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systems. Their notable features include a significant reduction in energy consumption, along with
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an impressive tunable range of continuously controllable damping forces. The force output of these Published - 20" Sept. 2024

devices is a complex function that involves two hysteretic mechanisms: magnetic and mechanical KEYWORDS

(i.e. hydraulic). While the total hysteresis mechanism of these devices has been the subject of MR actuators
considerable study, comparatively little attention has been paid to their magnetic hysteretic Magnetic hysteresis
behavior. In this study, the authors examine the behavior of the dual coil MR actuator’s control circuit Flux hysteresis

and attempt to extract the magnetic flux information from the laboratory measurements of electrical Bouc-Wen model
signals applied to it. The study is further enhanced by the incorporation of the Bouc-Wen (B-W) Parameter identification
hysteretic unit, which serves to replicate the flux-current (or magnetic) hysteretic relationship. The Hysteresis

B-W model's parameters are identified through the use of a hybrid algorithm, namely the particle
swarm optimization and fmincon hybrid optimizing strategy. It incorporates the advantages of both
algorithms, resulting in an average improvement of 0.38% in standard deviation compared to
fmincon, across 1A to 5A, when comparing the experimental and simulation data. This strategy is
employed to fit the model predictions to the flux data, derived from the reconstructed flux and current
in time histories. The findings of the study demonstrate that the B-W model is an effective tool for
predicting the variation in magnetic flux in response to an exciting current. The results can be
implemented for prototyping or validating a model-based controller for MR actuator systems.

1. INTRODUCTION

The magnetorheological (MR) damper demonstrates excellent performance in both vehicle handling stability and
driving comfort. As a result, many researchers have focused on MR dampers, leading to an in-depth exploration of their
characteristics. Among these, the property of hysteresis has emerged as particularly significant. Consequently, numerous
hysteretic models have been developed to capture this behavior in MR dampers. These models can generally be
categorized into two types of hysteresis: mechanical and magnetic. From a mechanical hysteresis perspective, various
parametric and non-parametric models have been proposed to accurately describe hysteresis behavior. Examples include
the Bingham plastic model [1], bi-viscous modified Bingham model [2], Bouc-Wen model [3][4], large-scale dynamic
model [5], polynomial models [6][7], and Sigmoid models [8][9]. These models are widely used for their ability to
effectively predict the hysteretic behavior of output force in relation to velocity or piston displacement.

Additionally, from a magnetic perspective, it is important to consider various magnetic hysteresis models that have
been developed, such as the Preisach hysteresis model, the J-A (Jiles-Atherton) model, the Duhem hysteresis model, and
others. These models are well-established in the field of magnetic hysteresis estimation. Mayergoyz et al. (1989)
developed the Preisach model, which experimental tests with two magnetic tape materials validated as more accurate for
small reversal values and equally accurate for larger reversal values [10]. Seong et al. (2009) conducted an experimental
test with an MR damper, predicting field-dependent hysteresis behavior using the Preisach model. They also combined a
feedforward hysteretic compensator with the bi-viscous Bingham model to achieve the desired damping force [11]. In
1986, Jiles and Atherton [12] proposed a mathematical model for magnetic hysteresis that accounted for domain wall
motion and pinning effects at defect sites, capturing key hysteresis features. Chua et al. (1970) [13] introduced the Duhem
model, which demonstrated that hysteresis exhibited small loops that increased with frequency, revealing the hysteretic
behavior of inductance. Macki et al. [14] discussed several hysteretic models, including the Duhem model, which used
differential equations to represent hysteresis behavior, focusing on how the output changes when the input reverses
direction. In 2020, Goldasz et al. [15][16] proposed a dual hysteresis concept, using the Duhem model to extract magnetic
hysteretic behaviors and then analyzing it with Maxwell's first-order model. In 2019, Bai et al. [17] introduced an RC
operator-based magnetic hysteresis model, highlighting the differences between electrical circuits and mechanical
systems. Later, in 2020, Li [18] integrated the RC operator hysteresis model with a real-time control algorithm within a
quarter-car model framework. Meanwhile, Bui et al. [19][20] developed the parametric Magic Formula hysteresis model,
which demonstrated an enhanced ability to capture hysteresis behavior in MR dampers.
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However, the models mentioned above were derived from the relationship between flux density and field strength (B-
H), which can be measured through testing. In this paper, we propose a new approach to identifying flux hysteresis by
reconstructing one of the most effective and popular mechanical models, the Bouc-Wen model, and adapting it to account
for electrical and magnetic effects. The Bouc-Wen flux hysteresis model aims to translate the behavior of mechanical
hysteresis into the magnetic domain. To enhance the accuracy of parameter extraction, we design a PSO-fmincon hybrid
method for parameter identification. Particle Swarm Optimization (PSO) is used in the initial stage due to its advantages
in computational cost and performance over many soft computing algorithms [21]. Once the PSO finds optimal solutions,
the fmincon algorithm is employed as a secondary optimizer to ensure the highest accuracy. This two-phase process
guarantees that the final results surpass what either PSO or fmincon could achieve individually. With magnetic hysteresis
accurately modeled, it would be possible to implement precise control of vehicle suspension by replacing the current
command with a flux command. This approach could potentially reduce system delays caused by the conventional current
command.

2. REVIEW OF THE CONVENTIONAL (MECHANICAL/HYDRAULIC) HYSTERESIS

Mechanical hysteresis has been extensively studied, particularly in relation to the force, piston displacement (i.e.,
suspension vertical travel), and piston velocity (i.e., vibration frequencies). This phenomenon occurs due to the
reciprocating motion of the piston. Figure 1(a) presents a map of the damping force tested at a fixed current of 5A, with
velocity varying from 0.1 m/s to 2.0 m/s in line with the piston stroke. From another perspective, as shown in Figure 1(b),
the hysteresis was captured in the relationship between damping force and the peak velocity of the piston. The mechanical
hysteresis illustrates energy absorption, and the data in Figure 1 indicate that the highest velocity produces the largest
hysteresis loop. This suggests that at the specific current of 5A, the piston velocity of 2.0 m/s results in the greatest energy
consumption.
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Figure 1. Hydraulic/Mechanical hysteresis, MR damper performed at 5A

Furthermore, in relation to mechanical hysteresis, an additional loop can be derived based on the velocity-
displacement relationship, as shown in Figure 2. In this case, each loop corresponds to the peak velocity. While this
relationship is generally considered less significant in practical applications compared to the force-velocity or force-
displacement relationships, it still provides valuable insights into the mechanics of hysteresis in MR dampers.
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Figure 2. Hysteresis for velocity vs displacement, MR damper performed at 0A

To be precise, the mechanical hysteresis encompasses the magnetic hysteresis. However, this is not discernible in
mechanical models, which is why the author wishes to present the magnetic hysteresis behavior. Consequently, the
magnetic hysteresis will be extracted from the mechanical hysteresis in this article. The magnetic hysteresis can capture
the voltage command with its frequency to describe the time delay in comparison to the output current gains.

3. CONSTRUCT THE MAGNETIC FLUX HYSTERETIC MODEL

As mentioned above, the conventional characteristics of hysteresis in MR damper generally combine hydraulic
hysteresis and magnetic hysteresis. However, researchers mainly focused on hydraulic hysteresis because it is easier to
be aware of it from experimental testing. Thus, the flux hysteretic concept is addressed to explain the hysteresis of MR
damper from the magnetic perspective as well as explain how parameters affect the hysteretic shapes so that the hysteresis
is understood as transferred from mechanical hysteresis to magnetic aspects. In this article, the flux was obtained by
means of indirect measurements, where the inputs are voltages and the outputs are currents. To simplify equations, the
flux will be replaced by flux linkage shown in the following equation (1).

A=n-¢ @

In the beginning, an output equation of the current i, can be formulated as equation (2), where u is the input voltage and

R, is coil resistance.
o1 da @)
“ TR, (u dt
However, 4 is actually an unknown value that needs to be determined by means of measuring circuit current i, so that
the equation can be operated from equation (2) to equation (3), where 4, is a reductant value by an integral operation,
which means the initial linkage is an unknown value that needs to be estimated in the case of an indirect measuring
method. However, it appears to be a known value in the case of direct measurement.

A= Ao+ f (u— iR, dt 3)

with an extra parameter — the coil inductance L., combine it with typical Bouc-Wen equations, shown in equation (4), the

model can be reconstructed into the magnetic model or flux hysteretic model, shown below in equation (5).

{F = cx+k(x—xy)+az 4

z=—y-|x|-z-|zI"' =B -x-|z|"+ K- %

where in the formulations (4) and (5), the parameters «, 8, k, v, k, D, A are shape affecting values, z stands for hysteretic

evolution variable, A was extracted from parameter «, but they have different tuning ranges and different perspective

definitions. ny, n, are shape sizing-related values, they can be uniform to be the same value in the case that the model
has a good convergence, but it needs to be highlighted again that they are not the same parameter n in Bouc-Wen’s.

A=A-L.-I.+(1—A4)-L.-D'-z
dz _ di,
ac . e

di, di, ®)
. n _,.y.|—. np;—1

Bl =2y |dt| 171

4. PARAMETER IDENTIFICATION PROCESS

A hybrid optimizing strategy was applied to identify the parameters. The authors would propose PSO (Particle Swarm
Optimization) [22]-[24] to search for the best individuals while using fmincon for ending backup optimizing for the
purpose of real best just in case PSO searching capability was not as good as fminicon. PSO keeps on working to search
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for the minimum value as best, for individual best (P_best) and global best (G_best). The variables of the particle velocity
and the searching position indicate the tuning efficiency of the optimization. They are important and should be considered
in the iteration loop of programming [25] [26].

Veyr = WV + €171 (Phese — X¢) + €212 (Gpese — X¢) (6)

Xe41 = Vepr T X )

In the above-mentioned equations (6) (7), v, x are for velocity and position, where the random parameters present as ry,
15, and t means the working iteration. And acceleration coefficients c;, c, are shown in equations (8) (9), where c; , ¢; o,
and ¢y ena, C2 eng are initial acceleration coefficients and finishing acceleration coefficients, respectively, and it means
the number of total trials for iterations.

t
€1 = 5(51_0 - Cl_end) *+ €1 ena (8)

t
C; = E(Cz_o - C2_end) *+ €2 end )

The w, Wmay, and w.,;, are consisting of a function for inertia weighting values shown as equation (10) indicates the
optimizing capability for the PSO algorithm, where w,,4, and w,,,;,, are respectively the values for beginning and ending.

t
W = Wmax — E(wmax = Wmin) (10)

To address the solutions in programming, the equations (6)-(10) should be defined with equations v, = v;;(t), and x; =
x;;(t), for the sake of better programming codes, in which i, j, stand for i-th particle and j-dimensional searching space.
The following pseudocode helps to understand the process of algorithms.

fori =1ton,
forj=1tom,

Do v;; rand boundary,
Do x;; rand boundary,
Phese = Py at xy,

Gpese = Gy = min{ f(P;) },
While t<max iteration,
fori=1ton,
forj=1tom,

Do equation (6),

Do equation (7)

Do G; »min{f(P)},
t=1t+1,

Do Gpest,

Start fmincon algorithm.

The fmincon is a constrained nonlinear program algorithm that solves the multivariable function to get the minimum
solution. It is one of the most efficient and most utilized algorithms to deal with nonlinear parametrical models for
obtaining proper parameters from estimation.

c(x) <0
ceq(x) =0
min f(x) suchthat {A-x<b (11)
Aeq - x = beq
Ilb<x<ub

In the above equation (11), ceq(x) and c(x) are limiting functions to perform the optimization, they are considered as a
second boundary for both linear and nonlinear systems after the input lower boundary [b and upper boundary ub. Where
the sub-equation, A-x < b and Aeq - x = beq are the true targets for nonlinear systems that narrow the optimizing
limitation. However, only nonlinear equations are utilized for the identifying process; hence, the equation can be
simplified, as shown in equation (12), for a nonlinear system.
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min f(x) such that {Problem,,;, < x < Problem,,,,.} (12)

The experimental data of voltages and currents were sent into estimation. During the process, 1Hz, 5Hz and 10Hz
frequencies of the voltages were employed to generate aptitude current from 1A to 5A. After the iteration is done, a cost
function is used to check the errors between experimental data and the predicted values shown in equation (13).

n
1
6= ZZ(Aexpi - Aesti)z (13)
i=1

where the cost function is employing the concept of root mean squared error (RMSE), where A, is the measured flux
linkage and 4., stands for estimated flux linkage.

5. RESULTS AND DISCUSSION

The approach to parameter identification using hybrid algorithms was discussed in the previous section, and the results
and findings will be presented in this section. The feasibility of the proposed flux model and its application for parameter
identification have been validated and aligned with experimental data analysis. In this study, the experimental data were
obtained from tests conducted on a specific commercial MR damper with dual coils. Figure 3(a) illustrates the cross-
section of the piston for the dual-coil damper, which distinguishes it from single-coil dampers. The dual coils can either
generate more magnetic flux or reduce it, allowing for various control strategies.

Figure 3(b) shows a detailed diagram of the measurement system, where a computer acts as the master device,
controlling the entire process. The computer sets the operating parameters for both the signal generator and oscilloscope,
enabling precise control of measurement conditions. The signal from the generator is sent to an amplifier based on the
OPAb549 integrated circuit, which is powered by a symmetric voltage from a laboratory power supply to ensure stable
operation. The amplifier increases the amplitude of the voltage signal, which is critical for further analysis and processing.

After amplification, the voltage signal is directed to a damper system containing magnetorheological (MR) fluid. The
MR fluid changes its properties in the presence of a magnetic field, allowing for controlled damping in the system. A
clamp meter monitors the current flowing to the damper, and this meter, connected to the oscilloscope, enables precise
current measurements, which are crucial for analyzing the system's dynamic properties. The oscilloscope displays the
voltage and current data in real-time and transmits them to the computer for accurate data acquisition and analysis. As a
result, the entire measurement system provides high precision and accuracy, essential for advanced research and
experimentation.

(a) A section of dual-coil piston for MR damper assembly, 1- core, 2 and 3- coils [27]
Figure 3. Testing diagram presents all components in the testing loop
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However, in these experimental measurements, there was no set compensation for sourcing voltage, so it will be easier to
get affected by inductance due to the various encouraging voltage frequencies. It’s not necessary to tune up the voltage
per frequency if the purpose is just for parameter estimation, where the parameters are regardless of the changing
frequency of input voltages as well as output currents. The objective is to investigate flux hysteresis loop effects in greater
depth and to conduct further observations.
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Figure 4. Input voltage for obtaining output signal 1A at frequency 1 Hz

As the input voltage signal was a generated sinusoidal wave, for example, a voltage specified to produce a 1A coil
current at 1 Hz, as shown in Figure 4, the desired flux can either be estimated or measured. Figures 5(a), 6(a), and 7(a)
compare the experimental results with the model-identified results for flux linkage over time at 1A, 3A, and 5A,
respectively. The experimental data appears noisy, with numerous overlaps, particularly evident in Figures 6(b) and 7(b).
The direct output coil current and the indirect output flux linkage are mapped from Figure 5(b) to Figure 7(b) to ascertain
their relationships, indicating magnetic hysteresis. By analyzing the data from Figures 5-7, the flux model accurately fits
the predicted curves to the experimental curves, with strong alignment, especially in cases where the coil current is low.
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Figure 8 depicts a map that illustrates the integration of both modeling and experimental data with target currents 1A,
3A, and 5A. The map indicates a positive correlation between the target coil current and magnetic flux. As the current
increases, the flux tends to increase as well. Moreover, an increase in the target current results in not only an expansion
of the flux-current loop area but also greater visibility of the loop due to the broader current range. It can be observed that
a similar trending loop for mechanical hysteresis is present. However, it should be noted that the aforementioned
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characteristics can only be identified as either a current-displacement-force or a current-velocity-force relationship if the
reconstructed flux model is not formulated. It is important to capture that the operation of magnetic hysteresis
demonstrates superior performance at lower currents as well as some medium currents. The device incorporates a
hysteresis feature that compares three distinct frequencies: 1 Hz, 5 Hz, and 10 Hz. As illustrated in Figure 9, the width of
the flux-current loop exhibits a discernible upward trend as the frequency increases. However, as the input voltage was
not compensated for different frequencies, the inductance affected the output coil current. Consequently, a higher
frequency has a higher inductance, resulting in a coil current that is not aligned with the target amplitude. This discrepancy
will be compensated for in future works by adjusting the voltage.
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Figure 9. Results comparing in various frequencies, f = 1Hz, 5Hz, 10Hz

In the current study, magnetic hysteresis for the flux model is analyzed without considering frequency effects. Despite
this, the experimental data sufficiently validates the feasibility of the flux model and the accuracy of parameter
identification. The parameters are clearly defined for the target current, although they show varying degrees of accuracy
across different frequencies. Table 1 provides a summary of the standard deviation of estimation results using the PSO-
fmincon algorithm. It is observed that lower currents exhibit lower error rates at the same frequency. However, higher
frequencies tend to yield more accurate results when comparing the same current across different frequencies.

Table 3 presents the estimated parameters for a 1 Hz signal, Table 4 for a 5 Hz signal, and Table 5 for a 10 Hz signal.
Additionally, the authors estimated parameters using the fmincon algorithm, with the results shown in Table 6. To further
validate the effectiveness of the proposed PSO-fmincon strategy, Table 2 compares the improvements in standard
deviation between the PSO-fmincon and fmincon methods, based on both experimental and simulation results. The
proposed algorithm shows an average improvement of 0.38% compared to fmincon results.

The values across different frequencies appear to be highly similar. However, some measurement noise remains,
causing slight offsets that need to be addressed. The parameters primarily depend on coil current and vary significantly
for different dampers, particularly for different coil types. A visual comparison with the single-coil damper in [28] [29]
reveals a notably different range of parameter variations.

Table 1. Standard deviation for different currents per frequency
Current 1Hz 5Hz 10Hz
1A 0.0219 0.0160 0.0121
2A 0.0435 0.0323 0.0270
3A 0.0608 0.0438 0.0371
4A 0.0758 0.0577 0.0450
5A 0.0892 0.0868 0.0657

Table 2. The comparison of standard deviation between PSO-fmincon and fmincon(at 1Hz)

Current  PSO-fmincon Fmincon Improvement ~ Average
1A 0.0219 0.0220 0.46%
2A 0.0435 0.0436 0.23%
3A 0.0608 0.0611 0.69% 0.38%
4A 0.0758 0.0761 0.40%
5A 0.0892 0.0893 0.11%
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Table 3. Estimated parameters, PSO-fmincon (1A to 5A, 1Hz)

Current A Lc K B y n D
1A 1.0957  0.0230  3.4913 29.9979 60.0024 1.3066 20.0008
2A 11583  0.0201  3.5300 30.0082 60.0078 1.3014 20.0054
3A 11993  0.0178  3.4887 30.0007 59.9993 1.2695 19.9999
4A 1.1990 0.0164  3.4998 29.9999 60.0000 1.3041  20.0000
5A 11987  0.0153  3.4990 30.0000 59.9999 1.3041  19.9996

Table 4. Estimated parameters, PSO-fmincon (1A to 5A, 5Hz)

Current A k K B v n D
1A 1.2003  0.0257  3.4993 29.9999 59.9999 1.3001 19.9998
2A 1.1999 0.019 3.4978 29.9993 59.9996 1.2854  19.9988
3A 1.2140 0.0183  3.5473 30.0119 60.0101  1.4805 19.9877
4A 1.1983  0.0162  3.4701 29.9972 59.9995 1.2870 19.9942
5A 1.2244  0.0141  3.5957 29.9764 59.9917 12163 20.0003

Table 5. Estimated parameters, PSO-fmincon (1A to 5A, 10Hz)

Current A k K B v n D
1A 1.2156  0.0292 3.505 30.059 59.9545 1.3586  19.6982
2A 1.2008  0.0204  3.4669 29.9968 59.9993 1.2954  19.9952
3A 1.2000 0.0178  3.4879 29.9951 59.9932 12506 19.9961
4A 1.1984  0.0161  3.5378 29.9995 60.0013 1.3332  20.0053
5A 1.1909  0.0155  4.2675 29.9446 60.0003 1.8186 19.9146

Table 6. Estimated parameters (fmincon, 1Hz)

Current A k K B v n D
1A 1.1596  0.0220  3.4748  29.997 60.0013 1.2051 19.9949
2A 1.1965 0.0197 3.5105 30.0007 60.0000 1.3000 19.9991
3A 1.1992  0.0180  3.4913 30.0008 59.9995 1.2761  20.0002
4A 1.3016  0.0154  3.5214 30.0014 59.9938 1.3214  19.9806
5A 1.1990 0.0152  3.4989 29.9999 59.9999 13005 19.9997

6. CONCLUSIONS

The above-mentioned results demonstrate that magnetic flux hysteresis is a key hysteretic characteristic in
magnetorheological dampers, influencing their overall hysteretic behavior. The authors' approach to reconstructing
magnetic behavior from the conventional Bouc-Wen model successfully extracts hysteretic properties from force-related
hysteresis. The magnetic flux model has been effectively implemented for parameter identification, accurately predicting
the model’s flux linkage with coil current. This approach allows for addressing magnetic hysteresis to achieve more
precise control, either by mitigating its effects or focusing on them. The proposed PSO-fmincon algorithm shows
improvements in the standard deviation of 0.46%, 0.23%, 0.69%, 0.40%, and 0.11% for current levels ranging from 1A
to 5A, respectively, with an average improvement of 0.38% at a frequency of 1Hz. These improvements were compared
with experimental data and modeling results. In all parameter identification cases, experimental data is crucial for accurate
predictions. However, the identification process is significantly impacted by the parameters of the magnetic flux model,
which exhibit limited variation. Future work should address the need for compensating experimental data for variable
frequencies. With the successful validation of the flux model, it is now feasible to implement it for damper control in
vehicles. The flux command can drive the desired force more accurately than the current command, which suffers from
hysteresis and cannot generate a consistent force response. Further research should continue in this area, as the flux model
promises a more precise control mechanism, potentially leading to improved suspension performance.
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