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A New Generation of Magnetorheological Vehicle Suspension System With
Tunable Stiffness and Damping Characteristics

Abstract

As the concept of variable stiffness (VS) and variable damping (VD) has increasingly drawn attention
because of its superiority on reducing unwanted vibrations, dampers with property of varying stiffness
and damping have been an attractive method to further improve vehicle performance and driver comfort.
This paper presents the design, prototyping, modeling, and experimental evaluation of a VS and VD
magnetorheological (MR) vehicle suspension system. It was first characterized by an INSTRON machine.
Then, a phenomenological model was proposed to capture the characteristics of the damper and TS
fuzzy approach was used to model the quarter car system where the proposed damper was installed.
Different controllers, including skyhook, short-time Fourier transform and state observer based controller
were designed to control the damper. Experimental results demonstrate that the quarter car system with
the VS and VD suspension performs best in terms of reducing the sprung mass accelerations comparing
with other suspensions.
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A new generation of magnetorheological vehicle
suspension system with tunable stiffness and damping
characteristics

Shuaishuai Sun, Xin Tang, Jian Yang, Donghong Ning, Haiping Du, Member, IEEE, Shiwu Zhang, and Weihua
Li, Member, IEEE,

Abstract— As the concept of variable stiffness and damping has
drawn increasingly attention because of its superiority on
reducing unwanted vibrations, dampers with property of varying
stiffness and damping have been an attractive method to further
improve vehicle performance and driver comfort. This paper
presents the design, prototyping, modelling and experimental
evaluation of a variable stiffness and variable damping (VSVD)
magnetorheological (MR) vehicle suspension system. It was firstly
characterized by an INSTRON machine. Then a
phenomenological model was proposed to capture the
characteristics of the damper and TS fuzzy approach was used to
model the quarter car system where the proposed damper was
installed. Different controllers, including skyhook, Short-time
Fourier transform (STFT) and state observer based controller
were designed to control the damper. Experimental results
demonstrate that the quarter car system with the variable
stiffness and damping suspension performs best in terms of
reducing the sprung mass accelerations comparing with other
suspensions.

Index Terms—variable stiffness and damping;
magnetorheological; vehicle suspension; vibration control

[. INTRODUCTION

CTIVE and semi-active control are two typical methods

used to improve system performance [1-3]. Despite that
active control performs better at reducing vibrations, the
disadvantages of potential instability, complex control
algorithm requirement, and large power consumption limit its
common use. Therefore, researchers show increasing interest to
semi-active control because of its requirements for less power
and cheaper hardware but comparable performance with active
system [4-7]. The application of magnetorheological fluids
(MRFs) to develop semi-active control systems is a typical
case. MR fluids are a kind of typical controllable fluids
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which can change from a free flowing viscous fluid into a
semi-solid under the operation of a magnetic field, i.e. its
mechanical properties (damping) will increase or decrease in
response to the variations of the magnetic field. Other
advantages of MR fluids is that it only needs a low voltage
source to be energized and that it is much safer because of its
fail-safe nature. These advantages have enabled the semi-active
device with MR fluids a better option for the practical
application. MR fluids based damper uses the unique
characteristics of MR fluids to provide simple, quiet, and
rapid-response interfaces between the electronic controls and
the mechanical systems, which makes it an ideal option for
vehicle suspensions. Up to date, MRF dampers have been
widely implemented into vehicle suspensions to improve the
vibration isolation performance [8-10]. For example, Yao et al
did pioneer research on applying MR technology on vehicle
suspension and developed a skyhook control strategy to control
the MR vehicle suspension system [8]. MagneRide technology,
proposed by Delphi Corporation, was designed based on the
mechanical property of MRF and it has been used by GM Corp.
on many of their Cadillac models since 2002. Choi’s group
conducted research on developing MR suspension systems as
well as advanced controllers for them. They reported an

adaptive fuzzy controller by combining the advantages of Hoo

control and sliding model control in [9]. The enhanced
performance under the new controller is verified numerically
and experimentally. Yu’s group has conducted the road testing
of a vehicle mounted with four MR dampers [10] and its
performance was compared with a passive suspension.

Apart from the suspension damping, the stiffness is another
important component that affects the performance of a
suspension. To date, passive spring has been widely used in
vehicle suspension. However, passive stiffness cannot satisfy
the conflict requirement of improved both ride comfort and ride
stability. An idealized suspension spring is supposed to be
controllable so as to provide different stiffness values
depending on the specific driving and road conditions.
Specifically, hard stiffness is required to guarantee the ride
stability and soft stiffness is required for the ride comfort. In
addition, stiffness variation can avoid suspension resonance by
tuning the natural frequency of the vehicle suspension, which
the suspension with only variable damping cannot achieve.
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Based on these motivations, the concept of variable stiffness
has been integrated into damping variable suspension system to
form a variable stiffness and damping suspension and this topic
has been attracting increasing attentions recently [11-16].
Zhang et al. [17, 18] developed a variable stiffness and
damping MR device that contains an air spring, separate films,
an MR valve and an accumulator. The dynamic response
obtained from experiments showed that the stiffness and
damping can be adjusted over a relatively large range.
Following this research, Sun et al. investigated a suspension
system for railway vehicles. This suspension system includes
an MRF based variable stiffness air spring and an MR damper.
This research theoretically verified that the variable stiffness
and damping suspension has better effectiveness on
suppressing vibrations than suspensions with only variable
damping or variable stiffness [19]. Zhu et al. proposed a
variable stiffness and damping isolator by connecting the
pneumatic spring and the MR damper [20]. In this compact
design, the MR damper varies the damping of the isolator while
the pneumatic spring gives the isolator the variable stiffness
capability. Moreover, different working modes can be switched
between the passive mode and the active mode using the
pneumatic spring. Raja et al. developed another variable
stiffness and damping device: an MR fluid damper—liquid
spring suspension system for heavy off-road vehicles [21]. Liu
et al. proposed a structure with two Voigt elements (each one
consisting of a constant spring and a controllable damper) in
order to achieve the variable stiffness and damping [22]. In
their design, the damping and the stiffness cannot be controlled
independently because that the two MR dampers were installed
in series. In order to improve the design, Liu and his group then
proposed a new structure which could vary its stiffness and
damping independently [23]. A vibration testing experiment
was carried out to evaluate how it performed to isolate
vibrations. The results showed that the suspension with
variable stiffness and damping performed the best. Despite of
the verification of the superiority of the variable stiffness and
damping system, compact devices capable of varying both
stiffness and damping for practical applications have rarely
been developed. Based on this motivation, our group has
developed a small scaled compact variable stiffness and
damping shock absorber for vehicles [24-26]. However, the
damping variation of the scaled device is limited. Following up
our previous work, this paper developed a full scaled MR
suspension system with tunable stiffness and damping
characteristics and the damping variation range has been
significantly improved. Furthermore, a proper control
algorithm for the advanced suspension system has been
developed and the effectiveness of the suspension system on
vibration control has been verified on a quart car system. The
structure of this paper is as follows. In Section II, the detailed
design, working principle and prototype of the damper were
presented. Section III presented the INSTRON testing results.
Section IV illustrated the modelling for the MR damper and the
quarter car test rig. Appropriate controllers were also designed

in this Section. Section V presented the evaluation of the MR
damper on a quart car test rig. Lastly, the conclusions were
drawn in Section VI.

II. DESIGN AND WORKING PRINCIPLE OF THE VSVD MR
SUSPENSION

Figure 1 shows the structure and the prototype picture of the
proposed variable stiffness and damping MR device. This
device mainly consists of two damping cylinders (a bottom MR
cylinder and a top MR cylinder) and two springs (spring 1 and
spring 2) with different stiffness. It can be seen that the piston
rod runs through both the bottom and top MR cylinders. The
electromagnetic coils in these two cylinders extend generally
coaxially around the piston. In addition to that, the two
cylinders consist of seals and reservoirs filled with MRF. The
damping force (or the damping) of the bottom cylinder is
controlled by the magnetic field generated by I on the basis of
MREF properties. Likewise, the top damping force or damping is
controlled by /.

The working principles of the new device can be
demonstrated by three different connection modes shown in
Figure 2. The damping (Ci) is represented by the bottom
damping which is adjusted only by the current /4. C; increases
as the current (/y) increases.

The variable stiffness mechanism is controlled by current /.
When I is very small, the working mechanism can be
represented by mode 1 in Figure 2. Under this mode, a small
damping force will be produced by the top MR damper and thus
relative motion between the piston rod and the top cylinder will
happen and spring k; will deform. In this case, spring k; and
spring k» work in series. Therefore, the overall stiffness of the
damper is soft.

For the second connection mode where the top damping is
bigger, the deformation of the spring k; is restricted because of
the limitation on the relative motion between the piston rod and
the top cylinder, but the spring k, deforms more compared
with the first working mode. This means that the overall
stiffness of the damper is harder than the first scenario. For the
last scenario (mode 3), when the top damping force is large
enough to block the relative motion between the piston rod and
the top cylinder, spring k; will produce no deformation and
only spring k, works in response to the external force. In this
case the overall stiffness of the damper reaches the maximum.
Based on the above analysis, the determination of connection
mode depends on the amount of the input current /;.

The properties of stiffness variability and damping
variability were tested separately using the INSTRON
machine. The experimental setup is shown in Figure 3. A
sinusoidal wave with a single frequency of 0.5 Hz and an
amplitude of 20 mm was chosen to excite the system. To obtain
the performance of stiffness variability, the applied current to
the top damping cylinder was varied from 0OA to 0.4A with a
step of 0.2A. The applied current to the bottom damping
cylinder was set as OA in order to avoid the influence of
damping. On the other hand, the current applied to the bottom
damping cylinder was set to 0A, 0.5A, and 1A, respectively,
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with the /; maintained as 0.2A to demonstrate the performance
of variable damping.
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Fig.1. Design and photograph of the MR damper system with two springs.
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Fig.2. Schematic Diagram of Connection Mode.

III. EXPERIMENTAL CHARACTERIZATION OF THE ADVANCED MR
DAMPER

Fig.3. Testing system with INSTRON.

Figure 4(a) shows a series of stable force-displacement loops
in terms of stiffness variability and Figure 4(b) shows the
corresponding force-velocity relationships. The effective
stiffness of each force-displacement loop is represented by
finding the slope of the straight line that intersects the end
points of each force-displacement hysteresis loop, and the

calculated effective stiffness is tabulated in Table 1. It is seen
that the effective stiffness increases from 25.4 kN/mm to 45.2
kN/mm when the current increases from 0A to 0.4A.

Table I Effective stiffness versus /s

A 0A 0.2A 0.4A
Effective

stiffness 254 373 45.2
(kN/m)

Table II Equivalent damping versus /q4
Iy 0A 0.5A 1A
Equivalent
damping 5.80 11.22 17.85
(KN-s/ m)

Figure 5 shows the variable damping characteristic including
force-displacement loops (Figure 5(a)) and force-velocity loops
(Figure 5(b)) under different currents of /4 (0A, 0.5 A, and 1A).
It is seen that the enclosed area of the force-displacement loops
increases with the increase of current Iy. As the enclosed area
presents the equivalent damping, it can be concluded that the
increasing /4 leads to the increase in the equivalent damping of
the MR damper. The calculated equivalent damping shown in
Table 2 also demonstrates this changing tendency with a
variation range from 5.8KN-s/m to 17.85 kN's/ m.

F—Experiment Is=0A, 1d=0A
Experiment 1s=0.2A, 1d=0A
Experiment Is=0.4A, 1d=0A

05
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< oof
@
2
S
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! ! ! ! ! ! !
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(a)
1.0
Experiment IS=OA, | d=0A
Experiment Is=0.2A, Id=0A
Experiment Is=0.4A, Id=0A
0.5 -
z
< oot
g
S
i
-05

Velocity (mm/s)

(b)
Fig. 4. Characterization of variable stiffness: (a) force — displacement
relationships; (b) force-velocity relationships.
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Fig. 5. Characterization of variable damping: (a) force-displacement

relationships; (b) force-velocity relationships.

After the stiffness and damping variation evaluation, the
response time of the MR device was also tested. As the MR
damping cylinders in the stiffness controlling component and
damping controlling component are the same, their response
time will be the same. Thus this paper only tested the response
time of the low MR damping cylinder (c;) as a representative.
In this test, the MR damper was extended under a constant
speed by the INSTRON machine. During the extension, an 1A
current was applied to the damper (c,) at around 0.7s and then
was removed at around 3s, as shown in Figure 6. According to
Figure 6 it can be seen that the response time of the MR device
is 43~44ms which is quick enough for real time control.

12

Current off

Force (kN)

00k 1A current on

L L L L L L L
00 05 1.0 15 20 25 30 35
Time (s)

Fig. 6 Response time of the VSVD MR suspension system.

IV. MODELLING OF THE MR DAMPER, A QUARTER CAR SYSTEM
AND CONTROLLER DESIGN

For the purpose of developing a controller for the VSVD MR
suspension system, accurate models for the damper itself as
well as the quarter car system are necessary. In this section, a
phenomenological model was proposed. Then a quarter car
system with this new damper was also modelled using the TS
fuzzy approach. An observer was designed to estimate the
velocity of the pavement input so that the real time frequency
information can be obtained. Finally, a control algorithm is
developed on the basis of the quarter car model and the state
observer.

A. Phenomenological model for the VSVD MR device

The Bouc-Wen model has been widely accepted in
describing MR behavior for its mathematical simplicity and
accuracy [27, 28]. For this reason, the model proposed in this
paper has incorporated the classic Bouc-Wen component,
attempting to use its accuracy to describe the nonlinear
characteristics and the hysteretic behavior of an MR damper.
Figure 7 shows the schematic diagram of the proposed
phenomenological model. It is seen that two Bouc-Wen
components were used. And they are described by the
evolutionary variable zg4,, Z4,, respectively, which represent a
function of the time history of the displacement. The
mathematical description for this model is as follows:
F=Fy+ksu(z—2)+F
Feg=a1Zq1 + ko1 2+ Cyq " 2

Fs = ayz4; + koz - (z — z1) + Coz " (2 — 7) (1)
my - Zi + k1 (2 —2) + ks "z = F
where
24y = —112| - 241 |2a1| — By * 2241% + Aq1(2)
24y = —1212 = Z| " Zgz|2az| — B2+ (2 — Z)Zap* +
Aqp(Z — Zy)

ay = 1 + iy~ Iy, Co1 = Cora + Corn " I
0y = Qg + Qzp * Iz, Coz = Coza + Cozp " I
m,, is the mass of the top cylinder of the damper, A4,, A4z, B1,
B, riand r, are used to describe the hysteresis behaviour; a;
and a, are the evolutionary coefficient; aq,, a1, 02,4, Oop,
Co1a> Co1b»> Coza» and Cyyp are the constants to be determined.

Cy1 and Cy,are the viscous damping ;kq, kg, ko1 , and kg, are

the stiffness.

To model the time delay of the MR damper, a first-order filter
is applied:
1_1 =1y —1a)
L =n(; - 1)
where Iy and I are the command currents sent to the power
amplifier while I; and I, represent the real-time currents
through damping cylinder ¢; and damping cylinder c, ,
respectively. The 7 reflects the response time of the MR
damper; the larger i is the faster the damper responses. The
value 7 is identified as -51 according to the time delay of the
MR damper shown in Fig. 6.
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TY{’ re

Fig. 7. Schematic diagram of the proposed phenomenological model.

To evaluate the accuracy of the proposed model in describing
the damper performances, numerical simulation was conducted
to identify the optimal parameters for the model to fit the
experimental data shown in Figure 4 and Figure 5. A
least-square =~ method in  combination  with  the
Trust-region-reflective algorithm available in MATLAB was
used to determine the parameters in this model. Table III lists
the identified values for these parameters. Figure 8 shows the
fitting results for the stiffness variability and the damping
variability. It can be seen that the predicted hysteresis loops
match well with the experimentally obtained data. This means
that the proposed phenomenological model is able to predict
the behaviors of the variable stiffness and damping MR device
in high accuracy.

TABLE III
IDENTIFIED VALUES FOR THE PARAMETERS
Parameters Identified Parameters Identified
values values
Agqq 120 Ay 89
B, 237602 B, 266259
ry 219872 r, 1277656
Oia 7211 O1p 23415
[0 PN 18654 Osp 43876
Cota 15036 Co1p 11221
Co2a 20657 Co2p 1876
ko1 347 Koz 29032
kg1 29976 ks, 38500
05 |-
=3
< oo
3
k3
Experiment Is=0A, |d=0A
Experiment Is=0.2A, |d=0A
-0.5 - Experiment Is=0.4A, Id=0A
——Simulation Is=0A, Id=0A
Simulation I1s=0.2A, |d=0A
\ \ \ | ——Simulation I§=0.4A, Id0A

20 25 30 35 40 45 50
Displacement (mm)

(@

Experiment 1s=0.2A, Id=0A
Experiment Is=0.2A, 1d=0.5A
—— Experiment Is=0.2A, Id=1A
[ Simulation 1s=0.2A, 1d=0A
Simulation .2A, 1d=0.5A
[—— Simulation 1s=0.2A, Id=1A
0.5 [ s

00

Force (KN)

-05 -

Displacement (mm)

()
Fig. 8. Fitting results: (a) Fitting results of stiffness variability between the
predicted and experimental responses; (b) Fitting results of damping variability
between the predicted and experimental responses.

B. Quarter car model with the VSVD MR device

A quarter car model with this VSVD MR device installed
was built and shown in Figure 9. Equation (3) describes the
whole system:

mS.Z"S+Fd+FS+k51(ZS_Zk) =0
my -z, — Fg + ke (24 — 2) + k(2 —2,) = 0 (2)
my - Zy — Fs+k51(zk - Zs)+k52 (Zk - Zu):o

Substitute equation (1) into equation (3), then we can obtain:

mg - Zg = —[(@1a + @1p " 1) * 241 + ko1 (zs — 2,) +

(co1a + Co1b " 1) (Zs — 2u) + kg1 (zs — 7)) +

(@20 + @b * I2) * 2az + kop (25 — 21) +

(Coza + Cozb " 1) (25 — )]
my * Zy = (@10 + ayp 1) 241 + ko1 (25 — z,)

+(Co1a + Co1b 1) (Zs — 24) + ksz(zi — 24)

_kt(zu - Zr)
my - Zic = kg1 (25 — 21) + (@0 + a2 * 1)

" Zgp + ko2 (zs — 1) + (Coza + Cozp " 2) (25 —

Zk) - ksZ(Zk - Zu)
where mgis the sprung mass, m,is the unsprung mass, my is
the mass of the top cylinder of the damper, zis the
displacement of the sprung mass, z,is the displacement of the
unsprung mass, 7 is the displacement of the top damper
cylinder.

£
g
s
=
=
g
B

Boue

52
le
iy | —]
ke 4

Fig. 9 Quarter car model with the VSVD MR device installed.
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In order to build a state-space for the quarter car system,
define fj, fras:
E = —nl2s — 24| - za1|zas | = B1 (Zs — 20)12a1 |7 3)
fo = —12l2s — il Zaz|2an| — B2 (25 — 21|24z |2
Define the state variables as follows:
X1 = Zg, Xo = Zy, X3 = Zy, X4 = Zg — Zy, X5 = Zi — Zy, Xg =

Zy — Zy, X7 = Zd1, Xg = Zqaz )]
and the state vector as:
X =[x X3 X3 X4 X5 X6 X7 xs]T 5)

then define: f. = f—l, fo= f—z,
1 X7 Xg

f3 = ap X7 + Corp (X — X2) (6)
fa = g Xg + Coap (X1 — X3)

Then (3) can be written as:

Mg+ Xy = —[@1a* X7 + Ko1 * X4 + Co1aX1 — CoraXz + f311

TII-18-3113 6

BE f_4’
—ms —Mmg
0
my my
0

BZ =\ — E

mg mg
0 0
0 0
0 0
0 0

L 0 0

w =2z,
_[h

u= 12]

thg1x, — ko1 Xs + Aq * Xg + KopXs — Ko2Xs + Co2a
X1 = Coza " X3 + fa 5]

My Xy = Qg " X7 + Kog * X4 + Co1a%1 — CoraXz + ksa X5
—kixe + f5 1y

My~ X3 = kg1Xy — kg1 X5 + Qga " Xg + KoaXa — Ko2Xs + Co2a
"X1 = Coza* Xz — KsaXs + o Iy

Xg = X1 — Xy @)

X5 = X3 — X3

x6 =X — Zr

X7 = fix; + Aq1 (1 — x3)

Xg = foxg + Agz (X1 — x3)

We can write a state-space for system (4) as:

x(t) = Ax + Byw + B,u (8)
where
[Cora + Coza —Cota —Coza  Ko1 + ks1 + Koz
U —Mms —ms —mg
Co1a “Cota 0 koq
my My my my
Co2a 1 —Co2a ks + ko2
A= my mk my mk
1 -1 0 0
0 -1 1 0
Ay —Agq 0 0
| AdZ 0 AdZ 0
—ks1 — ko> i O1a Q23 ]
—mg m, —Ms —Mg
ks, —k¢ E 1
my my my my
—ks1 —koy —ks; 0 0
m me Mk Tk
0k 0 0 0
0 0 0 0
0 0 0 0
0 0o A 0
0 0 0 f2
B,=[0 0 0 0 0 -1 0 o]

C. TS Fuzzy modeling of the quarter car with variable stiffness
and damping characteristics
Considering that the state variables x4, x,, x,, and xg are
actually limited in practice for a stable system, the nonlinear
fi +f2» f3, and fyshould also be bounded in operation. We
represent f; ,f>, f3, and f, using their minimum values and

maximum values following “sector nonlinearity” approach
[29]:

fi =My * fimax + Mz * fimin,

f2 =N, 'meax + N, 'mein: (9)
f3=T1" famax + T2 * famins

f4 =H; 'f4max + H, 'ﬁ}min:

where fiiymax (i = 1,2,3,4) represents the maximum values
and f(i)min (i=1234) is the minimum values of the
nonlinear f;y (i = 1,2,3,4). My, Ny, Ty, and Hyy (@ =
1,2) are fuzzy membership functions and satisfy:
M +M,=1

Nl + NZ = 1
T,+T,=1 (10)
H+H,=1
And the member functions are defined as:
_ fl_flmin _ f2max—/f2
Ml - flmax_flmin’ Mz N meax_fzmin’
Nl — f2=f2min : N2 — famax—/f2 :
fzmax—f2min fzmax—f2min
Tl — f3=/3min . TZ — f3max—/f3 (11)
f3max—f3min fsmax—f3min
H1 — f4_f4min HZ —_ f4max_f4

= : =
famax—f4min famax—famin

Then the nonlinear quarter car system can be described
by the abovementioned linear subsystems. For each
possibility, there is a corresponding state-space equation:

Iffi =My, fo =Ny, f5 =Ty, fa = Hy,
Theni‘ = A(l)x + B1W + Bz(l)u

Iffl = Mpfz = N1:f3 = T1:f4 = H,,
Then x = A(Z)x + Blw + Bz(z)u

Iffi =My, fo =Ny, f3 =T, fa = Hy,
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Then x = A(3)x + Blw + 32(3)11
Iffi=My,f, =Ny, f3=T,fs = Hy,
Then 5( = A(4)x + 31W + 32(4)11,
Iffi =My, f, =Ny, fs =Ty, fa = Hy,
Then x = A(S)x + B]_W + Bz(s)u
Iffi =My, fo =Nofs =T, fa = Hy,
Then 5( = A(6)x + 31W + 32(6)u
Iffi =My, f, =Ny, f3 =Ty, fa = Hy,
Then 5( = A(7)x + B]_W + 32(7)u
Iffi =M, f, =Ny, fs =T, fu = Hy,
Then x = A(g)x + Blw + Bz(g)u
Iffi=Myfo =Ny, f5=Ty,fs =H,,
Then 5( = A(g)x + 81W + Bz(g)u
Iffi =M, fo =Ny, fs =T,,fa = Hy,
Then x = A(lo)x + Blw + Bz(lo)u
Iffi =My fo =Ny, f5=T,,fs = Hy,
Then x = A(ll)x + 31W + Bz(ll)u
Iffi =My, fo =Ny, fs =Ty, fa = Hy,
Then x = A(lz)x + Blw + Bz(lz)u
Iffi=Myfo =Ny, fs =Ty, fo = Hy,
Then x = A(13)x + 31W + 32(13)u
Iffi =M,y fo =Ny, fs5 =T, fs = Hy,
Then x = A(14)x + 31W + 32(14)11.
Iffi=M,fo =Ny, f3 =T, fs = Hy,
Then x = A(ls)x + 81W + Bz(ls)u
Iffi =My fo =Ny, f3=T,fs = Hy,
Then 5( = A(lﬁ)x + 31W + 82(16)u
where 4y (i =1,2,3,....,16) are obtained by replacing
fay (i = 1,2) in matrix A of (8) with fi;ymax and f;ymin,
respectively.
Then the TS fuzzy model for the nonlinear quarter car

under the bounded state variables is obtained as:
16

x = Z hi[A(L-)x + B]_W + Bz(i)‘l:l.]
i=1
= Ahx + 31W + Bzhu
where A, = %18 hAqy Ban = %18 hiBywy
h, = My\N,T,\H,, h, = M;N,T,H,
hs = MiN,T,H;, hy = M{N,T,H,
hs = MyN,T,H,, hg = M,;N,T,H;
h; = MiN,T,H,,  hg = MyN T, Hy
hg = MyN,T1Hy,  hyo = MyN,T,Hy
hyy = MyN,ToHy,  hyp = MiN,T1 H,
hys = M;N T\ H,,  hyy = MyNiToH,y
hys = MyNiToHy,  hye = MaN, Ty H,
Andhg (i=1.23,...,16) satisfy: X8 h; = 1

(12)

D. Controller design for the variable stiffness and damping
suspension.

As the stiffness and the damping of the damper are separately
adjusted and controlled, two different controllers have to be
designed. For the variable damping, we chose the classic
skyhook controller which is simple while effective. The
description for skyhook controller is:

Cmaxz.s' Z.s (Z.s - Zu) =0
Fas ={0mse S A <0 ()
where Cp.x and Cpjpn are the maximum and minimum skyhook
gains, which correspond to the command voltages I;;,.x and
Imin» respectively. In this experiment, the specific skyhook
force is expressed as the MR damper force with the control
output voltage, I;,,,=0.8A and I;;;;, = 0A.

In terms of the control strategy for the stiffness component, it
is to avoid the resonance of the quarter car under a pavement
input. As the stiffness is controlled according to the dominant
excitation frequency, the real time frequency information of the
pavement input is very important in determining the stiffness.
At the same time, ideal switching frequencies, where the high
stiffness should be switched to the low stiffness or vice versa,
should also be obtained as a reference for the real time
frequency. In addition, the stroke limitation should be taken
into consideration to protect the damper from any collision.

Determining the switching frequency is to guarantee that an
optimal or minimal transmissibility (ratio of the quarter car
response to the excitation signal) can be obtained. For example,
the simulation result shown in Figure 10 in terms of the
transmissibility from the excitation z. to the sprung mass
acceleration Zg , the switching frequency is 1.51Hz and the
desired minimum transmissibility is composed of the black
segment which is indicated as high stiffness before the 1.51Hz
and the red segment indicated as low stiffness after 1.51Hz.
According to the simulation results, the switching frequency is
related to the damping force (F4). As the damping force Fjy is
controlled by current /4, the switching frequency is a function
of Iy. Table IV gives the corresponding relationship between
the switching frequency and ;. It can be calculated that the
relationship between the switching frequency and the current is
linear, therefore, the switching frequency can be defined as
linear function of the applied current:

£i=-0.15*I4+1.50 (14)

Real time dominant frequency of the pavement input is
needed to compare with the above obtained switching
frequency. Then the stiffness will be determined according to
their relationship. To measure the real time dominant frequency,
we have to firstly collect the velocity data (Z;.) of the pavement
input. Then the dominant frequency information of the
pavement input will be obtained by analyzing the velocity
using STFT. As Z, is immeasurable in practice, we designed an
observer to estimate the information. The design of the
observer is based on the TS fuzzy model built in section I'V. C.
The observer is designed as follow:

Define the measurable suspension deflection as:

y =lzs— 2] (15)
and its state-space equationis:y = C - x
thenC=[00001000]

Then define the proposed observer as:

X=A X+ Ly(y—9)+By-u (16)
y=Cx

where X is the observer state vector, ¥ is the estimated output,
Ly, is the observer gain matrix to be designed. Considering (8)
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and (16), the error dynamics model is defined as:
é=x—%
= Ahx + 31W + Bzhu — AhJ’C\ — Lh)’ + Lh)’} — Bzhu
=Ap(x —%) — Ly(y —y) + Byw
=A,-e—L,-C-e+ B,w
=4, - L, CO)-e+Bw
where e = x — X is the estimated error.
Suppose that A,, = (A, — Ly) - C
Then
(18)
By defining an objective output as:
zo,=e=x—X=E,-e
(19)
where Ey = 1.
Then if there exists a matrix P>0 such that the following
LMI is satisfied:

(17)

é=A0h-e+31W

PA,, +Al, PB, E}
% -l 0[<0 (20)
* * = |

Then the system (8) is stable with Hoo disturbance
attenuation r, > 0. Using the definition ¥ = PL; and
solving the LMI, the observer gain matrix can be obtained
as L, = P~'Y . Then the observer is successfully designed.

TABLE IV
CORRESPONDENCE BETWEEN THE SWITCHING FREQUENCY AND THE APPLIED
CURRENT
Damper current lg(A) Switching frequency (Hz)
0.0 1.50
0.1 1.49
0.2 1.47
0.3 1.46
0.4 1.45
0.5 1.43
0.6 1.41
0.7 1.40
0.8 1.38
60
— High stiffness
—— Low stiffness
B 151Hz
50 -
o
T 45t
g
=
40 |
35+
30 bt L

Frequency (Hz)

Fig.10. Example of the switching frequency

Apart from the switching frequency, the determination of the
stiffness also depends on the stoke limitation. Once the
suspension deflection is not less than the stoke limitation, the
maximum stiffness will be turned on to avoid any collision.

This value guarantees that the deformation of spring slows

down before any collision under the maximum stoke limitation.

Therefore, the controller to determine the stiffness is:
kmax(Is = 0.44), freq < f.OR |zs — z,| = sy,

k =

’ Kmin(Ig = 0A), Otherwise.
where f; is the switching frequency, f..q is the real time
dominant frequency of the pavement input signal.

(20)

V. EFFECTIVENESS EVALUATION AND ANALYSIS OF THE DAMPER
ON A QUART CAR TEST RIG

In this section, the proposed TS fuzzy modelling and
controller were applied to control the VSVD MR suspension
system which is installed on a real quarter car test rig.

Figure 11 shows the experimental setup of the quarter car
test rig. The tire is excited by a vertical road profile generated
by a hydraulic system manufactured by the CRAM
Corporation. The hydraulic actuator is controlled by the
real-time control board (Model: myRio-1900, NI Corp.) with a
proportional-integral-derivative (PID) controller. Specifically,
as the first step, a target road profile was set in the controller
and the real time road profile generated by the hydraulic system
will be measured by a laser displacement sensor labelled as No.
9 in Figure 11 (Model: LB-11, Keyence Corp.). A PID
controller is designed to control the real time road profile to
trace the target road profile. Then a close-loop control is built to
generate different target road profiles.

Regarding the VSVD MR suspension controlling, two
displacement input signals, the suspension deflection (SD) and
the sprung mass displacement (SMD), are measured by the two
laser sensors (Model: LB-11, Keyence Corp.); the acceleration
input signal, the sprung mass acceleration, is measured by an
accelerometer (Model: ADXL327, Analog Devices Corp.). By
running the VSVD control algorithm based on these inputs, the
real-time control board calculates the command currents,
Iq and I, and sends them to the power amplifiers. After
amplifying the power of the signals, the currents considered as
the system outputs will be sent to the two MR dampers.
Furthermore, the tire deflection can be calculated by using the
signals from the laser sensors and will be used to indicate the
road holding performance of different suspensions. The sprung
mass acceleration will be used to measure the ride comfort of
suspensions. A force sensor (Interface: SSM-AJ-20KN) is
installed in between the MR damper system and the sprung
mass to measure the force generated by the damper system
under different control cases. As comparison, the other two
suspensions are also tested, i.e. passive suspension where
conventional passive damper (original damper from Toyota
vehicle) was used; variable damping (VD) suspension where
the variable stiffness and damping shock absorber was used but
the stiffness was fixed by setting the applied current I as
0.35A.

For the convenience of the reader, Figure 11 shows the
control flowchart of the system. It can be seen that the
measureable variables, zg and zg — z,, are transmitted to the
skyhook variable damping (VD) controller and thus the desired
damping can be determined. As for the variable stiffness (VS)
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controller, it needs three inputs and produces one output. One
ofthe inputs, Z., needs to be estimated by the observer designed
in the above section as this variable is immeasurable in
practice. After the estimation of Z., a frequency estimator will
calculate the real time dominant frequency of the excitation
using the Short-time Fourier Transform [30]. I3 provides the
information of the switching frequency according to (14) and
the suspension deflection (zg — z,,) will be compared with the
damper stoke limitation. Then the VS controller can determine
the desired stiffness of the MR damper.

Two excitation signals were used to evaluate the whole
system: bump road profile and random road profile. These two
excitations are generated by the equation (21) and equation (22),
which are classic road profile generation method [31-32]. The
expression for the bump excitation is:

%(1—COS (ZHIVO t)), 0< :SVLO o

z(t) =
0, t>

where V) is the vehicle speed, a and / are the height and the
length of the bump, In the experiment, a=30mm, /=0.8m, V;, =
1.39m/s.

The road displacement of the random road profile is
generated by:

| - Quarter — car
With VDVS MR damper

Zs

2 () + pVoze(8) = VoWy, (22)

where W, is white noise with the intensity 202pV, p is the road
roughness parameter, o2 is the covariance of road irregularity.
In this experiment, p=0.45m™, 62 =300mm? |,
V, changes from 20 m/s to 10m/s at 15" second. After the
road profiles are generated, they will be fixed and will be used
to evaluate the performance of different vehicle suspensions.
The same road profiles guarantee the fair comparison of
different suspensions.

During the test, the first step was to install the passive
suspension to the quart car test rig and evaluate its vibration
isolation performance under both bump excitation and random
excitation. After that, the passive suspension was replaced by
the VSVD MR suspension and both VS controller and VD
controller were turned on. Then the performance of the VSVD
MR suspension on vibration control was evaluated. The last
step was to turn off the VS controller and leave the VD
controller on to make the VSVD suspension function as a pure
VD suspension. Then the dynamic performance of the VD
suspension system under the two road profiles was evaluated.
The evaluation results are shown as follow.

Fig.11. Control flow chart and Experimental setup: (1) computer, (2) NI real-time control board I, (3) NI real-time comtrol board 11, (4, 5) power amplifier, (6)
accelerometer, (7-10) laser sensors, (11) hydraulic actuator, (12) hydraulic station, (13) the proposed VSVD MR suspension system and (14) force sensor.

4

Passive
—VD

Acceleration (m/sz)

2 3 4 5 6
Time(s)

Fig. 12 Sprung mass acceleration under bump road profile in time domain.

——— Passive

3000

Force (N)

2500

2000

0 1 2 3 4
Time (s)
Fig. 13 The force generated by the MR damper system under bump road
profile

Figure 12 and Figure 13 show the vibration reduction
performance and the forces generated by the three different
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suspension systems under the bump road profile excitation. It is
seen that the VD suspension performs better than traditional
passive suspension and VSVD suspension performs the best in
reducing the sprung acceleration.

After the bump road evaluation, random road evaluation is
further conducted. Time histories of the sprung mass
acceleration of the quarter car system under random road
profile are shown in Figure 14. The forces generated by
different damper systems under random excitation have been
presented in Figure 15 as well. In order to thoroughly evaluate
the vibration reduction effectiveness of the suspension under
different vehicle velocities, we conducted the evaluation under
different running speeds, i.e. the vehicle velocity was changed
from 20m/s to 10m/s at 15" second, as shown in Figure 14. It
can be seen that the sprung mass acceleration under the passive
case has the biggest peak value during the whole time history.
VSVD case and VD case both perform better than the passive
case. However, the sprung mass acceleration under VSVD case
is further reduced than under VD case. This means that the
quarter-car system performs best under the VSVD suspension
where the damping and the stiffness of the damper are both
controlled in real time. In order to illustrate the experimental
results more clearly, the sprung mass acceleration responses
under the three cases are compared in Table V and Table VI in
terms of their RMS values and weighted RMS values
respectively. It is seen that the acceleration RMS under VSVD
case has the smallest value. And the reduction percentage
compared to the passive case show that VSVD case is more
effective on reducing the sprung mass acceleration than the VD
case.

Figure 16 shows the frequency spectrum of the sprung mass
acceleration under the random excitation with different
velocity. Generally, it can be seen that the passive case
performed worst and VSVD case performed best in reducing
the vibration. But closer observations reveal that VD case is
slightly better than VSVD control case around frequency of
1.1Hz. That is because VD control case has a high fixed
stiffness which results in lower transmissibility in low
frequency range. To sum up, the experimental results have
shown the superiority of the proposed MR suspension system
over the passive system and the variable damping system in
terms of enhancing the ride comfort.

—— Passive
—VD
—VS8VD

20m/s | 10m/s

Acceleration (m/s?)

0 5 10 15 20 25 30
time (s)

Fig.14. Sprung mass acceleration under random excitation in time domain.

—VD
—— PASSIVE
——VSVD

Force (N)

2000

0 10 20 30
Time (s)
Fig. 15 The force generated by the MR damper system under random road
profile

10°

Power
3

10° | — Passive

—VD

— VSVD

2 4 6 8 10 12 14 16 18 20
Frequency (Hz)

Fig.16. Sprung mass acceleration in frequency domain.

TABLE V
AVERAGE ACCELERATION RMS VALUE
Variable Passive VSVD VD
RMS (m/s?) 0.97 0.76 0.79
Reduction
percentage (%) NA 216 -18.6
TABLE VI
WEIGHTED ACCELERATION RMS VALUE
Variable Passive VSVD VD
RMS (m/s?) 0.7319 0.598 0.6175
Reduction NA -18.3 156

percentage (%)

As the road holding performance is very important for
vehicle driving, the road holding performance of the three
different suspension systems under a sinusoidal signal with
sweeping frequency from OHz to 20Hz was also evaluated. The
tire deflection and the damper-generated force are both
collected and presented in Figure 17 and Figure 18,
respectively. It can be seen that the tire deflection of the VD
suspension is slightly larger than the other two and the VSVD
suspension and passive suspension have comparable tire
deflection. This means that the VSVD suspension system can
improve the ride comfort of a vehicle without deteriorating its
road holding performance, which is desirable for vehicle
driving.
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Fig. 17 Tire deflection under sweeping excitation.
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Fig. 18 The force generated by the MR damper system under sweep road

profile

VI. CONCLUSION

An MR damper with tunable stiffness and damping
characteristics was successfully designed in this study. The
testing results by an INSTRON machine verified its feasibility
to change both the stiffness and damping in response to the
magnetic field variations. The stiffness and damping of the
damper show clear increase when the applied current increase,
respectively. The proposed phenomenological model was
capable of predicting the stiffness and damping variation
characteristics of the advanced MR damper. A control
algorithm on the basis of STFT, skyhook and a state observer is
built to control the advanced MR damper and a quarter car test
rig is built to evaluate the performance of the MR suspension
system on vibration control. Experimental tests were conducted
under bump and random excitation. The results show that the
VSVD MR suspension system with tunable stiffness and
damping performs better in improving the ride comfort
comparing to the passive suspension system and VD
suspension system.
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