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ABSTRACT

This paper proposes a controller design of a nonlinear model of an internal combustion
engine based on linear quadratic regulator (LQR) technique. The design takes into
consideration the effect of external disturbances that occurs during the operation of system.
The equations of motion are linearized according to the perturbation theory in order to inspect
the dynamic stability of the engine motion, and the subsequent design of appropriate feedback
controllers for the system, which can be obtained by solving the LQR problem. The results
show that the proposed controller has good performance and stability than PID controller. The
simulations have been carried out in Matlab/Simulink environment.
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1-INTRODUCTION

There are many kinds of systems in common industrial, transportation, and domestic use
that need to be controlled in some manner, and there are many ways in which that can be
done. In all types of heat engine, the expansion of the high-temperature and high pressure
gases produced by combustion applies direct force to some component of the engine, such as
pistons, turbine blades, or a nozzle. This force moves the component over a distance,

generating useful mechanical energy [1].
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An automotive engine is a typical multiple-input multiple output system that has to satisfy a
number of performance criteria under different operating conditions. Controller development
for an internal combustion engine is a challenging engineering problem that requires
background of different disciplines such as thermal engineering, dynamics, and control theory
[2].

Most engine systems have idle speed control built into the electronic control unit (ECU). The
engine rotation (rpm) is monitored by the crankshaft position sensor which plays a primary
role in the engine timing function for fuel injection, spark events, and valve timing. The idle
speed control (ISC) system regulates engine, by adjusting the volume of air that is allowed to
bypass the closed throttle valve.

The main source of performance deterioration of the speed control system is disturbances
such as rapid external load changes and slow varying changes in operating conditions.
External load changes are the result of loading due to changes in operation requirements, such
as an attempt for sudden stop which subject the engine to a very high deceleration level, or
may be fast acceleration for sudden high speed demand, as well as city driving during busy
traffic. All of these operating conditions lead to variable power demand and thereby engine
speed fluctuation. However, the engine may be equipped with means to satisfy such
requirements, but sacrifices have to be accepted

Power demand variation and so, engine speed fluctuation causes instantaneous air/fuel
mixture changes between lean and rich values, which both have adverse effects on engine [3],

i.e:

1. Rich mixture burns faster causing maximum pressure concentration near top dead center
(TDC) and so, resulting in rough operation, as well as reduces time for heat transfer to
occur from cylinder, thus raising overall gas temperature which increases NOx formation
rate.

2. Lean mixture slows flame speed and thus combustion lasts well past TDC. This keeps the
high pressure well into power stroke, again raising gas temperature. High temperature
together with unused oxygen of lean mixture oxidizes exhaust valves and seats, as well as
increasing NOx formation rate.

During transient period, the engine speed settling time may be significant, giving thereby a

fair instant of time for the rotational speed to bounce between acceleration/deceleration

modes. This will cause, as mentioned above, severe deterioration in both engine power and
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operation economy. The scope of this work is therefore set to overcome all of these
disturbances problems.

Many different closed loop designs have been proposed in the literature including
Hycontrol[4] , H, control [5], sliding mode control [6], ¢;0ptimization [7], feedback
linearization[8], proportional-integral-derivative (PID) control [9], linear quadratic control
(LQ) [10],and adaptive control [11,12]. A comparison between different control algorithms
methods can be found in [13].

The objective of this paper is to maintain engine speed at a prescribed set-point in the
presence of random disturbances. It’s proposed LQR technique as a method for controlling

the engine rotational speeds.

2-SYSTEM DESCRIPTION

The engine model contains inlet and exhaust manifolds, torque generation, internal friction
and crank shaft dynamic. This creates a torque and a rotational motion on the crankshaft
which depend on load, pressure in the cylinder, mass of all parts in motion and the geometry
of the engine as shown in Fig.(1)[14].

Intake manifold

Throttle body

Crank shaft

Fig. (1) Schematic of engine speed system

3- DYNAMIC OF ENGINE NON- LINEAR MODEL

The nonlinear model is based on the work of Powell and Cook [15]. It’s block diagram is
shown in Fig.(2).The engine speed can be controlled by the throttle angle and ignition timing.
The manipulated variable (input) is computed by the error between the engine speed, which
can be measured by a crank sensor, and the desired one. An application of conventional
PID control is invalid to such nonlinear engine control system with variation of the desired

speed and system parameters.
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Fig.(2) Non-linear engine model

The differential equations describing the overall engine dynamics are given by [14, 16]:

P P
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Where, C;(B,,) is the discharge coefficient, this coefficient compensates for flow losses and

variations of the effective throttle area A,,(a) , and 1/)(;’—“) is the pressure ratio. Can be

expressed the rate of change of manifold pressure B, (t) as a nonlinear function
of a(t),P,(t) and w(t) as follows [14, 17]:

pm(t) =
fi(Pn(@®), 0(8), a(D)) (2)
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The load torque on the engine is not known a priori. It is due to aerodynamic resistance, road,
and the internal engine friction. In general, the generated torque (T,) is a nonlinear function of
engine speed, mass flow rate into the engine cylinders, equivalence ratio (¢) and spark
advance (o). The time delay (t) in the engine model equals approximately 180 degrees of
crank angle advance, and Thus is a speed dependent parameter. Additionally, most engine
control activities are event driven and synchronized with position .Therefore, the rate of

change of engine speeds can be expressed in the following form:

@(t) =
fo(Bn (D), w(2), T4 (1)) (3)

4- FEEDBACK LINEARIZATION

The basic idea with feedback linearization is to transform the nonlinear systems dynamics
into a linear system. Conventional control techniques like pole placement and linear quadratic
optimal control theory can then be applied to the linear system. Feedback linearization allows
us to design the controller directly based on a nonlinear dynamic model that better describes a
shape maneuvering behavior.
The equations of motion are linearized according to the perturbation theory in order to inspect
the dynamic stability of the engine motion [18] .The linearized state-space representation

around an operating point is developed from the dynamic equations:
X = Ax + Bu+ Byd (4)
y=Cx+uD (5)

State vector are defined by x” =[P, w], u = [a] and state matrices A, C and D are

given by;
% %
P w

A=, ) c=[0 1], D=]0
af, of, [ ] [0]
0P, dw

Setting
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In this case, this model is used to design a controller for the system.

5-LQR DESIGN

Linear Quadratic Regulator (LQR) is a widely used control technique. It is preferred
because of its easy implementation and its optimality for linear time invariant systems. It is an
optimal and robust technique for Multi-Input Multi-Output (MIMO) control using this method
[10, 8].
From Egns.(4) and (5) above ,the derivation which is given a linear time invariant system in

state variable with disturbance. For LQR control the following cost function is defined

t1

J= % (X' Qx + u'Ru)dt (6)
to

The object of LQR control is to find a state feedback gain matrix, K such that the cost
function is minimized. The matrices Q and R are weighting matrices, which determine the
closed loop response of the system. The solution to this problem starts with finding a control
law in the form of the following;

u=—RB'P(t)x(t) — R™'B'é(t) (7)
Where, P and ¢ are obtained from the following equations
P+PA+A'P—PBR'BP+C'QC =0 (8)
§ + (A —PBR™'B)é —PByd =0 9)

If t; = oo, Pand ¢ are steady state solutions;

A'P+PA—PBR™BP+(C'QC =0 (10)
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& =—(A" = PBR'B")¢é — PByd (11)

In other words, the control law contains both feedback states and feed forward disturbance

u=—Kx(t) + Kzd (12)
With;
K =R 1B'P

K, = R"'B'(A' — PBR™'B")PB,

6-SIMULATION RESULTS

A linear engine model was established in Matlab/Simulink to evaluate the performance of
LQR controller. The numerical simulations have been performed using engine having

characteristics shown in Table 1, and are taken from reference [19].

Table 1. Technical specification of the engine

Parameter Value
P, 1.013*10° Pa
Vi 6.8*1073 mm3
Vy 3.77 mm3
Ty 350 k
R 281 J/kg.k
T, 296 k
Z 4
Hy 45.6*10° J/kg
Je 0.15 kg.m?
T4 2N.m

The space matrices A ,B, C and D are obtained after substituting the operating point state
values, as shown in Fig.(3). The state weight matrix,Q and the control weighting matrix,R are
chosen by Bryson’s rule. These choices are used as just the starting point for a trial and error

iterative design procedure aimed for the desirable properties in the close-loop system.
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Fig.(3) Schematic representation of state space control using a LQR controller

The PID controller is used for controlling the engine speed. The PID controller parameter are
tuned to give the optimal performance; K, = 0.0001, K; = 0.01, and K; = 0.0001.Such
controller is illustrated in Fig.(4), where Aw represents the input engine speed (error signal)

and Aa, reperents the output throttle angle change.

Ao K + K ig s Aa,

Fig.(4) PID controller

Assuming the measurable output is rotational speed of the engine and the control input is the
angle of the throttle plate. The linear model was given a step change in throttle angle
from 5.5°deg. to 6.5 deg. at 15 seconds, as shown in Fig.(5).The load disturbance of the
engine speed is taken randomly at any time, as sinusoidal in cross- section with amplitude of
2 N.m , as shown in Fig.(6).

The effect of load disturbance (torque) on the rotational speed of the engine at the time of
operation t = (5 —10) sec and t = (25 — 30)sec is shown in Fig.(7) ,for the open-loop
system is first tested on the simulator before applying the proposed controllers.

The simulation results of the engine speed shown in Figs.(8) and (9), to verify the
effectiveness of the LQR controller comparing to both the open-loop system and PID

8
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controller. The effectiveness of each controller is test and verified using Matlab/Simulink
environment. The PID controller has percentage of overshoot and consequent the takes some
time to its stabilizing the system .1t also has the time settling that can reach more than 5 sec,
this will affect the effectiveness of the system.

Therefore, it’s concluded that the LQR controller give the best performance in terms of lower

amplitude and faster settling time compared to PID controller.

7-CONCLUSIONS

Rotational speed control of an internal combustion engine is an important issue, so this
paper presents a design method for engine speed control using LQR method. The objective of
the research was to evaluate the exiting methods for estimating the engine speed variations.
An application of LQR law to such nonlinear engine control system is valid for the variation
of the desired speed and system parameters. The obtained results showed that the presented
controller has shorter settling time and smaller overshot compared to the both PID controller

and open—loop system.
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Fig.(6) Random disturbance load variation with time of operation system
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Fig.(7) Variation of engine speed with time of operation for open loop system
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Fig.(8) Time response of engine speed for closed loop system at different system
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Fig.(9) Time response of engine speed for closed loop system at different method
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LIST OF SYMBOLS

d Disturbance input, N. m

H, Calorific value of fuel, ]/Kg

J. Mass moment of inertia for crankshaft,K g m?
m, Air mass flow rate, Kg/s

mg Mass flow rate of air inducted into cylinder, Kg/s
P, Atmospheric pressure, N /m?

P,, Intake manifold pressure, N/m?
R Universal gas constant

t Time, sec

T, Airtemperature, K

T, Disturbance torque, (N.m)

T,, Intake manifold temperature, K
u Control unit torque, N.m

V. Clearance volume,m3

V; Volume of cylinder,m3

V,, Intake manifold volume,m3

Z Number of cylinders

a Throttle angle, deg.

&,01 Volumetric efficiency

&ina Indicated efficiency

w Rotational speed, rad/s

w,.r Reference rotational speed, rad/s

13



