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Abstract—The good idle speed control of spark ignition engine makes the customers comfortable and drives smooth. To derive its
controller, a control-oriented object based model of spark ignition engine is discussed in this paper. To achieve accuracy tracking
and reduce the control effort, a digital MIMO dynamic sliding surface control rule is proposed in this paper. The sliding mode
controller will drive the system to tracking the desired response. The existence condition of the discrete sliding mode is expanded
to two conditions. The first one is used to keep the sliding motion toward to the sliding surface. The next one is to keep the sliding
motion convergent. The dynamic sliding surface will decrease the approaching time. At the same time, the output magnitude of
the switching part will be reduced efficiently. Finally, the simulation results will demonstrate the performance of the proposed
control rule. The different working conditions will show the robustness of the proposed controller for parameter variation and the
external load.
Keywords- dynamic sliding surface control, idle speed, ignition engine.
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l. INTRODUCTION

a(t)s(t)<0 (1)

The engine is wide applied in industrial application [1-11].
The different kinds of engine, such as diesel engine, spark
ignition engine and etc., have been developed in recent
researches [1-6]. The spark ignition engine is especially applied
to the personal cars. The stability of idle speed of spark ignition
engine will affect the user's comfort. Therefore, the major
objective is the idle speed control of a spark ignition engine in
this paper. A linear model of the Fiat Dedra engine [7] is used
to study the idle speed control problem. The engine dynamics
based on the intake manifold process, combustion and
rotational dynamics compose a multi-input multi-output
(MIMO) system. A time delay caused by the transports of air
and fuel in combustion process is also present and affects this
system. At the same time, the parameters of the linear model
measured on different operating conditions are so different that
there exist the uncertainty problems in design of such engine
systems. Therefore, the controller of the idle speed must be
able to overcome the parameter deviations and against the
external disturbances.

The variable structure control (VSC) [12] has been applied
to many industrial fields. The advantages of the order-reducing
and against to external disturbance cause the proper robustness
of the VSC. However, in order to lock on the sliding surface,
the hard switching method causes the chattering phenomena.
The high frequency switching does not make the VSC to be
practical [13-14].To smooth the chattering, some soft switching
function is taken to replace the sign function. At the same time,
the additional integral controller is used to eliminate the steady
state error. Mostly variable structure controller is divided into
the equivalent controller and the switching controller. The first
controller is working under the ideal condition. The second
controller is used to force the sliding motion toward the sliding
surface and make the stability. Hence the integral gain and the
switching gains are selected to satisfy the existence condition,
that is

http://www.ijritcc.org

Change the differential equation to difference equation in
order to apply to the discrete system. When applying the
condition to discrete systems, the existence condition becomes
to

o(k)o(k +1)-o(k)]<0 )

However, referring to the reference [15], the system is
controlled by the controller only in each sampling time. The
controller cannot modify the response during the sampling
interval. It may happen that the condition (2) is not only
satisfied but also the sliding motion is divergent, shown in fig
1.

A Phase Plane

o (k+3)0 (k1)

Figure 1. Discrete sliding mode

The condition (2) only makes the sliding motion toward to
the sliding surface. However, it cannot guarantee the sliding
mode convergent to this surface. The condition (2) is only the
necessary condition not the sufficient condition in discrete
systems. To make up the drawback, the reference [15]
introduces one additional restriction, that is



‘G(k +1] < ‘O‘(k] 3)

Combining equation (2) and (3) can make sure the sliding
motion convergent. However, the sliding surface is changed to
sliding region shown in fig 2.

Phase Plane

Figure 2. Discrete sliding mode with sliding region

The choice of the switching gain becomes three states. This
change causes some difficulty in implementation of hardware.
To maintain the binary choice, one restriction of different
viewpoint is introduction in reference [16], that is

lolk +1)- o(k) < g )

where £ is a small positive constant. The varying of each

step of sliding motion is restricted. Then, condition (2) makes
the sliding mode toward to the surface. The condition (4)
makes the sliding motion oscillated on this surface within a
small range & shown in fig 3.

A Phase Plane

o (k+3)~ ‘

o (k+1)
Figure 3. New discrete sliding mode

To reduce the time of out of control when the motion is not
fixed on the sliding surface, the high switching gain is usually
chosen to speed up the reaching time. However, in discrete
systems the controller only modifies the control signal at each
sampling time. High switching gains can speed up the reaching
time, but the chattering often be enlarged. To eliminate the
chattering and decrease the reaching time, this paper introduces
the dynamic sliding surface control (DVSSC) rule shown in fig
4,
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Phase Plane

Figure 4. Discrete sliding mode with dynamic sliding surface

This method uses the first order of difference equation of
sliding variable, that is

ok +1)=-polk) o, =0a(x,) %)

The initial of system’s states sets the initial value of the
difference equation. Obviously, at the beginning the system’s
dynamic is positioned on the dynamic sliding surface. Hence,
the reaching can be reduced efficiently. Only small switching
gain in needed to eliminate the parameter variation and external
disturbance. Therefore, the chattering phenomena can be
eliminated.

The novel digital MIMO dynamic sliding surface Control is
proposed in this manuscript to apply to the idle speed control of
spark ignition engine. To make sure the existence of sliding
motion, the continuous condition is expanded to two conditions
[13-14]. The existing conditions of the digital sliding mode are

[ (k +1)— 0, (ko (k) < 0 andl o (k +1) - o, (k) <% where o, (k)

means each sliding surface. The dynamic sliding surfaces are
defined as s (k+1)=-P, S,.(k) . The detailed design

mxm ™ mx1

procedures will be discussed in this manuscript. Finally, the
simulation results will demonstrate the potential of the
proposed approach even the external disturbances existed.

Il.  THE LINEAR MODEL OF THE SPARK IGNITION ENGINE

The block diagram of the linear model of the Fiat Dedra
engine is shown in fig 5. It is consisted of three main physical
phenomena inner the engine. They are intake manifold
dynamics, combustion and rotational dynamics.

Combustion Rotational Dynamics

Intake Manifold Dynamics

Figure 5. Block diagram of the linear model of the engine

In the intake manifold dynamics, one can assume that the
temperature is approximately constant. Therefore, one can treat
the modeling development of the manifold as the air pump. The



relationship between the rate of change of the manifold
pressure P(t) and the duty cycle of the throttle valve D(t) is

P(t)=K,D(t)+ K, N(t)-K,P(t) 6)

where K, is the constant gain, K
feedback gain and K is the gas gain.

The combustion process generating the required torque is
depended on the air, fuel F(t), engine speed N(t) and spark
advance position A(t). Those elements don't have immediately

influence on the combustion process except the spark advance
position. A time delay called induction-to-power (IP) stroke
lag, 7, , is produced by the transport delay. The amplitude of
the time delay depends on the number of the cylinders and the
valve in applied engine [1]. The relationship of the combustion
process can be described as

is the pumping

N1

=|G,P(t)+ G, F(t)+ K,,N({t)delay(z, )+ G,At)  (7)

where G, G., K, and G, are the relative gains. Finally,
the rotational dynamic is given by the Newton's second law as

IN(t)=T,(t)-T, (t)-B,N(t) ®)

where J is the engine inertia, T,(t) is the external torque
load and B, is viscous friction constant.

I1l. THE DYNAMIC DIGITAL MIMO SLIDING SURFACE
CONTROL

If the MIMO system is defined as n states and p outpults,
that is

anl = Anxnxnxl + anmumxl + anl (90’)
prl = Cpxnxnxl (9B)
where
X, —a, a, -,
X, a, —a, &,
anl = 1 Anxn = . I
Xn - anl - an2 - ann
bll 12 blm ul fl
bZl 22 b2m uZ fZ
anm - : 1 Umxl = : ’ anl = : ’
bnl bn2 bnm um fn
Y1 -4, —a, -4,
y -a, -a, - -—-a
prl _ .z ’ and Anxn _ :21 22 . 2n
yp _anl _anz _a‘nn

Let the output error integral controller is included in this
system, that is
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prlszxl_prl (10)
where
Zl rl
2 r2
Z,=|.|ad R _,=|.
ZD rP
Then, by forward difference to replace the analog

differential operation, the system model will be re-written as
Z,,k+] [V, -TC,, ]Z,.(k) L O 0. (K)
xnxl(k +1) Onxp IﬂXﬂ _TAHXH xn><1(k) Tanm
Tl 0.,
o R

p

prl(k)z Cpxnxnxl(k)
Let the sliding surface is chosen to be
Smxl(k) = Q(:nxp [Y;m(k)_ K pxpz

[_ mxp pxp

where ngp andQ,_ are switching gain matrix and K is
the integral gain matrix. They are defined as
0 0 0
o, 0, Oy, 0 Oy
0 0 0
o, 0 Oy Opn 0 Oy
Spu = : J men =l o - '
0 0 0
Jn Gml sz Gmp
O-ll 012 Uln
O, Oy 0 Oy, .
men = : .. ’ _dlag{ ’KP} !
Om Ony 0 Opg
and P, =diag{p,, p,,-, P, |

At the same time, let the dynamic sliding surface be an one
ordered differential function as

Spuk+1)=-P,_ S, (k) (11)

mxm ™ mx1

If the sliding motion is locked on the dynamic sliding
surface, then substitute egs. (9~10) into eq. (11), one has



(k+1)+PmmSm1(k)

Tloy,c pn+Q .
+ +[Im [Q

+TQS, KppCpn
+T[Q
+T[Qm,, .
[+ [ K
-Tlar K M]RM
=0

If there exists one diagnostic matrix such that

Bk

+Qm] X, (k)

mp pxn

Q.. B..U..l

mnFnl )

(k
px P]ZP1

mp pxn m1

(12)

U,.(k)=D [ C,  +0,

mxp ~~ pxn

where

Dmxm :dlag{dl’ dZ’ N dm}

Then one can solve the coupling effect of U, (k) in
Spalk+1)-s, ., (k+1).

Let the system’s parameters exist the nominal values and
the derivate values, that is A _=A’ +AA
B,,=B.,+AB ., D, =D +AD Let the control
function be transferred to diagonal form, that is

mxm *

[2..c,. +2,. B +28,,10,.()=[D:., +4D,, 10,. () +
where_
-Aa, -Aa, -+ —-Aa,
AA, = —A.a21 —Aa,, —Aa,, |
_—A.anl —Aa, —Aa,,
[Ab, Ab, -+ Ab,
AB, = A?“ Ab,, - Ab,, and
_At')n1 Ab, Ab_

AD,, . =diag{Ad,, Ad,, -, Ad, }.

Let the control function can be divided into the equivalent
controller and the switching controller, that is
U,.(k)=U= (k)+ Uz, (k). The equivalent controller is used
to guide the sliding motion along the sliding surface without
the parameter variation and external disturbance. The switching
controller is used to force the motion to move toward the
sliding surface. According to eq. (12), the equivalent control
function can be found as
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k)= I'rle..c..

+TQ® K C X (k)

mxp pxp Pn}

+ [Dmxm]> [I mxm + Pm m [ mx

nnnnnn o+ P 100 Co 20
P pp]zpl +T[D I[QMD DP]R
(13)

Let the switching control is defined as eq (9), that is

03, ()=09,, (WY, ()~ K,,Z,. 0]+ @, ()X, () + ¥, (k)
(14)
where the switching gain matrix is

i) i) o gy k)

o ()=| ) ) gLk
ORI
k) k) - 4 (k) v, (k)

q)mxn(k) ¢21() ¢zz(k) ¢2n(k) ‘mel(k)— l//z.(k)
b)) 40 (k)

Then, the difference of the sliding surface will be

S.(k)=

S I

[
{+ TO, (k)

Smxl(k +1)_

_TADm [ ] [Smp pxn

+TD, . (k)
D2

TAD,
" T[° C
+ mxp ~~ pxn

+Smxn]

To satisfy [o,(k+1)—
has

¢ (k)< =sup
if [y, (k)—k,z,

¢ (k)> 7 =inf

. e
Tbnco s ha,,

it [y, (k)-k,z, (k) (k)<0

K,.,Z,.(K)

0
mxp}[m(k)—
i +ap, 5T 4P S

Kl

+S,., +S°

r("npr ppr pxl(k)

anl(k)+wmxl(k)}
o, (K)o (k)<0 for i=1--,

m, one

|
|



|O'i (k +1)—Gi (k) =

i[H“ﬁ ¥ W“ﬂ

Ty, (k) -k,z, (k)]

S {ref Bt oo
s x>0 o S Sl v 0] o)
TS ik TS Sl Jo 1,60 T

2{{ 102 v T -j,-<k>]}

' PLe = | Y Ad
if x, (K)o, (k) <0 +JZ‘{TZ{Z[ ¢ |+ }A [1 T](“ pJo,
O T e
A ot ] 28 Sbinlee Sl o
u (Td,) +T%J_Z:[o—ﬁkjrj (k)] + szn;{i:[a"c“] aij}fj(k)ndiy/i(k)(
‘/ji(k): if o-l_(k)>A(()j : <%=i;g; +jznl:gij rer
‘TTZ[O’J'(, ()]
v (k)>pr =infe| (Td,) _ B
_Tz{z [O."Cu] a“}fj(k) To solve the above equation, one can has the limits of the

switching gains as L <¢/ <M/, i=1---m, j=1.--,n and

if o:i(k)<0 _ L, <¢, <M, , i=1--m j=L1--n and L' <y’ <M/,
i=1---,m, where i=1---,m
To satisfy |o, (k +1)—0i(k)<% for i=1--,m, one can L% {H J /( }
let ]Zpl:gierZgﬁ +c! :% for i=1---,m. Then —supf¢? /[Td [ (K)—k,z, ()]
i
+supley /[Td [y, (k) k,z, ()]}

ol
3 [ghnb-ioal e

o]+
supl¢, /[Td,x (k)]}
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Ad manifold pressure and the related idle speed under condition A
d°i J(1+ p.)U.J with different external load and the time-delay. Obviously, the

n P
=inf{|-T {Z [a,?clq ]+ o, }AaqJ + (1+
ot |1 idle speed can be quickly adjusted back to the setting idle speed
while the different load loaded within 1.5 sec.

T 1 B
+suplg, /[rd x, (k)]

15.24

T Dl ] |

LV =sup ' X (Tdi)
_T;Lz[ ol |+ o, }f (k)
—suplc? /(Tdi )} e

WF

p T T T T 1
4 1] ] 7 2
T Z [O-'l j J ] Time (sec)

M/ =inf (Td,)

' £ Figure 6. The time response of the manifold pressure on condition A
0
_TZ{Z [J" G ]+ o }fi (k) (P, =15cm Hg ), solid line with T, =10sin(N) kgw and time delay
N sup{.{”//(Td )} 7, =0.03 sec, dashed line with T, =10sin(N ) kgw and no time delay,

In order to simplify the switching gain choice, one can let dotted line with T, =10 kgw and time delay 7, =0.03 sec, and dashed

¢.10 = ¢“0+ = _¢ij07 . b =0, =—¢, . v,=w =-y , then the dotted line with T, =10 kgw and no time delay
bounds of the switching gains are

~min{ 3}zl < g <-max{|2} 2]

J<s, <-mac{L s

min{: et} <y, <-mac{iz} 1) :

]
IV. THE SIMULATION RESULTS /\\

—mln{

ij

Usually the engine can be assumed to work under many . “}.\ e
different operating points. The particular operating points are w0l e
chosen to valid the normal operating conditions [7]. According =
to reference [7], the Fiat Dedra engine can be assumed to work 1
in three standard operating points. The parameters of the linear =
model of the Fiat Dedra engine in three conditions are shown in 75 T T r T :
table 1. Time (sec)
TABLEL  TABLELTHE PARAMETERS OF THE LINEAR MODEL OF THE Figure 7. The time response of the idle speed on condition A
% —= = (N, =600 rpm ), solid line with T, =10sin(N) kgw and time
T ond. ond. ond. delay 7, =0.03 sec, dashed line with T, =10sin(N) kgw and
o 2.1608 3.4329 2.1608 no time delay, dotted line withT_ =10 kgw and time delay
Ks 0.1027 0.1627 0.1027 7, =0.03 sec, and dashed dotted line with T, =10 kgw and no
KNl 0.0357 0.1139 0.0357 time de|ay
G 0.5607 0.2539 0.5607 . . .
P The time response of the manifold pressure and the idle
Ki2 2.0183 1.7993 1.2993 speed on condition B are shown in fig. 8~9. Even the manifold
G, 4.4962 22047 292962 pressure seems to be changed in order to offer more power, the
idle speed still maintain the constant speed in the short time.
B, 2.0283 1.8201 1.8201
J 1.0000 1.0000 1.0000

The controller object is to maintain the idle speed while
working under different condition and different external load
added at 5 sec. The designed controller will against the
parameter variation and the external disturbance and keeps the
robust property. The fig. 6 and fig. 7 show the response of the
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Figure 8. The time response of the manifold pressure on
condition B ( P, =15cm Hg ), solid line with T, =10sin(N)
kgw and time delay 7, =0.03 sec, dashed line
with T, =10sin(N) kgw and no time delay, dotted line
with T, =10 kgw and time delay z, =0.03 sec, and dashed
dotted line with T, =10 kgw and no time delay
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Figure 10. The time response of the manifold pressure on
condition C ( P, =15cm Hg ), solid line with T, :103in(N)
kgw and time delay z, =0.03 sec, dashed line
with T, =10sin(N) kgw and no time delay, dotted line
with T, =10 kgw and time delay z, =0.03 sec, and dashed
dotted line with T, =10 kgw and no time delay

o Speedlipm]
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Figure 9. The time response of the idle speed on condition B
(N, =600rpm ), solid line withT, :105in(N) kgw and time
delay 7, =0.03 sec, dashed line with T, =10sin(N) kgw and

no time delay, dotted line with T, =10 kgw and time delay
7, =0.03 sec, and dashed dotted line with T, =10 kgw and no

time delay

The time response of condition C is shown in the following
two figures. Obviously, the idle speed is pulled back to setting
point quickly with different load added. It shows the robustness
to against the external load.
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Time (sec)

Figure 11. The time response of the idle speed on condition C
(N, =600 rpm ), solid line with T, =10sin(N) kgw and time
delay 7, =0.03 sec, dashed line with T, =10sin(N) kgw and

no time delay, dotted line withT_ =10 kgw and time delay
7, =0.03 sec, and dashed dotted line with T, =10 kgw and no

time delay

V. CONCLUSION

The novel discrete dynamic sliding mode controller is
proposed in this paper. The detailed design procedure is also
shown, too. According to the novel existence conditions of the
discrete sliding mode, the integral gain matrix and the
switching gain matrix are chosen properly. The controller is not
only keep the motion toward the sliding surface, but also make
sure the distance from the sliding surface convergent in each
sampling time. The proposed controller is applied to the idle
speed control of the spark ignition engine. The engine usually
works under different conditions according to the
environments. The different kinds of the load are also included
due to the ramp of the road. The simulation results show the
performance of the proposed control scheme. Obviously, the



proposed controller can against the parameter variation and
external disturbance.
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