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The Composite Control Method for the GDI Engine
Idle Speed Control

Honghui Mu, Jun Tang

Abstract—Engine idle control is related to the engine’s fuel con-
sumption and exhaust-gas pollution level, effective idle speed control
(ISC) can improve fuel economy and reduce exhaust emissions.
Based on the Gasoline Direct Injection engine (GDI) as the research
object, the average value of three-state kinetic model is adopted to
construct four-stroke gasoline engine dynamics model. The composite
controller is proposed to control the engine model, the throttle valve
and the spark advance angle are selected as control variable. Fuzzy
self-turning PID control mode as feedback controller is presented
to control the speed error. The neural network prediction algorithm
combines the advantages of predictive control and advance regulation
with the advantages of neural network infinite approximation, which
has a great effect on improving the following and anti-interference
of the system. The simulation results show that the idle speed ripple
value is less than 8rpm when the sudden variable load is add to
engine, and engine idle speed fluctuation with controlling the throttle
value and the spark advance angle is reduced. This control method
has better performance than only by controlling the throttle value.

Keywords—Gasoline engine, fuzzy self-tuning PID, idle speed,
self-adaptive neural network.

I. INTRODUCTION

DLE speed is one of the important working condition of

automobile engine, according to statistics, about 30 percent
of fuel is consumed in idling when a car travels on a dense
road [1]. In order to reduce fuel consumption, the idle target
rotation speed should be as low as possible, however, rotating
speed with too low speed also be avoided, because it can
lead to the engine stalling. The external disturbances are exist
under engine idle conditions, such as air conditioning, power
steering, environmental temperature and fuel quality, therefore,
the engine idle condition has the characteristics of nonlinearity,
time lag and uncertainty. Two factors affect the engine idle
speed performance: one is the flow of mixed gas into the
cylinder, which affects the rate of mixed gas combustion rate,
pressure and temperature in the combustion chamber directly,
then influence engine power, composition of exhaust pollutants
and fuel economy finally. The other factor is the ignition
timing of the mixed gas in the cylinder, different ignition
timing can influence the process of combustion in the cylinder,
so the ignition advance angle and idle valve duty cycle can be
selected as two important control variables when electric car
is working in idling condition.

Due to the nonlinear characteristics of engine idle condi-
tion, classical control theory based on accurate model cannot
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achieve satisfactory results, researchers have shifted the con-
trol of the engine to intelligent control without an accurate
model in recent years. Parameter self-turning PID, fuzzy
control and neural network control already applied to engine
control system. An idling PID control based on fuzzy neural
network is proposed in [2] for engine idle control, a control
platform combining fuzzy control, neural network and PID
control, then set up a radial basis function neural network
mode with dynamic BP algorithms of three layers forward
networks, the experimental results show that this model has
better control performance, good robustness and decrease
idling speed fluctuation effectively. In [3], a single neural
network control method with idle speed is put forward, PID
controller and single neural network controller is designed,
then simulate model with simulink software, the results show
that there is small idle speed fluctuation and converged to
the target speed quickly. Aiming at problems of traditional
PID controller with poor robustness and poor anti-interference,
fuzzy PID control technology is proposed in [4] based on a
mean value engine model, model-based development and in-
the-Loop technology is used to test and verify the control
algorithm, the simulation results show that speed response
time is reduced and without overshoot. MIMO nonlinear
discrete time model with fuzzy logic is established in [5],
the throttle angle and the ignition advance are selected as
inputs, the outputs are the idle speed and manifold pressure,
the simulation graphs indicate that fuzzy controller smoothens
the control surface. In [6], an engine idle speed controller is
designed by using fuzzy control theory, the BP neural network
is used to realize the relationship of input and output functions
in fuzzy control, the nonlinear approximation ability of neural
networks can improve the stability of idle speed. Engine idle
speed control stabilizes the speed only by adjusting the intake
air volume but lack of the control of the ignition advance angle
in most of the above literatures, which cause the problem of
engine knocking, catalyst overheat and engine stalling.

The composite control stagey is adopt in this paper, adaptive
RBF neural network technology and fuzzy self-turning PID
control are applied to engine idle speed control, RBF neural
network is used to implement feed-forward control which
can improve responsiveness when controlling system load
disturbances [7]. Replacing the traditional fuzzy controller
with adaptive fuzzy control and using the error between actual
speed and target speed to realize feed-back control. A car
equipped with four-cylinder as the research object, throttle
opening and ignition advance angle are controlled, which can
improve engine idle speed stability, then establish equations
for dynamical simulation model for engine idle condition.
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1. Electronic control unit 2. Throttle position sensor 3. Air flow sensor
4. Throttle 5. Manifold pressure sensor 6. Intake manifold 7. Fuel
injection quantity 8. Spark plug 9. Cylinder body 10. Crankshaft sensor

Fig. 1: Nonlinear electronic throttle control system

Simulation results show that a composite control method
has good control precision for time-delay system. When the
external torques are disturbed, the overshoot is small and the
stable time is short, the model has good dynamic and steady
state performance.

II. THE DESCRIPTION FOR ENGINE IDLE MODEL

The engine condition is a complex system with nonlinear
and multiple disturbance, a four-cylinder engine 4G15GDI as
the research object in the paper, the model structure diagram is
established in Fig.1, delay link is added to electronic throttle
opening and ignition advance angle [8]. The idling control
system contain with electronic choke, intake manifold and
cylinder, according to the input signals of each senor, the
engine control unit (ECU) compares the target speed with
the engine actual speed, the control amount equivalent to
the target speed is determined to drive the implementation
structure of the control air intake though the difference values
which obtained by the comparison.

Engine is an integrated and unified working system, air
inlet system, oil feeding system, ignition system, sensor signal
acquisition system and controller are involved in this paper.
The air enters the air stabilizing chamber through the cracks
around the throttle body and the bypass air passage after
filtered out by air filter [9], then through the air inlet manifold
into each cylinder. The fuel is pumped out by a fuel pump
immersed in the fuel tank and flows into the fuel distribution
pipe through the fuel filter, the fuel pressure is regulated
by the fuel pressure regulator. The starting and closing time
of the injector is determined by the controller according to
the information that collected by the data acquisition system,
which includes the cooling water temperature, the position
signal of crankshaft and camshaft, the oxygen content of the
exhaust. The fuel injector is driven by a drive circuit, then
sprayed into the inlet pipe to form a combustible mixture into
the cylinder. The controller also determines the opening degree
of the bypass valve according to the speed and cooling water
temperature signal, then adjusts the amount of mixed gas in
the cylinder.

If the engine operates at idle speed condition, the condition
is detected by the throttle position sensor, then the ECU
provides the command for the corresponding actuators. When
an additional load is added, engine speed is dragged down,
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the ECU will get the feedback and adjust the speed [10].
Idle speed control is mainly control the volume of idle speed
air intake, which is to adjust the opening degree of the idle
speed inlet valve to implement the actual speed approach target
speed. When the speed is below the set value, open the intake
valve flow section large to increase the volume of air, the
emission quality is relatively good, but the fuel consumption
increasing. The vehicle’s fuel consumption decreasing, the
mixed gas of the cylinder is diluted by exhaust gas, which
causes gasoline engine combustion instability. Therefore, it is
important to calibrate the optimal idle speed of engine. The
goal of idle speed control is keep the idle running smoothly at
lower speed, CO and HC had the lowest emissions can save
fuel and reduce emissions effectively.

In order to reduce idling speed, the stability of engine
control must be improved to ensure the engine running smooth
and the engine do not shut up. The ideal control behavior
should be adopted to make the idle speed of gasoline engine
stable at the minimum speed which can achieve the aim
of save fuel and emission reduction under the premise of
ensuring the emission requirement, meanwhile, keeping the
speed constant when the load changes. The idle speed target
value of the vehicle is 700 ~ 850 r/min generally, actual speed
fluctuation amplitude is &= 50 r/min, which equivalent to the
speed fluctuation rate is 5.88% ~ 7.14%.

III. ENGINE IDLE SPEED SYSTEM MODEL

Mean value model is adopted to construct four-stroke gaso-
line engine dynamics model, build dynamic model for the
intake subsystem, the fuel subsystem and the power output
subsystem based on algebraic equation and differential equa-
tion. The whole system is divided into several subsystems
according to function, and bottom-up modeling method is used
to create model. The model is mainly controlled by air intake
to control the engine speed. Structure sketch of intake port
is shown in Fig. 2, partial molecular model is modified and
simplified [11].

Fuel injcctiog Fuel evaporation and | Fuel flow

Pulse width oil film submodel

Ignition advance angle

h 4

Throttle The air Intake pipe | |[The amount,, Power Air-fuel ratio
angle flow ofoil |
5 T and gas Ll
Manifold pressure g submodel |Lorque o
The air flow submodel of intake manifold
Engine speed

Fig. 2: Structure sketch of intake port

The gas circuit model, fuel evaporation and dynamic oil film
model and engine power output model are created as follows:

A. Gas Circuit Model

Gas circuit model is important part of engine model as
shown in Fig.3, which can estimate the air flow into the cylin-
der, then appropriate injection volume is calculated. Cylinder
inlet flow model, intake manifold dynamics model and throttle
flow model are included in gas circuit model [12].
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Fig. 3: Structure sketch of intake port

1) Cylinder inlet flow model: The air quality flow into the
cylinder is derived from the ideal gas equation which can be
described as follows:

nVn
~ 120RT,, %
where, P,, is the intake manifold pressure (kPa), R is gas
constant (J/(mol.K)), n is engine speed (r/min), T}, presents
inlet manifold temperature (K), V is cylinder volume (m?),
n denotes volumetric efficiency of cylinder, which refers to
the ratio between the volume of gas entering the cylinder and
the volume of the cylinder during a cycle of the engine, the
volumetric efficiency directly affects the calculation value of
inlet gas and combustion moment of cylinder. The empirical
formula is adopted in this paper:

~ [i(n) Py + fa(n)

= o ,
in the type, f1(n) and f2(n) are expression for engine speed:
fi(n) = ag + ain + azn?, fo(n) = b + bin + ban?.

2) The intake manifold dynamics model: Suppose mg;, is
the flow of air from atmosphere into the engine cylinder (kg/s),
V,,, is the manifold volume (m3), riy, is the air rate outflow
from the intake manifold then into the cylinder (kg/s). The
intake manifold pressure p,, is derived from the ideal gas
equation [13]

mth : P’ma

2

m

3) Throttle flow model: The purpose of building the throttle
model is to simulate the air flow characteristics at the throttle,
throttle percentage € as the input (degree), the flow of air from
atmosphere into the engine cylinder ;. as the output, the
mathematical model of throttle can be defined as follows:

Pm = (mair - mth) .

P
Tgir = Ml—;f(e)g(p) + My, (4)
0

N
where M, M, are constants, T is atmospheric temperature
(K), Fp is eternal atmospheric pressure (Pa), the empirical
formula related to throttle opening which formula can be
described as follows:

f(0) = 1+1.4073 cos(67/180) + 1.4073 cos?(67/180), (5)

g(p) is the function related to the manifold absolute pressure
P; and the external atmospheric pressure Py, the expression
are given as follows:

0, p < 0.4125
9(p) = —0.4125\ 2 ,  (6)
P .
1— | — >0.412
\/ (1-0.4125) » P2 04125
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where, p = FZ
0

B. Oil circuit model

When the engine works, the gasoline produced by the
injector is divided two parts: 1 is fuel vaporization entering
the cylinder with air (kg/s), my, is attached to the intake
manifold wall to form the oil film (kg/s), which gradually
evaporates and forms the fuel vapor into the cylinder, this
process can be described by first order inertial link. The quality
of gasoline to be sprayed is mainly determined by the air-fuel
ratio, which ideal value is 14.7. The dynamic equation of the
fuel injection process is as follows:

tivgp = —(Tprivgi —1ivyy)

A )
myp =mygy+myy
tivpy = (1= 1),
where, 1 y; is the fuel injection rate enter the cylinder (kg/s),
tgr is oil film quality change rate (kg/s®), mgy is oil
film evaporation fuel flow into the cylinder, 7; is oil film
evaporation time constant, 7, is the proportion of gasoline in
a jet attached to an intake manifold, the values of 7 and 7,

are determined by calibration test.

C. Torque generate model

Air and fuel are mixed in the cylinder, then expand generate
torque pushing the piston to work after burning. The output
torque from automobile engine should overcome the pump
gas resistance moment, internal friction of engine and load
moment. Assuming I, is the engine moment of inertia (kg.m?),
w is the engine angular acceleration (rad/s), 7. denotes the
engine output torque (NM), T, presents the engine load torque
(NM). Based on the Newton law, the dynamic equation is

obtained as follows:
Iew = Te - TLv (8)

the equation translated into the engine speed acceleration as
follows:

I.n=2n(T. —T)/60, 9)
the load torque of the engine as follows:
Ty = (n/ki)* + T, (10)

where k; is the load factor of the engine, 7y is external
load torque. The engine output torque 7, can be described
as follows:

T. =cMgir + d16(t — 75) + d20(t — 75)n(27/60)

11
+ d3n(27/60) + dyn?(27/60)? — 39.22. (1)

where, ¢, dy,do,ds,dy are fit coefficients which can be fitted
by bench test, J is ignition advance angle (10° ~ 45°), 75 is
the delay time of ignition advance angle (ms), 7s = 7+ 15/n.

The influence of cooling water temperature and physical
abrasion are ignored, only the friction torque loss and pump
torque loss are considered in this paper. It is assumed that the
air combustion ratio is well controlled and always maintained
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Fig. 4: Engine control model

in a relatively stable ratio. The drive train model is supplied
by simulink showed in Fig.4, the oil circuit module is omitted
in this paper, the control parameter is throttle valve opening.
The four-cylinder engines model is selected, the parameters
are listed in table 1.

TABLE I: the model parameters

parameter  calibration parameter  calibration
Po 98000 Pa To 293K

Mo 0.907 My 0.00001

I 5.2638 kg/m®> R 8314.3 J(mol.K)
%4 0.002m3 Vin 0.0038 m3
K; 263.17 ao 0.29919064
al 0.5542e-4 as 0.58025e-8
bo 0.10136e-7 b1 0.18778e-10
b 0.58025e-13 C 3.2524e-5
di 0.6238 da 0.675e-3

ds 0.0216 da 0.102e-3

IV. FEED FORWARD-FEEDBACK CONTROL STRATEGY
DESIGN

The idle running condition of automobile engine is very
complicated, it has the characteristics of non-linearity, time-
varying and uncertainty, it is difficult to build mathematical
model accurately. During idle running, the engine’s running
speed fluctuates in a wide range due to the unsatisfactory
combustion of cylinder, if the ignition advance angle control
inaccuracy, the combustion is not good, the pollution is serious
and the fuel consumption also increases. So, the focus of idle
speed control is stabilized the speed at the target speed to
reduce fuel consumption, and then control the air-fuel ratio
to reduce emissions. The traditional single linear feedback
is difficult to meet the requirements of control precision and
response control.

A. Engine Idle Control System

The composite control stagey structure is shown in Fig.5, the
composite controller realizes feed-forward feedback control
through RBF neural network and adaptive fuzzy PID control.
The adaptive fuzzy PID caused feedback control uses the
error between the actual speed and the target speed, this
method can ensure system stability and inhibit disturbance.
The RBF neural network realized feed-forward control to
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Fig. 5: The composite control stagey structure for engine

improve the response capability of control system when the
load disturbance [14]. The neural network controller adopts
the learning algorithm with a tutor and modifies the weight
according to ug, the purpose of learning is to make ug tend
to be zero. Ignition advance angle ¢ and throttle percentage
0 are produced with neural network through learning. Where,
0 = 0" 51,0 =055+ ug, s and sy are proportional
action factor. The inputs of neural network are engine speed
n and intake manifold pressure P after data normalization.
This control method during transient conditions do not require
complex calibration, the neural network decided to the total
output of the control system by learning the output of fuzzy
PID controller, it has the strong self-study ability.

B. Feed-Forward control

The RBF network is a three-layer forward network, the map-
ping from input to output is nonlinear, z = [21, z2] = [7, P]
is the input vector of the network, the mapping from the hidden
layer space to the output space is linear, it can great speed up
learning and avoid local minima problems. The structure of
RBF network as shown in Fig.6.

Fig. 6: The structure of RBF network

H =[hy,hg--- hn]T is the radial basis vector of RBF, h; is
the Gaussian basis function which can be described as follows:

|X = dl* c
h; = exp _T'j exp —2—bj ,j=12---n
(12)
the center vector of the j node d; = [dj1,dj2---djn], the

basis width vector of the network B = [by,by---b,]7. The
outputs of RBF network can be designed as follows:
8" =y1 = wirthy + wizha + ... wishy,

/ (13)
0" = yo = warhy + washo + ... washy,

100
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where, W,,,,, are the weight vectors of the networks, which
values are defined as follows:

T
Wij :[wu,wlz c o Wip, W21, W2 - - w2n] )

14
1=1,2,7=12,...n (14

the performance indicator function is calculated as follows:

1
E = *U02.

5 15)

According to the gradient descent method, the iterative
algorithm of output weights, node center and node base width
vector parameters are obtained as follows:

w;(t) =w;(t — 1) + nuo(t)h;
+ Blw;(t — 1) — w;(t —2)]
b;(t) =b;(t — 1) + nAb,
+ B[b;(t — 1) — b;(t — 2)]
dij =d;j(t — 1) + nAd;;
+ Bldij(t — 1) — dsj(t — 2)]
Ab; =uo(t)w;h;C? /b
Ady; =ug(t)wjz; — dij /bs°.

(16)

in the type, 7 is the learning rate, 8 indicates the momentum
factor.

C. Fuzzy Self-turning PID Control

The traditional idle speed control of automobile engine is
adopted PID control method to adjust throttle opening, the
error between the actual speed and the target speed is selected
as controlled variable, the control strategy is complex. It has
the characteristics of simple principle, use earily, good stability
and good robustness, the specific control algorithm is defined
as follows:

A7)

d
u:Kp-e+K1/edt+KD~d—j.

Because of the effect of traditional PID control depends
on the precise control of mathematical model, it is difficult to
build a precise mathematical model for the engine. As a branch
of intelligent control, fuzzy control has been widely used in
various industrial control, it has the characteristics of shorter
transition time, smaller fluctuation and better regulation effect.

Fuzzy self-tuning PID control system with variable universe
is designed in this paper, it is improves the disadvantages of
low control precision and slow decision-making caused by the
fixed input domain of traditional fuzzy controllers, variable
domain thinking and scaling factor are proposed by professor
Hongxing Li, the basic idea is to make the basic domain of
input and output scale with the control requirements according
to certain criteria at the appropriate time, the schematic dia-
gram of variable universe fuzzy PID control system is shown
in Fig.7. Idle speed deviation e and rate of change of the
speed deviation e. are selected as inputs, the basic domain
are [—emax, €max) and [—€Cmax, €Cmax], the fuzzy domain are
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Fig. 7: Schematic diagram of variable universe fuzzy PID
control system

[~ Emax, Fmax) and [—ECpax, EChax|, the scale factor can
be defined as follows:

Em'IX
K, = =
e
max (18)
ECmax
K. = .
€Cmax
Scaling factors are selected as follows:
a(e) =1 — 0.65 exp(—10e>
©) p(~10¢?) )

alec) =1 — 0.6 exp(—10ec?).

then the variable domain of the input variables can be
described as [—af(e) + emax,(€) + emax] and [—a(ec) -
€Cmax, (€C) * Cmax], the corresponding change in the scale
factor can be designed as follows:

K/ _ Ernax _ Ke

¢ ale) emax  afe) 20)
K/ _ Ecmax _ Kec

 alec) - ecmax  alec)

Three outputs of fuzzy controller are selected as
Ly, L;, Lq, quantified to AK,, AK;, AKy by quantization
factor G, G;, G4 to adjust the three parameters of PID, where
AK, =L, Gp,AK; = L;-G;, AK4 = Lq-Gq. Three output
actual domain are: [—120, 120}, [—18,18],[—0.3,0.3].

Fuzzy subset L,,L;, Ly are divided into 7 states:
{NB,NM,NS,ZO,PS,PM,PB}, the triangle membership func-
tions are selected and symmetrical distribution in the fuzzy
domain, quantization factors are calculated as follows:

G, =120/6 = 20
G;=18/3=6
Gq=03/3=0.1.

2

Ky = 25,K;,0 = 8 and K49 = 2.5 are the initial value of
adaptive PID module, which are got from conventional PID
parameters that used Z — N turning method [15].

Following the above fuzzy rules, the fuzzy controller and
the simulation diagram of adaptive fuzzy PID control system
can be established based on Simulink, fuzzy self-turning PID
control algorithm and simulation model is shown in Fig.§,
writing S function to change the scale factor in real time and
realizing variable domain control.
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Fig. 8: Fuzzy self-tuning PID control simulation diagram

V. SYSTEM SIMULATION ANALYSIS

Engine idle speed control model is shown as Fig.9, the
structure of RBF network is 2-5-2, the input variables of
RBF network are engine speed n and manifold pressure P
, throttle opening 6 and ignition advance angle § are selected
as outputs of network, adaptive RBF neural network controller
is written with S function, the proportional action factors
s1 = 10.22,s9 = 12.34, the learning rate n = 0.55, the
momentum factor 5 = 0.05. Engine idle speed control model

Group 1

% Signal 1

T_| Builder

850 ° n
g e
f ! g 0
nd dudt ec o Bl outt ] R
»)

Fuzzy PID Controller

Derivative

e
=

Fig. 9: Engine idle speed control model

Engine model

»  RBF_Controller

S-Function

40
B
20 |
S
0 g 1‘0 1‘5 20
Time(s)

Fig. 10: Sudden external load torque

set at 850 r/min, sudden external load torque 77, are loading
as shown in the figure 10, the loads are changed many times.
Firstly, the ignition advance angle is disconnected, and fuzzy
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Fig. 11: The response curve of system (Ignition advance angle
constantly)

self-tuning PID controller is used to control the system, the
constant loading value of the ignition advance angle is 23°,
the engine system only controlled by throttle opening 6, the
response curve of system as shown in the Fig. 10, the throttle
opening 6 and manifold pressure P are shown in the Fig.11.
Then the composite control method is design to control the
engine throttle opening and ignition advance angle at the same
time, the output curve of § and P are shown as the Fig.12.

From the simulation we can see, the curves of throttle
opening # and manifold pressure P are fluctuates significantly
at idle start time when the engine only controlled by throttle,
the maximum speed fluctuation of the throttle opening is
around 10°, there is obvious jitter phenomenon of the manifold
pressure. The stability of idle start is improved obviously when
the system controlled by throttle and ignition advance angle,
the ignition advance angle § through the adaptive RBF neural
networks.

Comparing the engine speed as shown in the Fig.13, the

102
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Fig. 12: The response curve of system controlled by throttle
and ignition advance angle

860
=
=
| | |
840 5 10 15 20
860 T T T
=
=850 | 4
=
840 . : ‘
5 10 15 20
Time(s)

Fig. 13: Engine speed

engine fluctuates obviously at idle start time when only
controlled by throttle, but the engine speed tracks the reference
speed quite well when the ignition advance angle and the
throttle opening are adapted to control the engine. when the
torque is added at 2.8s, the maximum speed fluctuation of
the tradition control is around 9.5 r/min at 7.9 s, while the
transient process cannot cause the engine to stall. Under the
effect of the feed-forward-feedback control, the speed stably
and no chattering of rotating speed when the system under
steady state. The composite control method has better control
quality, the system overshoot is small and adjust time is short.

VI. CONCLUSION

The composite control method for engine idle control
is proposed in this paper, control system implements feed-
forward feed-back control through neural network and fuzzy
PID control, variable domain and self-adjustment are used in
fuzzy self-tuning PID control system, which guarantee the
stability of the system and suppress the disturbance though
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feed control. The neural network is used to realize the feed-
forward control, this method can improve the response capa-
bility and adaptive capability of the control system when the
load interferences, the peak error of engine idle speed is only
8 r/min, the simulation results show the effectiveness of the
control method. In addition, ignition advance angle and throttle
opening are controlled simultaneously, according to contrast
simulation results, we can get this control method can reduce
adjustment time of control system, improve the smoothness of
idle start, reduce the speed jitter at the moment of sudden load
change and increase engine idle stability.
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