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Sliding Mode Control for Variable-damping Mount

Using Functional Fluid
Sung-Ha Kim

Department of Mechatronics Engineering, Graduate School
Pukyong National University

Abstract

Vibration can often lead to a number of undesirable circumstances.
For example, vibration of an automobile or truck can lead to driver
discomfort and eventually, fatigue. Structural or mechanical failure can
often result from sustained vibration. Electronic components used in
airplanes, automobiles, machines, and so on, may also fail because of
vibration, shock and sustained vibration input.

One of the most effective ways to reduced unwanted vibration is to
design a vibration isolation system. This system can isolate the source
of vibration from the system of interest or to isolate the device from
the source of vibration.

In this paper, We deal with vibration isolation of a functional fluid
mount for precision equipment of automobiles. Precision equipment is
disturbed by unwanted vibration such as low frequency vibration due
to rough road and high frequency vibration due to engine. So It is
necessary to suppress cyclic vibrations over a wide range of
frequencies. The functional fluids such as MR(Magneto-Rheological)
and ER(Electro-Rheological) fluid have variable damping elements
which are changed by variations of the applied magnetic field
strength or electric field strength. On the assumption that the mount

has these functional fluids, we modeled the functional fluid mount



and designed its controller.

We present the robust control scheme, based on conventional
sliding mode control theory, for the design of a stable controller that
is capable of isolating the vibration due to various disturbances such
as bump and sinusoidal excitations, and is insensitive to parametric
uncertainties of the functional fluid mount. We got stable controller
with using Lyapunov stability theory The controller is then realized
by using a semi-active control condition in simulations.

As a result of simulations, we can know that the proposed control

manner has more excellent performance than other control manners.
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2.1.1 Passive control system
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Fig. 21 A schematic diagram of passive control system



2.1.2 Active control system
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Fig. 2.2 A schematic diagram of active control system
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Fig. 2.3 A schematic diagram of semi-active control system
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2.2 Passive, semi-active sky-hook, semi-active sliding mode
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2.2.2 Semi-active sky-hook control
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Fig. 2.4 Semi-active sky-hook control system
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C(t) = Ck,—L (2.4)
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2.2.3 Semi-active sliding mode control
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A-1 £d0lg Z2E HO AlSdolE 203

%% 7] ¥R T %%

clear all

o lrue system parameter set

data ~ 6/du
end_step — data - gel_data
2o initial state

x(.1) ~ [0.001 0.0005 0 0]

m -~ 20 dm - m/100:
cl = 2 - —elied - oe2ied = oel k1o~ 400 K2 - 120
%o nominal system values

kO - 40:

% weighting factor

w1 = 0.001:
v(l} = 0r dv(l) - O
D = [0 0 k1/m k2/dm]'*v(1):
% controlier initialize
st = x(3) + Jamda*x(1);
% control gain etall) beta*(1/m*ep*abs(x(1)) + Kkl/m*psi + etad) -
abs(beta-1*abs(lamda*x(3)- kO/m*x(1}:
u_bar(l) = eta(lP*sat(s(1)/pik

rou - 0.1V

bm - Il-rou; bM - I+rou: % control gain minimum and
maximum

2ou_bar(1) — eta(l)xsgn(s(1):

U = b_hat™(=D*(=k0*x(1) + m*lamda*x(3) + m*u_bar);

% solve vanable damping coefficient

b_hat = sgrttbm*bM); % estimated value
bela - sqrt(bM/bm). % gain margin

2%C_smc(D) = U/ (x(3)-x(4));
kint - [38 42]: kmax - C_sme(1) - 0.15
% in order Lo consider worst-case % state matrix
F-10010
0001
-kl/m 0 -C_sme(l)/m C_sme(ll/m:i
0 ~k2/dm C_smc(1)/dm -C_smc(1)/dm];

26 bounds

max(abs(kOxones(1,2) - k_inu)

e — sqrt(kmax™2). % kO-k aboul state x.
d = el % about disturbance y.
ep - normikmax). % worst-case norm of kO-kl
psi — 00030 % 1vi<psi bounded disturbance
% parameters relatived to switching
etad - 0.2; % vou pick eta0>0 for i - 2iend_step

) = (=dt
% boundary laver
D = [0 0 k1/m k2/dm]’ *y:

2% 4th order Runge-Kutla method

% sliding surface bl = dix(F*x(.i-1 - D)%(i-1}
end_line - 1/du b2 - dt*(F#x(.i-1) - bl/2 + D)t
lamda — (2% b3 = dtx(F=x(.i-1} - b2/2 + D)
% initial shiding surface b4 = dix(F*x(,i-1) - b3 + DX
p - 0.0002 x(0) = x(i-1D) + (1/63(b] + 2%#b2 ~ 2«b3 + b
u(ly - -0.001:
du(l) - —(lamda)*u(l):
du2(]) - -(lamda)*u(1} + pi: s(i) = x(3.i) - lamda*x(1.i):
du3(1) - -(amda)*u(l) ~ pi: etali) — betax(1/m*ep*abs(x(1.1)) + kl/mx*psi + eta()
u(2) -0 - abstbeta-1absUamda*x(3.1)- kQ/m*x (1D}
du(2) - O
du2(2) - 0 + pi:
du3(2) - 0 - pi

for i-3'end_line

dt = 0.001: % sampling time

2% sliding mode controller

u_bar(i) — etali)*tsat(s@i)/pi);

You_bar(i} — eta(irsgn(s(i)):

UG - b_hat™(-1)*(-kO*x(1.1} + m=*lamda*x(3.i} +
m*u_bar(i)}:
uli} - (=*du: % solve variable damping coefficient
duli) - -(lamda)*u(il C_smeli} - DG (xEB0-x{(400

du2(i} - -amda)*uli) + pi:
duld(i} - -Uamdayu(i) - pi: % silding mode semi-active control
end it x(Bi*x(31) - dvI<-0
C_smec = O
else

gel_data - 4/dt C_smcii) - C_smc(ik
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end

if C_smc(i+<=0
C_smeli)=(:

elseif C_sme(i}>-15

C_sme(i) — 150

else
C_smetd) = C_sme(ix
end
F-[0010
0001t
~kl/m 0 -C_smc(i¥/m C_smc()/m:
0 -k2Z/dm C_smeli¥dm -C_smc(i)/dm);
end

figrure(Diplot(Lx(1.:)./b" yaxist[0 5 -0,001 0.002]3
xlabel("t[sec] );vlabel (' displacement[m]' higrid
hold on

figure(2):plot(t,x(3,).'b" yiaxis([0 5 -0.005 0.002])
xlabel("t[sec]’);vlabel (' velocity[m/s]’ );grid

hold on

%% bumpd 2ABSE Z2H %%

clear all

cle

%) true system parameter set®c

m = 20 dm - m/100:

¢2 - —clied - €2 ed - el k1 - 400 k2 - 120
Yo nominal system values

kO — 40

2o weighting factor

cl -7

rou ~ .1

%o control gain

bm - l-rou: bM - i+rou: % control gain minimum and
maximum

b_hat - sgrt(bm=*bM): % estimated value

beta - sart(bM/bm}: % gain margin

%5 bounds

k_int - [38, 42} kmax - max(abs(kOsones(1.2) - k_int))
% in order to consider worst-case

e — sgrt(kmax™2); % kO-k about state x.

d - el % aboul disturbance y.

ep ~ norm(kmax). % worst-case norm of kO-kI
psi ~ 0.003; % |vl<psi bounded disturbance

%o parameters relatived o switching
etad - 0.2; % vou pick eta0>0

%% boundary laver
dt = 0.001: % sampling time
26 shding surface
end_line = 1/du
lamda - (23
%o initial sliding surface
pi — 0.0002
u(l) = -0.001:
du(l) - —(amda)*u(l):
du2(l) - -{lamda’+u(l) + pi:
du3(l) - -llamdaru(l) - pi:
u(2) -0
du(2) = O
du2(2) - 0 + pit
du3(2) - 0 - pit
for i-3iend_line
uli) = (ide
du(i? - —(lamda)*u(i):
du2(i) = —(lamda)*u(i} + pi:
dud(i) - -(lamda)*u(i} - pi
end

% initial state

xt1 - [0000];

1y - 0.001:

get_data — 4/d

data - 6/dt

end_step — data + get_data:
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wd-3.142:
Ymax-0.0005:
v(D=00 dytD=wd: d2y(1)=0:

D - [0 0 kI/m k2/dm]'=y(1):

25 controller initialize
st1) - x(3) + lamdaxx(1):
etall) - betax(l/m*ep*abs(x(1)) + kl/m#*psi + etad) -
abs(beta~1)+abs{lamda*x(3)- kO/m=x(1}):
u_bar(l) — eta(l)stsat(s(1)/pik
ou_bar(l) - eta(D*sgn(s(D)
Ut = b_hat"(=1)*{-k0*x(1} + m*lamda*x(3} + m#*u_bar).
26 solve variable damping coefficient
Y%C_sme(l) — DA -x(4);
C_sme() - 012
% state matrix
wE - (001 00 0 0 Li-kl/m 0 -C_sme(1)/m
C_sme(1)/mi0 -k2/dm C_smctl)/dm -C_sme(1)/dm}:
F - [0 01 60 0 0 L-kl/m 0 -C_smc(lm
C.sme(1m:0 0 0 0]

for i - 2'end_slep
t) = xdu
it 1iH>"2 & 1iX<-3
v Ymax#*sin(wd#*t(i));
dy ()~ Ymax*wd=cos(wdt(i));
else
y(D=0idv(13-0:

end

D - [0 0 kI/m k2/dm]"*y(i-1)%
2 4th order Runge-Kutta method
bl - ds(F*x(.,i-1) ~ Di%Ci-D
b2 — dt*(F*x(,i-1) + bl/2 + D);
b3 — dex(Fxx(i-1) + b2/2 + D)
b4 = des(Fx(i-1) + b3 + D
X)) — xCGi-D + (1/8)x(bl + 2xb2 + 2+%b3 + b4k
¢ sliding mode controtler
s(i) — x(33) + lamda*x(1.i%
etali) — beta*{1/m*ep*abs(x(1,i) + kl/m=*psi + etad)
abs{bela-1)+abs(lamdaxx(3,i)- kO/m=x(1ih:
u_bar(i} — eta(i}*tsat(sti)/pi)
%%u_bar(i) ~ eta(ilxsgn(s(i));
Ul — b_hat™(-1x(~k0*x(1i) + m*lamda*x(31) +
m*u_bar(i));
% solve variable damping coefficient
C_smeli) - Uy x(3a-x4x%

% silding made semi-active control
it x(Bi(x(34) - dy(in<=0
C_sme(i) —
else
C_smeti) - C_smcQi)
end
if C_sme(i)<=0

C_smei)=0:

elseif C_sme(i>-15
C_sme(it - 15

else
C_sme(® - C_smcli):

end

WF - [0 01 00 00 L-klI/m 0 -C_smc(i¥m
C_smciiymi0 -k2/dm C_sme(i)/dm -C_smc(i)/dm]:

F - [ 01 06000 Li-kl/m 0 -C_smcliym
C_smeiym:0 0 0 0]

end

figure(1)iplot(tx(1,:,'b")
xlabel("t[sec)");ylabel(’ displacement[m]’);
gridiaxis(0 7 -0.001 0.0011

hold on

figure(2);plot(t,x(3.:),’b")

xlabel(’tisec]’ );vlabel!’ velocity[m/s]):
gridiaxis([0 7 -0.003 0.002])

hold on

title("displacement & velocity response’)
xlabel( “tlsec]’);vlabel('displacement[m} & velocity[m/s]")
gridsaxis(f0 8 -0.004 0.002]}

hold on

figure(2)iplot(x(1,:.x(3,),’b" udu, 'k’ udu2,'r-." udud, r-.' %
litle("phase plane [bump disturbance]’)
xlabel("displacementlm] : x');vlabel('velocitylm/s] @ dx")
axis([~0.001 0.001 -0.005 0.005]);grid;hold on %
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%% W3l

-klym 0 -C_smc¢/m C_sme/m:

clear all 0 -k2/dm C_smc/dm -C_sme/dml;
cle for 1 — 2iend_step

% lrue syslem parameler seto

m - 20 dm - m/100: Time -~ i*dt

el = 72 - -elied 7 oe2cd - el klo- 400 k2 - 1200 T ~ Time:

% nominal system values in - w*Time:

kO - 40: v = amp*sin(in); dy =amp*w*cos(in):
% weighting factor D - [0 0 k)/m k2/dm]'*v:

rou — 0.1

% control gain % 4th order Runge-Kutta method
bm I-rou: bM - l+rou: % control gain minimum and bl = dix(F*x + Dx%

maximum b2 — dtx(F*x+b1/2 + D)

b_hat - saqrt(bm*bM) % estimated value b3 - dtx(Fxx+b2/2 + D)

beta - sqrt(bM/bm): % gain margin b4 = d(Fxx+b3 + DX

X 7 x4 (1/6(bl + 2%b2 + 2%b3 + ba)

% bounds

k_int — [36, 44]; kmax - max(abs(kO*ones(1,2) - k_int)% 9 sliding mode controller
% in order Lo consider worst-case s = x(3) + lamdaxx(1):
e - sqritkmax™2): % kO-k about state x. eta — betax(l/m=*ep*abs(x(1) + kl/mx*psi + eta() -
d — e % about disturbance v. abs(beta-1*abs(lamda*x(3)- kO/mxx(1))
ep - norm(kmax); % worst-case norm of k0-kl u_bar - etartsat(s/pik
psi = 0.003: % Ivl<psi bounded disturbance %u_bar(i) — etali)*sgn(s(i)X
U - b hat"(-1*(=kO#x(1) + mxlamda*x(3)
%0 paramelers relatived o switching m#*u_bar):
etad - 0.2 % vou pick eta0>0 26 solve variable damping coefficient

C_sme  UAx(@)-x(41:
% boundary laver

Jamda - (2) % silding mode semi-active control
dt - 0.001: % sampling time if x(3(x(3} - dv)<=0
%o initial state C_smc - O
x - [0000): else
w) - 0 C_smc¢ — C_smc:
gel_data ~ 4/du end
data - 4/dt if C_sme<-1
end_step ~ data + gel_data C_smc1:
kik - 0 elseif C_smc>=15
C_smc -~ 15;
for freq - 0.1:0.114 else
kk - kk+1: C_smc — C_smc:
w = freq*2*pi: end
amp — 0.001; gg - O
v(1} = 00 dv(l) - amp*w! F-[0010
D - [0 0 k1/m k2/dm]’*y: 0001
¢, controller initialize -kl/m 0 ~C_sme/m C_sme/m;
s - x(3) + lamdaxx(1% 0 -k2/dm C_smc/dm -C_sme/dmls
eta ~ belax(l/m*=epxabs(x(1}) + kl/m#psi + etad) -
abs(beta—1)*abs(lamda*x (31— k0/m*x(1}):
u_bar - elaxtsat{s/pit if Time >+ pel_dataxdt
ou_bar(l) — eta(1r*sgn(s(1)); gg - oggtls
U~ b_hat“(-11=(-k0*x(1) + m*lamda*x(3} + mx*u_bar) if gg — It
% solve variable damping coefficient dd - 1
26C_smell) = U/(x(3)-x(40; end
C_sme - 0.1% nn < i-dd+ L
% stale matrix FF(n - x(1k
F-10010
[IXUNUBH end
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end %Yo EBFHT %%

function v-tsat(d}

v_max-max(FFyamp; %phi = (.0002;
Mag(kk) — v_max: if abs(d)><=pi
1z(kk) - freq: v=di
figure(1} else
plot{Hz(kk}Mag(kk),'b."} v=signl(d):
pause(0.011 end
hold on

end

figure(2)

plowHzMag,'k")

title("displacement transmissibility ")

xlabel( ' frequency ratio’ iviabel(’displacement ratio’)
axis([0.2 4 0 21

pause(0.01)

hold on
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