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KEYWORDS ABSTRACT

Active Force control, Transmitted vibration to driver body (whole-body vibration) in heavy-duty Off-road vehicles without
Magnetorheological Damper, primary suspension leads to health problems in long term. Commonly, secondary seat suspension is
SmarF Fluid, . _ used to isolate vibration and remove health problems, s especially in the spinal column. Passive seat
Iterative Learning Algorithm, suspension is widely employed for this purpose, but its efficiency is low. Active seat suspension and

Heavy Duty Off-Road Vehicle. semi-active suspensions have better performance in blocking unwanted oscillation. Recently, semi-

active magnetorheological dampers are focused on by researchers which can adjust their viscosity by
electromagnetic flux. It is called smart fluid due to having controllable parameters such as damping
ratio by electricity variations. Thus, suspension can dampen oscillation by low electricity current
efficiently. The current paper introduces a novel active force control (AFC) equipped with an iterative
learning estimator for seat suspension via MR damper. Results of simulations show that it can cancel
vibration perfectly. The suspension was coupled to the human body vibration model, and the driver
vibration results have been obtained. It is important to note that active force control can also be used to
eliminate high-velocity disturbances. Since the vibrations that occur in the car have a high rate of
change, the results indicated that active force control equipped with an iterative learning estimator
system can be effective in reducing the transmission vibration to the driver so that the first and second
vibration peaks was reduced by about 60%.

Extended Abstract

1. Introduction

suspension systems are used in vehicular primary suspension applications where there is a tradeoff between the two

quantities of ride comfort and stability of vehicle. So, ride stability and perceived comfort level are two of the most
imperative factors in a vehicle's subjective evaluation. In addition, the performance of passive suspensions is always limited
by the compromise between ride and handling [4].

Seat suspensions as secondary suspensions generally are employed as vibration isolators in heavy duty off-road vehicles
to attenuate harmful oscillation via damping characteristic of viscous dashpot. It means that the secondary suspensions
enhance ride comfort by decreasing vibration transmission to the driver compartment [5]. The efficiency of these kinds of
passive suspensions is relatively low and is not proper for wide range of vibration frequencies due to their resonant ranges.
Indeed, previous researches were illustrated those passive suspensions compromise between controlling the dynamic peak at
the resonance frequency and isolating at the higher frequencies. Larger damping ratios decrease the resonance peak though

T ransmitted shock and vibration from heavy duty machineries produce serious health problems [1-3]. Commonly,
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they increase transmissibility at the higher frequencies [6-8]. Active seat suspensions have been also applied to reject
unwanted vibrations, but they need external power source to do this function [9]. On the other hand, semi-active seat
suspensions such as implemented by magneto-rheological (MR) damper has been used to face mentioned problems [10-13].

As in semi-active dampers, the magnitude of the damping force is adjustable; they can be utilized to control the
suspension dynamics. The MR dampers provide useful solution for vibration problem in structures particularly seat
suspensions. Force transmitted by this cubic nonlinear damper can be reduced while does not make resonant problem. Some
features which are made it attractive for designers are: low power consumption, few numbers of components, and simplicity
of the structure. In fact, they work as combination of mechanical components and electronic control units. For instance, an
analytical and experimental evaluation of the performance of MR suspension for a heavy truck in comparison to passive
suspension was reported [10]. Four controllable MR dampers were set up on a VVolvo VN series heavy truck and tested in the
transient and steady state driving conditions. The results have been described that MR dampers with skyhook control strategy
can be more efficient than passive dampers. They stated that the usage of MR dampers can enhance driver comfort.

Since the damping force in semi-active suspensions is adjustable, a number of control methods have been employed for
vehicle suspensions, i.e. on-off ground hook, continuous Ground hook, on-off skyhook, continuous Skyhook, hybrid Control,
neural network and fuzzy logic damping control [14-18].

Besides the mentioned controllers, usage of some hybrid controllers such as fuzzy neural approach combined with Heo
method and sliding mode control [19] and fuzzy neural network controller [20] were reported. Additionally, Do et al.
developed a hybrid control scheme for a vehicle seat suspension equipped with MR dampers applying an adaptive fuzzy
sliding mode controller [21]. The proposed control scheme was incorporated with a 4 DOF human body model. They
expressed that the proposed seat suspension system can present very effective ride comfort performances by reducing vertical
acceleration under regular bump, random signal, and sinusoidal excitations.

As stated before, it has been recognized that some hybrid control strategy included MR damper can improve control
performance and robust stability in the occurrence of disturbances and uncertainties. Hence, since active force control (AFC)
method property cause to increase the stability and robustness of the system, it is used in this work. In other words, it is the
objective of current study to portray new robust control strategy of a semi-active suspension system equipped to a MR
damper for attenuating the vibration of an off-road vehicle seat structure employing an AFC-based strategy with an iterative
learning algorithm (ILA) to be known as AFCAIL. The proposed control scheme is incorporated with a 2 DOF human body
model. In order to accomplish this purpose, a dynamical model of seat suspension has been established and combined with an
MR seat damper. The performance of the proposed control scheme is evaluated by simulation effort. It is noted that in this
study the ride comfort is assessed based on acceleration level (1ISO 2631-1:2010, 2010) and driver seat pan displacement.

2. Methodology

At the first, dynamical model of an off-road vehicle seat suspension which is equipped to a MR damper has been
developed. After that, a PID controller has been designed for semi-active seat suspension. Next, the PID controller has been
integrated to AFC method. Lastly, utilizing of the ILA in mass estimation for the AFC approach and simulation results of that
has been discussed.

2.1. Semi-Active Seat Suspension Dynamical Model

In most of off-road heavy-duty vehicles such as tractors, usually there is no primary suspension between tire and chassis
and seat suspensions (active or passive) are used to isolate harmful vibration from driver body. The seat suspension equipped
to the MR damper to produce variable damping ratios in the system is unveiled in Fig. 1. In this study, to simulate human
body dynamic behavior, a two degree of freedom (2 DOF) model presented by Allen (1978) was coupled to 1 DOF seat
suspension [13]. The model consists of four masses namely the tractor body mass, m1, the sprung mass, m2, main body mass,
m3, and head mass, m4. The parallel spring and damper combination located between masses (kq,¢; ; ko, Cy ; k3,C3)
represent the stiffness and damping of the vehicle suspension system and human body simulated by lumped model,
respectively.

It is assumed that the system is only excited in the vertical direction due to the road roughness generates disturbance to
the system which is revealed as vertical vibration in human body. The physical equations of the seat pan motion and human
head displacement in vertical direction regards to Newton’s second law will be as following:

F—c1(Zy — Z1) — ke (Zy — Z1) + ko (Z3 — Z3) + €2(Z3 — Z3) = mpZ, (1-9)
k3(Zy — Z3) + c3(Zs — Z3) — kp(Z3 — Z3) — 3(Z3 — Z) = m3Zs (1-b)
—k3(Zy — Z3) — c3(Zs — Z3) = myZ, (1-c)
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where Z; is floor displacement which is coming from road roughness, Z, is the seat pan movement, Z5 is main body
displacement and Z, is driver head displacement. Spring and damper constants are called k; and c,, respectively. Also, the
terms of (Z, — Z,) is the seat suspension deflection.

In addition, the force of the MR damper can be represented via Spencer model as bellow [14]:

F = C1y+ kl(x_xO) (Z-a)
i=—ylx=y/z Iz /" =pG=-Y)/z /" +A@x-Y)

. 1 .

y = s [az + cox + ko(x — )] (2-b)

where the parameter values of a and ¢, differ nonlinearly with electrical command voltages, they can be calculated by given
equation [15]:

a = 2.3363 v* — 3.4209 v + 5000 40
co = 0.1794 v% — 2.048 v + 2700 ()

The seat suspension and the human body lumped model parameters are listed in Table 1 and the MR damper constants
are shown in Table 2.

Table 1. Mechanical properties of the lumped model

Example No. m (kg) K (N/m) C (Ns/m)
1 3000 8000 130
2 20 63318 467
3 47.17 65100 479
4 6.4 - -

Table 2. The MR damper parameters

C,; = 50000 Ns/mm A=5 B =1.6mm™2

kg =ky=1Ns/mm y=1l6mm n=

Main body m, —*

k, c,
zZ,

Sprung mass
(seat and driver mass), —f

(tractor body), f

m,

Figure 1. Semi-active seat suspension model via MR damper
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2.2. Controller Design

For the former, a simulation study of a new proposed scheme used to control a seat suspension structure, namely,
AFCAIL is demonstrated. The general proposed active force control (AFC-based system) basically comprises two feedback
control loops, i.e., inner loop for the compensation of the disturbances employing the AFC method and an outer loop for the
calculation of the desired force for the actuator. Then, an ILA is overtly applied to the AFC loop to calculate the estimated
mass of the seat suspension and driver body.

2.2.1. PID Controller

The proportional-integral-derivative (PID) controller is uncomplicated and conventional to employ in control system. The
recognized truth about PID controller is its efficiency which is usually acceptable for a system with minor disturbances and
performing at low speed. Normally, at the first step, the PID control has been designed to utilize at the outer loop of a
feedback control. Also, other control schemes can be added to the PID control such as AFC strategy to improve the
performance of the seat suspension resulted ride comfort.

Consequently, the PID parameters were acquired by using the heuristic method to tune to deliver proper signal to the MR
damper. The PID gains were k,, = 6, kg = 0.2, and k; = 1 by fine tuning.

2.2.2. Active Force Control Method

As mentioned PID controllers cannot face to high-speed disturbances, so the control loop equipped to the AFC technique
provides more robustness and accuracy characteristics through its disturbance’s diminution capability [16]. Hewit and
Burdess established a new two degree of freedom control scheme increasing robustness and stability of the system [17]. The
actuated force (F) and acceleration (a') are measured through AFC method. By multiplying estimated mass (M') to
acceleration, the required force is reached. The differences of actuated force and required force provides compensate force
(F") which is send to actuator to face to disturbances. Regards to above description, the estimated disturbance force, F’ can be
computed by as:

F'=F,—Ma (3)
The key point of the AFC technique is estimation of mass. Some intelligent methods were employed by researchers such

as Fuzzy Logic Algorithm [18, 19], Artificial Neural Network [20, 21], and iterative Learning [22, 23]. Fig.2 represents a
schematic of the Proportional-Integral-Derivative type (PID-type) of the ILA.

Uk object
dynamics

from
memory

to
memory

Fig. 2. Schematic diagram of the PID-type of the ILA

2.2.2.1. Implementation of Iterative Learning

As stated earlier, the vital point in AFC scheme is how to achieve the proper estimated mass. Previously, crude
approximation and intelligent methods have been applied appropriately (Mailah, 1998). The intelligent techniques such as
fuzzy logic, hybrid intelligent, iterative learning, and neural network have been employed for this purpose effectively. In this
research, the implementation of ILA was studied for the calculation of the estimated mass parameter in the AFC loop to
develop the performance of the seat suspension system equipped to MR damper through a simulation work

The basic concept of the ILA was commenced by Uchiyama (Moore, 1993) [24]. In that case, Arimoto et al. developed
stability and robustness of the continuous-time systems by the ILA named betterment process [25].

The signal of the input w, and the current output signal y, are stored by memory in each iteration. The error of the
system, e, = Y4 — Yk, IS evaluated by the learning algorithm where y, is the ideal output of the system. Then, algorithm
calculates a new signal of input u,; regards to current error signal which is saved for next processing time step. The next
input command is chosen whereas it causes to the performance error to be decreased on the next step. To reach better
convergence and stability in output of algorithm, integrator and derivative elements were added to ILA named PID-ILA.

Mechanics of Advanced and Smart Materials Journal Vol.1, Issue 2, (2022) 175 — 200
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The learning control rule for PID type described in bellow equation:
Up+1(8) = uge(8) + K e, (8)
where
Ug+1: The next step value of output
uy: The current output value
er: The current positional error input, e, = y4 — Vi
K: Design parameter representing the PID term, K = @ + [ dt + I d/d t

where @ is proportional learning coefficient, I' and 1 are derivative and integral learning coefficients, respectively.

Fig. 3 shows the PID-type ILA was utilized and embedded into the AFC scheme and named AFCILA. The parameters of
proposed ILA were obtained as @ = ¢ = I' = 0.0001 by heuristic method.

WRECnDUCR)
w1 A BuCn)

Discrete State-Space

Derivative

Initial |

@)

o) ) e

o g 0 e

(b)
Fig. 3. () Applied PID-ILA in AFC, (b) simulated of the system
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3. Results and Discussion

In this section, a comparison between passive suspension and all the control methods has been performed in time and
frequency domains. Fig. 5 exemplifies the seat vertical displacement when input signal is sinusoidal and exposed to the
mentioned disturbance. The amplitude base displacement is 0.1m and frequency is 1 Hz based on 1SO 5007. As can be seen,
the AFC scheme decreases the amplitude of displacement compared to base displacement as 50% while PID and passive
suspension were not success to do this diminishment. Moreover, vertical acceleration of the driver head via AFC method is
shown in time and frequency domains in Fig. 6 and Fig. 7, respectively. In time domain, the passive suspension depicts large
variations and amplitude though the AFC scheme shows better reduction. Besides, in frequency domain, the first, second and
third peaks of the acceleration amplitude reached by the AFC are very less than the response of PID controller and passive
suspension.

0.3

02},
01 A K

0

Amplitude(m)

0.1 i

0.2 |

-0.31

-0.4 = £
0 5 10 15 20
Time(s)

Fig. 5 The time response of all the control schemes to the Sinusoidal input with presence Sinusoidal disturbance

Acceleration(m/s?)

Time(s)

Fig.6 The driver head acceleration in time domain responded to Sinusoidal vibration

AFC
12+ —PID
—— Pssive

Amplitude (m#s2)

1’ 10’ 10° 10
Frequency(Hz)

Fig.7 The driver head acceleration in frequency domain responded to Sinusoidal vibration

Furthermore, responses of the systems when exposed to swath vibration were obtain and shown in Fig. 8. Same as sine
vibration, the displacement by the AFC method is smaller than the PID control and the passive suspension. Additionally, the
head accelerations are demonstrated in time domain (Fig. 9) and frequency domain (Fig. 10), respectively. In both domains,
the AFC illustrates better enhancement in the acceleration decrement.
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Fig.8 (a) Comparison between seat pan displacement obtained by the AFC technique, PID, and the passive suspension
responded to Swath shape vibration, (b) closed up view of responses

15
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Time(s)
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Fig.9 (a) The driver head acceleration reached by the AFC scheme, PID controller, and the passive suspension responded to
Swath shape vibration in time domain, (b) closed up view of response

Mechanics of Advanced and Smart Materials Journal Vol.1, Issue 2, (2022) 175 — 200



Design of Active Force Controller for Off-Road Seat Suspension equipped to MR Damper 182

— AFC
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10° 10’ 10t 10°
FreguencyiHz)

Fig.10 Comparison between reached head accelerations in frequency domain

In addition, the seat pan displacements were attained by both control schemes and the passive suspension when base
vibration has the square shape (Fig. 11). The amplitude of the displacement obtained by AFC strategy is relatively smaller
than the passive and PID. Also, reduction of the head acceleration by the AFC method demonstrates notable improvement in
both time and frequency domains (Fig. 12 and Fig. 13).

0.5

Amplitude(m)
o

-0.5

0 5 10 15 20
Time(s)

Fig.11 The seat pan displacement when exposed to the square vibration
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Fig.12 The head accelerations when input signal has the square shape in time domain

24
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2r [ Passive
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Fig.13 The head accelerations when input signal has square shape in frequency domain
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Finally, the random white noise was used as a base vibration, and the seat pan displacement was archived and compared
together for both control schemes and the passive suspension (Fig. 14). It is obvious that the seat suspension implemented to
the AFC scheme is capable to attenuate the amplitude of displacement while the PID controller and the passive suspension
are not able to cancel the random vibration successfully.

T —ro
03¢ (L 1| —nFC
J T T Base Displacement
02t .
— - — -Passive
0.1
E
z 0
=
z
g 01 II
{ '
02l |
03t v ! l.
N TR L 1 |
0 1 2 3 4 5
Time(s)

Fig.14 (a) the seat pan displacement responded to random white noise, (b) closed up view of the seat pan displacement

As can be observed in Fig. 15 and Fig. 16, the head acceleration via the AFC shows lower amplitude compared to PID
and passive suspension in both time and frequency domains. In frequency domain, the first peak of the acceleration reduced
notably while the second and third peaks differences to other techniques were not too much high.

Acceleratlon(mfsz)

i

T----- Passive
— AFC
—FID

8 10

Tirmels)

— AFC
—PID
""" Passive

Amplitude (m/s?)

10°

Frequency(Hz)
Fig.16 The head accelerations responded to random white noise vibration in frequency domain

4. Conclusions

A novel controller called the active force control has been employed for vibration control of seat suspension equipped by
magnetorheological (MR) damper. The AFC method was integrated to iterative learning algorithm to calculate the estimated
mass of the system named AFC-IL. The designed controllers were simulated for the vibration canceling of an off-road
vehicle seat suspension system. The AFC technique achieved to be uncomplicated in terms of calculation and change it
suitable for real time working conditions. Moreover, the AFC demonstrates high performance and produce robust and
accurate response in the presence of various disturbances. The simulation results express that for known parameters and
situations, the proposed AFC-IL method efficiency enhanced in comparison to the popular PID controller. The results
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Design of Active Force Controller for Off-Road Seat Suspension equipped to MR Damper 184

exemplify that the AFC-based scheme as an intelligent control technique has proper potential to eliminate the disturbances
superiorly for the off-road vehicle seat suspension. Although complementary efforts should be accomplished to investigate
the influences of other type of disturbances, parameters and uncertainties changes in real situations such as road trails. In
continue a test rig will be developed to evaluate the AFC scheme performance in real conditions in terms of the vibration
attenuating and optimized parameters.
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