an MR valve is often produced by an electromagnetic 
coil11). The use of an electromagnetic coil makes the 
adjustment of the MR fluid viscosity and the pressure drop 
easier as the magnetic field strength can be changed 
rapidly by changing the input current magnitude to the 
electromagnetic coil3,12). The input current magnitude can 
be supplied manually or automatically using a control 
algorithm13). However, the practical use of MR device 
requires only the right amount of current at the right time 
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in order to produce the appropriate MR response14). The 
dynamic model or any other mathematical representation 
can be used to calculate the desired current input15). 
Therefore, the depiction of the pressure drop changes 
reaction as a result of current or magnetic field changes 
must be included in the dynamical model,16) where it 
views the force or pressure drop as an output and the 
current magnitude as an input17). 

Unfortunately, the development of the MR valve's 
dynamic model is a relatively rare topic of discussion, 
with most studies focusing on the MR damper's model. 
However, since the MR valve is a key component of the 
MR damper, the dynamic model of the MR valve can be 
developed using a similar approach to that of the MR 
damper.8). The main difference is that the damping force 
in the MR damper model corresponds to the pressure drop 
in the MR valve, while the piston velocity in the MR 
damper model is analogous to the flow rate in the MR 
valve.6).  

In general, the MR damper model can be categorized 
into two types: the force hysteresis model, which 
addresses transient behavior due to changes in velocity, 
and the transient model, which focuses on force changes 
due to variations in input current19). Many researchers 
with different approaches have widely studied the force 
hysteresis model. One of the first studies was carried out 
by Stanway et al.20) in 1987 with the Bingham plastic-
based model approach. From this study, the changes in 
peak force due to changes in velocity can be modeled with 
a simple equation. In 1997 Spencer et al. 21) studied a new 
model named Bouc-Wen model to improve the prediction 
of force hysteresis behavior. These two models were then 
developed by other researchers, such as Lischinsky et al.22), 
who found a new parametric model named LuGre 
Hysteresis model. These initial versions of MR damper 
are often called parametric models23). These model types 
use a physical representation approach to model the MR 
damper hysteresis behavior24). 

In a recent study, a black-box method was studied to 
create the model with higher accuracy25). This method 
uses a numerical and statistical approach to develop a 
dynamic model from the system's behavior experimental 
data 26,27). In 2021, Ikhtiar et al.28) modeled the first model 
of the hysteresis behavior of an MR damper using the 
Gaussian and Generalized Bell of ANFIS machine 
learning algorithm method29). Their study offers a simple 
way to model the MR damper behavior without using a 
complex numerical approach. The result of this study 
shows that the Gaussian approach can mimic the 
hysteresis behavior with 14% of the maximum relative 
error. In 2022 Abdelhamed et al.30) used the black-box 
method, i.e., a non-linear ARX statistical approach to 
create an MR damper model. The accuracy of the non-
linear ARX from the Abdelhamed model is much higher 
than the Bouc-Wen model, with only a 6.2% Root Mean 
Squared Error. 

Although the development of the force-hysteresis 

model of MR dampers has been widely conducted with 
outstanding results, this model is still unable to describe 
the force dynamics behavior when there is a sudden 
change in input current magnitude. Modeling this 
behavior is crucial for designing systems that 
automatically supply current using control system 
algorithms.17). Only a transient-dynamics model, or 
current-force/pressure model, of the MR damper or MR 
valve can adequately explain this behavior. Unfortunately, 
the development of the transient-dynamics model has 
been limited. Therefore, in this study, the modeling 
process of the current-pressure behavior of the MR valve 
is undertaken as a representation of the MR damper 
current-force model.  

In this study, the modeling process primarily focuses on 
the effects of current changes to the transient pressure 
behavior. The model is developed based on MR valve 
dynamics due to its significant influence on current-force 
characteristics of an MR damper. As previous research 
suggested that the black-box model offers a more 
straightforward and accurate approach to modeling MR 
damper behavior, this study employs the black-box 
method to develop a simplified current-pressure model 
using a linear transfer function. A set of experimental 
results will be used as training data for the model. Once 
generated, the model's accuracy will be evaluated through 
validation tests using different sets of experimental results. 
The outcome of this work is expected to demonstrate a 
novel modeling approach for MR device dynamics, 
utilizing a transfer function method known for its potential 
to simplify integration with control system development 
stages. 

 
2. Research Methodology 

In this study, the modeling process of current-pressure 
behavior on the MR valve is conducted using a linear 
black-box model with the output model as a transfer-
function model. The type of MR valve used in this study 
is a bypass annular MR valve. The experimental testing 
data of the MR valve is used to model the current-pressure 
behavior of the MR valve. On the experimental testing 
data, the changes in current magnitude are determined as 
the input data, while the changes in pressure drop are the 
output data. 

 
2.1 Design of Annular Magnetorheological Valve 

The annular magnetorheological valve has a 
construction that forms an annular flow direction6). This 
valve has an advantage in the more straightforward 
construction and manufacturing process, so the cost is 
much lower than the radial MR valve. The design of the 
annular MR valve used in this study is shown in Fig. 1. It 
consists of three main parts, namely coil bobbin (1), 
magnetic disk (2), and magnetic core (3). Each part is 
made from different material; where the material used to 
make the coil bobbin (1) is Aluminum 1100, while the  
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Fig. 1: Axisymmetric View of experimental MR Valve Design and Construction 

 
magnetic disc and core (2 and 3) are made from AISI 1010 
carbon steel grade. The effective length of the magnetized 
area (L) and the channel width (d) are 10 mm and 1 mm, 
respectively. At the same time, the annular channel radius 
(R) is 19.5 mm. In the coil bobbin (1), 600 turns of the 
electromagnetic coil are installed using AWS 24 enameled 
copper wire which is then supplied with a current of 0 A – 
1 A. 

The MR fluid used in this study is the MRC-C1L series 
from CK Materials Lab, which is applied to a linear 
suspension system. This fluid is composed of two main 
elements, i.e., metal particles and a carrier fluid. The metal 
particle is a ferromagnetic particle of 1-10µm in diameter, 
and the carrier fluid is organic fluids or aqueous fluids. 
The MR fluid response due to change in a magnetic field 
has a rapid response with only needs 1-20 ms response 
time. The more detailed basic properties of this MRC-C1L 
fluid are described in Table 1.  

 
Table 1. MRC-C1L Fluid Properties 

Appearance  Dark Grey Liquid 

Density (g/m3) 2.75-2.95 

Viscosity (Pa s @40oC) 0.106 ± 0.02 

Shear Stress (kPa @570 mT) 68.0 ± 7 

Operating Temperature (oC) -40 – 140 

Flash Point (oC) >140 

Solid Wight Percentage (wt%) 77-80 

Sedimentation Stability 
(vol%/30 days) 

4.00 

 
2.2 Magnetic Simulation of MR Valve Design 

The performance of the MR valve is the effect of 
several parameters, such as the selection of annular 
channel dimensions, materials used in the MR valve, the 
type of MR fluids, and the number of coils. The generation 
of pressure drop on the MR valve depends on the strength 
of the magnetic flux acting on the MR fluid16). The 
performance of the MR valve for generating the magnetic 
field value needs to be reviewed and analyzed. Therefore, 
with the specified MR valve design, a magnetic simulation 
was carried out with the FEMM software to determine the 
magnetic flux value in the annular channel magnetization 
area. The display and results of the FEMM simulation are 
shown in Fig 2 and 3. 

Figure 2 shows an annular MR valve meshed view on 
the FEMM simulation, and Figure 3. shows the 
distribution and the magnetic field magnitude on the 
annular MR valve. Based on Fig.3. The achieved magnetic 
field value on this MR valve design is 0.6-0.7 Tesla with 
1 A current input. From the obtained maximum magnetic 
field capacity and the MR valve specified dimensions, The 
pressure drop value can be obtained from the quasi-static 
fluid behavior approach developed by Bingham et al., as 
shown in Eq. 1. 

 
𝜏𝜏 =  𝜏𝜏(𝐻𝐻)𝑠𝑠𝑠𝑠𝑠𝑠(𝛾̇𝛾) +  𝜂𝜂𝛾̇𝛾             (1) 

 

 
Fig. 2: Meshed view of FEMM model of the annular MR valve 

Flow  

Direction 
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Fig. 3: FEMM simulation result of the annular channel flux density 

 
Based on Eq 1, the total shear stress (τ) is the total sum 

of the yield stress due to the magnetic field (τ(H)) times 
the signum of the shear-strain rate (τ(H)) times the signum 
of the shear-strain rate (𝛾̇𝛾 ) and the product of the fluid 
viscosity (η) with the shear-strain rate 𝛾̇𝛾). Eq. 1 needs to 
be operated as a pressure drop equation by considering the 
dimensions of the annular channel. Fitrian et al.,6) used a 
static MR valve model to predict the performance of the 
annular MR valve. The equation of this MR model is 
shown in Eq. 2,  

 

            (2) 
 
where the total pressure drop (∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  ) is the sum of 
pressure drop due to viscosity and pressure drop due to 
yield stress due to magnetic field. The pressure drop due 
to viscous pressure is directly proportional to the fluid 
viscosity (η) times the flow rate (Q) and the length of the 
magnetizing area (L) and inversely proportional to the area 
of the annular channel (πd2) time the gap width (d) and 
the radius of the annular channel (R). Meanwhile, the 
pressure drop due to the magnetic field is directly 
proportional to the velocity profile coefficient (c) times 
the yield stress due to the magnetic field (τ(H)) and the 
length of the magnetization area (L) and is inversely 
proportional to the gap width (d). The coefficient of 
velocity profile (c) can be obtained through Eq. 3. 
 

   (3) 
 

Using Eq. 2, the proposed annular MR valve design is 
estimated to reach 12 bar pressure drop at a flow rate of 
412.33 mm3/s or equivalent to a 10 mm/s velocity. 

 
2.3 Experimental Setup 

The black-box modeling method needs experimental 
data as the source of model calculation. In this study, the 
experimental data is obtained from the pressure drop 
changes response due to input current changes data testing. 
The experimental test procedure is carried out by flowing 

the MR fluid on the MR valve at a constant speed of 5 and 
10 mm/s. When the fluid flows, the input current 
magnitude will be changed suddenly from the off-state (0 
A) to an on-state condition at the specified current 
magnitude. The changes in current magnitude variations 
are summarized in Table 2, 

 
Table 2. The current changes and variations 

Variation Condition Current (A) 

1 

OFF - ON 

0.25 

2 0.5 

3 0.75 

4 1.00 

 
The pumping process to stream the MR fluid inside the 

annular MR valve is done using a double-ended 
pneumatic cylinder. Figure 4 and 5 show the annular MR 
valve used in this study and the arrangement between the 
MR valve and double-ended cylinder. The double-ended 
cylinder is mounted on the universal testing machine, as 
shown in Fig 6. The universal testing machine presses the 
piston rod on the cylinder so the fluid can flow through 
the MR valve at a constant speed. 

The experimental data measurements use two types of 
sensors. The first sensor is a pressure transducer sensor 
with a reading range of -12 to 12 bar, and the second is an 
ACS 712 DC current sensor with a reading capacity from 
0 to 30 A. These sensors measure the transient response of 
the pressure drop changes and current changes in a real-
time condition. The recording of transient data 
measurement uses the LABJACK T-4 series data 
acquisition device with a sampling rate of 0.002s. These 
recordings are saved in CSV format for analysis and 
modeling purposes. Figure 6a and Figure 6b show the 
schematic and experimental setup. 

The measurement of the experimental data is carried 
out 3 times for training data and 72 times for testing data 
to ensure the measurement validity. All data contain 
information about the relationship between the current 
changes as an input and pressure drop changes as an 
output. These data is then modeled using the black-box 
modeling method. 

𝑐𝑐 = 2.07 +
12𝑄𝑄𝑄𝑄

12𝑄𝑄𝑄𝑄 + 0.8𝜋𝜋𝜋𝜋𝑑𝑑2𝜏𝜏(𝐻𝐻) 
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Fig. 4: Annular MR valve 

 

 
Fig. 5: Bypass construction of MR valve and the cylinder 

 

 
(a) 
 

 
(b) 

Fig. 6: a) Experimental scheme, (b) Experimental setup 
 

2.4 Black-Box for Transfer Function Model  
Black-box modeling is a statistical approach to creating 

a model from the input-output relationship data 31). This 

input-output data is obtained from experimental testing. 
Therefore, the black box method does not need a deep 
understanding of the basic principle of the system. 
Because of this advantage, the black-box method helps 
model the system that cannot be approached by physical 
analysis. However, knowledge about the system's basic 
principles helps minimize the trial-and-error process32). 

The black-box modeling method could achieve a high 
accuracy if the modeling process is done correctly. 
However, the black-modeling method has numerous 
approach variations. In general, there are two black-box 
modeling approaches, i.e., linear and non-linear 
approaches32). The linear approach offers a 
straightforward and robust model, and this approach is 
suitable for modeling a linear system. However, some 
cases of non-linear systems can be approached by a linear 
approach, although it will need a higher orders equation to 
get preferable modeling results. Some examples of the 
linear black-box approach are the transfer function and the 
state-space model approach32). 

 In contrast, the non-linear approach offers a better 
model accuracy and applies to modeling a non-linear 
system. However, the non-linear approach has extensive 
choices of methods, and the risk of the unstable model 
result is much higher than the linear approach32). This 
approach uses many non-linear statistical approaches such 
as non-linear ARX, Polynomial, ANFIS, and Artificial 
Neural Network27,28,30). 

Both linear and non-linear black-box approaches have 
the same general step procedure32). The black-box general 
procedures are: 

1. Obtain a set of experimental data. The first procedure 
is to collect a set of experimental data. This data 
consists of input and output data, where the input is 
an independent variable, and the output is a 
dependent variable. The input-output data may 
consist of a single variable (SISO) or multi variables 
(MIMO). However, the number of input-output sets 
or vectors must be equal to obtain a better result. 

2. Define a black-box model approach. This procedure 
has a key role in succeeding the modeling process. 
In this step, the type of a linear or non-linear 
approach method is selected to model the 
experimental data. Therefore, a basic understanding 
of the system may be helpful to minimize the trial 
and error in selecting the approach method. 

3. Obtain the best model. After the black-box model 
approach selection has been conducted, the results of 
the modeling process need to be reviewed and 
analyzed. The model with the lowest error or highest 
accuracy value is selected to be the best model. 

4. Validate the best model. The best model with the 
highest accuracy needs to be validated with the 
testing data to ensure the model's robustness and 
sustainability. Data testing can be obtained from 
training data samples or different experimental data 
from the same system. If the validation result has a 

- 2288 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp2284-2295, September, 2024 

 
great result, the best model that has been validated 
can be selected as a final system model. However, if 
the validation result is weak, the second to fourth 
procedures must be repeated to obtain the model 
with better robustness and sustainability. 

In this study, a linear black-box model approach with a 
transfer function model approach is selected as a modeling 
method for modeling the dynamic model of current-
pressure MR valve behavior. This method selection is 
based on the Kostamo et al., 17) studies that used a transfer 
function linear black-box model to create a hysteresis MR 
valve model. The study came up with the 6th orders 
transfer function model with a 10% of RMS error. Despite 
the errors, the transfer function model offers a simple 
equation and can easily be used in many control 
algorithms33).  

The transfer function model is a mathematical 
representation of the single input and single output (SISO) 
linear time-invariant system33). This model is a powerful 
tool for modeling a linear system. However, some 
linearized non-linear systems also can be approached by 
this model32). The transfer function model can be 
represented by a differential equation by doing an inverse 
Laplace transformation33). Thus, the physical model can 
be built from the obtained transfer function model. The 
transfer function model can be approached by two 
methods, i.e., The continuous and discrete time 
approach33). In this study, a continuous approach is carried 
out to ensure the robustness of the model. The continuous 
transfer function has a general form, as shown in Eq. 4, 

 
 

(4)   
 

 
where the transfer function (TF(s)) is the ratio between 
output variable (Y(t)) and input variable (X(t)). The t form 
indicates the time domain function or differential equation. 
Because the transfer function's input and output variables 
are on the frequency domain (s), the Laplace 
transformation is needed. The results of Laplace transform 
Y(s) and X(s) can be described by the series of poles and 
zeros ratio as shown in Eq. 5. 

 

 

(5) 
 

 
where b and a are zeros and poles, respectively, and m and 
n are zeros and poles order. 

In this study, the number of the poles and zeros order 
are approximated by the trial-and-error method. Then, the 
coefficients of each order of poles and zeros are calculated 
using the instrumental variable regression method (IV). 
and the Levernberg-Marquardt (LM) iteration method32). 
The entire step of the black box modeling process is 

carried out using the System Identification Toolbox 
application in MATLAB software.  

The initial step of this current-pressure behavior 
modeling is dividing the experimental results into two 
types of data, i.e., training data, which contains 
information about input-output data of the entire current 
magnitude changes variation, and testing data, which a 
sample data from the training data. The training data is 
used to create a transfer function structure model. The 
difference between each set of transfer function structures 
is on the zeros and poles orders number and its coefficient. 
The three best transfer function structure models with less 
than 30% error criteria in each training data will be 
selected and validated using testing data. The transfer 
function model with the highest accuracy in training and 
testing data validation is selected as the final transfer 
function model. The number of training and validation 
data in this study is three data and 72 data, respectively. 

 
3. Results and Discussion 
3.1 Experimental Results 

The experimental data testing has been conducted on an 
annular MR valve following the procedure and specified 
variations outlined in Fig. 6 and Table 2. The results of the 
experimental testing at constant speeds of 5 mm/s and 10 
mm/s are presented in Fig. 7 and Fig. 8. The experimental 
results show the transient response of the current-pressure 
characteristics across all current magnitude variations 
under off-on conditions. Specifically, the results indicate 
a rise time for pressure drop and current transitioning from 
the off state to the on state for each current magnitude 
variation. At a speed of 5 mm/s, the pressure drop rise 
times for current magnitudes of 0.25 A, 0.5 A, 0.75 A, and 
1 A are 299 ms, 572 ms, 1026 ms, and 1164 ms, 
respectively. At a speed of 10 mm/s, the pressure drop rise 
times are 276 ms, 415 ms, 529 ms, and 605 ms for the 
same current magnitudes. However, the rise time for 
current changes across all current magnitude variations 
remains approximately constant with the average rise time 
of 39.4 ms.  

The rise time phenomenon elucidates a crucial dynamic 
characteristic of the MR valve's current-pressure behavior. 
This phenomenon reveals that the pressure drop rise time 
requires more time to transition from the off to on state 
compared to the current rise time. Additionally, the results 
indicate that at a velocity of 10 mm/s, the pressure drop 
rise time increases linearly with the range of current 
changes. In contrast, at a velocity of 5 mm/s, the pressure 
drop rise time exhibits a nonlinear relationship with 
current changes. Despite this, the correlation between the 
pressure drop rise time and the current change range is 
positive, suggesting that this nonlinear relationship can be 
linearized. 

 

 

𝑇𝑇𝑇𝑇(𝑠𝑠) =
ℒ[𝑌𝑌(𝑡𝑡)]
ℒ[(𝑋𝑋(𝑡𝑡)]�𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
𝑌𝑌(𝑠𝑠)
𝑋𝑋(𝑠𝑠) 

𝑌𝑌(𝑠𝑠)
𝑋𝑋(𝑠𝑠) =

𝑏𝑏0𝑠𝑠𝑚𝑚 + 𝑏𝑏1𝑠𝑠𝑚𝑚−1 + ⋯  + 𝑏𝑏𝑚𝑚−1𝑠𝑠 + 𝑏𝑏𝑚𝑚
𝑎𝑎0𝑠𝑠𝑛𝑛 + 𝑎𝑎1𝑠𝑠𝑛𝑛−1 + ⋯  + 𝑎𝑎𝑛𝑛−1𝑠𝑠 + 𝑏𝑏𝑛𝑛
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Fig. 7: The current-pressure experimental data at 5 mm/s velocity 

 

 
Fig. 8: The current-pressure experimental data at 10 mm/s velocity 

 
Furthermore, the experimental results demonstrate 

changes in the pressure drop amplitude. At both 5 mm/s 
and 10 mm/s velocities, the pressure drop amplitude 
increases with higher applied current magnitudes. 
Specifically, the pressure drop amplitudes at 0.25 A, 0.5 A, 
0.75 A, and 1 A are 2.50 bar, 4.89 bar, 7.19 bar, and 8.5 
bar at 5 mm/s, respectively. At 10 mm/s, these values are 
2.39 bar, 5.40 bar, 7.40 bar, and 8.84 bar. The increasing 
amplitude values at both velocities show a large positive 
correlation with the current magnitude, indicating that the 
relationship between pressure drop amplitude and current 
magnitude can also be linearized. The slight difference in 
pressure drop amplitude between the 5 mm/s and 10 mm/s 
variations, with the 10 mm/s showing higher values, is 
attributed to the fluid's viscous effect. 

However, some anomalies were observed in the 5 mm/s 
experimental data. These anomalies include the presence 
of pressure drop overshoot at 0.75 A and 1 A current 
magnitudes and the nonlinear relationship between 
pressure drop and current change rise time. These 
anomalies may be due to the presence of air in the fluid 
and the hysteresis phenomenon during the transition 
between pre-yield and post-yield regions24,34). 

 

3.2 Black-box Modeling Result 
Since the experimental result shows the positive 

correlation between the input and output data, it indicates 
that the relationship can be modeled with a linear black-
box approach through the linearization step with targeted 
model as a linear transfer function form, as explained 
earlier in the section 2.4.  

The modeling process begins by dividing the 
experimental result into data training and data testing. The 
training is obtained from the experimental data, as shown 
in Fig. 7 and 8. While the testing data is obtained from the 
different experimental testing, as shown in Fig 9. The 
training and testing data are loaded in the system 
identification toolbox application. This application 
models all training data with a series of transfer function 
model structures. The series of transfer function structures 
and their performance are listed in Tables 3 and 4. The 
performance of the model is evaluated using Mean 
Absolute Percentage Error (MAPE) as shown in Eq. 6, 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  
100%
𝑁𝑁

��
𝑦𝑦 − 𝑦𝑦�
𝑦𝑦

� 

 
where y is the experimental data output; and 𝑦𝑦�  is the 

(6) 
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model output.  

 The series of transfer function structures from the 5 
and 10 mm/s modeling has a different coefficient number 
even though it has the exact same poles and zeros orders. 
Therefore, the performance of transfer function structures 
on the same number of poles and zeros orders may differ. 
Based on Tables 3 and 4, it can be shown that the dynamics 
of the current-pressure behavior can be modeled 
effectively using some higher-order transfer function 
structures. However, the 5 mm/s velocity variation 

modeling results have a poor performance in which the 
MAPE value is greater than 30%. In contrast, the transfer 
function structures from 10 mm/s modeling have a better 
performance, and some of the model structures have an 
error of less than 30%. The reason for the poor 
performance in the 5 mm/s modeling is the strong non-
linear relationship between the pressure drop and the 
current change rise time. Therefore, linearization 
processes are less effective in producing a good model. 

 

 
(a) (b) 

 

 
(c) (d) 
Fig. 9: The testing data sample at (a) 0.25, (b) 0.5, (c) 0.75, and (d) 1 A 
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Table 3. The series of transfer function structures and their 

performance from 5 mm/s training data modeling. 

Transfer 
Function  

Number of orders 
MAPE (%) 

Poles Zeros 

1 1 0 30,445 

2 2 1 30,29 

3 3 2 30,18 

4 4 3 31,035 

5 5 4 30,86 

6 6 5 30,85 

7 7 6 30,73 

8 8 7 30,91 

9 9 8 31,47 

10 10 9 30,75 

11 11 10 31,405 

12 12 11 41,375 

13 13 12 39,46 

14 14 13 82,761 

15 15 14 65,255 
 

Table 4. The series of transfer function structures and their 
performance from 5 mm/s training data modeling. 

Transfer 
Function  

Number of orders 
MAPE (%) 

Poles Zeros 

1 1 0 28,53 

2 2 1 29,12 

3 3 2 28,52 

4 4 3 28,88 

5 5 4 28,365 

6 6 5 28,41 

7 7 6 28,79 

8 8 7 28,77 

9 9 8 64,835 

10 10 9 76,7145 

11 11 10 36,43 

12 12 11 33,08 

13 13 12 30,555 

14 14 13 28,48 

15 15 14 145,99 
 
The modeling results shown that all three best transfer 

function model structures are obtained from 10 mm/s data 
modeling. These three best model structures are TF5, TF6, 

and TF14, which has 28.36%, 28.41%, and 28.48% 
MAPE value, respectively. These three best transfer 
function structures are then validated using 72 testing data. 
The sample and the average result of the three best transfer 
function model performances with the validation data are 
shown in Fig.10 and Table 5. 
 

Table 5. The best three transfer function models validation 

Transfer 
Function  

MAPE of Validation 
Results (%) 

TF5 20.21 

TF6 19.77 

TF14 12.64 
 

Furthermore, the validation results also show the value 
of the MAPE of each model performance, as shown in 
Table 5. The MAPE result shows that the TF5 has the 
largest MAPE with 20.21% error value, while the TF14 
has a smallest MAPE with 12.64% error value. Therefore, 
based on these MAPE and graphical result, the TF14 is 
selected as the final transfer function model because it has 
the best accuracy compared to TF5 and TF6. However, the 
TF 14 still has some weaknesses such as the excessive 
approach on the on-off conditions, so it caused an 
undershoot phenomenon, and the excessiveness in the 
steady state error. Despite of these weaknesses the TF14 
model still has a good accuracy and can be used to model 
the current-pressure behavior with a good performance. 
The complete TF14 model structures are shown in Eq. 7, 
and the coefficient of each pole and zero are listed on the 
Table 6.  

 

𝑇𝑇𝑇𝑇14 = 𝑎𝑎𝑠𝑠13+𝑏𝑏𝑠𝑠12+⋯+𝑘𝑘𝑠𝑠3+𝑙𝑙𝑠𝑠2+𝑚𝑚𝑚𝑚+𝑛𝑛
𝐴𝐴𝑠𝑠14+𝐵𝐵𝑠𝑠13+⋯+𝐿𝐿𝑠𝑠3+𝑀𝑀𝑠𝑠2+𝑁𝑁𝑁𝑁+𝑂𝑂

  (7) 
 
Achieving good accuracy in the modeling of the 

current-pressure dynamic behavior of the MR valve is 
essential for reliable prediction during control system 
design. High accuracy indicates that the model closely 
resembles the actual behavior of the MR valve under 
different operating conditions. This ensures that control 
algorithms based on the model's predictions are more 
likely to perform effectively in real-world scenarios. On 
the other hand, lower accuracy in the model may lead to 
inaccurate predictions and suboptimal control strategies. 
This could result in inefficient operation of MR devices 
and potentially compromise their performance in various 
applications, such as vibration control or vehicle 
suspension systems. Therefore, ensuring high accuracy in 
the model is crucial for achieving optimal performance 
and reliability in MR device control and operation. 
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(a) (b) 

 

 
(c) (d) 

Fig. 10: The sample result of the three best transfer function model validation at (a)0.25, (b)0.5, (c)0.75, and (d)1 A current 
variations. 

 
Table 6. The TF14 poles and zeros coefficient. 

Zeros Poles 

Notation Coefficient Notation Coefficient 

a -41,8 A 1 

b 5316,1 B 62,2 

c -127314,3 C 5691,3 

d 21142462 D 247801,3 

e 143409991,3 E 6227203,6 

f 365489941 F 22415111,8 

g 730969627 G 60951145 

h 1111865214 H 103813779,8 

i 979829670,8 I 153202135,3 

j 702601785,7 J 128318971,5 

k 205538612,5 K 87979344,5 

l 77012779 L 26846224,5 

m 2555603,7 M 9998137,5 

n 776563,5 N 292442 

  0 103749,2 

 

4. Conclusions 
In this study, black-box dynamic modeling was 

conducted to characterize the current-pressure dynamic 
behavior of an annular MR valve device. Adopting a linear 
transfer function model approach, the modeling process 
was executed using a system identification application 
within MATLAB software. Experimental data in the form 
of input-output relationships were essential for this 
process, sourced from annular MR valve testing, with 
current changes as input data and pressure drop changes 
as output data. 

These experimental data underwent calculation and 
modeling using invariant variable regression (IV) and 
Levenberg-Marquardt (LM) iteration techniques to derive 
the transfer function model. Results from the modeling 
process demonstrated that the current-pressure 
characteristic could be effectively represented using 
various higher-order transfer function structures. 
Subsequently, selected higher-order transfer function 
structures were validated using testing data. Based on 
validation outcomes, the TF14 model, consisting of 14-
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order transfer function structures, emerged as the final 
transfer function model. The TF14 model closely 
approximated the current-pressure characteristic with a 
mean absolute percentage error (MAPE) value of 12.64%. 

However, there remains ample scope for enhancing this 
dynamic model, both in the form of the transfer function 
model and through exploration of other modern model 
forms. Furthermore, this study underscored the significant 
impact of current changes on pressure drop variations, 
highlighting the importance of considering this dynamic 
behavior in MR device control applications. 
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Nomenclature 

sgn Signum function 
∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  Pressure drop (bar) 
Q Flow rate (m3/s) 
L Magnetization area length (mm) 
d Annular channel gap (mm) 
R Annular channel radius (mm) 
c The velocity profile coefficient 
TF Transfer Function  
Y Output data  
X Input data 
(s) Frequency domain  
(t) Time domain 
MAPE Mean Absolute Percentage Error (%) 
𝑦𝑦 Experimental output 
𝑦𝑦� Model output 
  

Greek symbols 
𝜏𝜏 Shear stress (Pa) 
𝛾̇𝛾 Shear-strain rate (s-1) 
η  Dynamic viscosity (Pa.s) 
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