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Abstract In Malaysia the research in 
biofuels have demonstrated that palm oil 
methyl esters (palm biodiesel) is a good 
source of alternative fuel to replace the 
rapidly depleting fossil fuels. Using palm 
biodiesel in a regular diesel engine is not a 
problem, but in order to optimize the 
efficiency of internal combustion engine 
fuelled with biodiesel, the engine controller 
must be carefully designed and developed. 
Hence, this paper presents the black-box 
modelling of automotive diesel engine fuelled 
with palm oil methyl esters (palm biodiesel) 
from a measured input-output data.  
Recursive Least Squares (RLS) technique is 
applied to estimate the model parameters at 
medium speed range (around 2150 rpm). 
Model validation tests are done by plotting 
the output predicted by the models and 
comparing it with the measured output. The 
main results are the analysis and selection of 
model system order that best approximate 
the engine behaviour. The models derived are 
for the development of real-time self-tuning 
speed controller purposes.

1. Introduction 
The world today is faced with a rapid decline in energy 

resources, increased environmental concerns, and high 
demand of energy consumption. This situation is worsened 
by the unstable oil price in the world market, and as such it 
causes many countries to look for alternative energy to 
substitute petroleum. In recent years, researchers have been 
giving a great deal of attention to search for viable 
alternative sources of energy. One of these alternatives is 
the use of biofuel as it is a renewable source of energy. 

Many types of biofuel have been studied and one of 
them is palm oil methyl esters (palm biodiesel). In fact in 
Malaysia, being the second largest producer of palm oil, 
rigorous studies have been conducted since late 1990s to 
find alternative energy from palm industry itself. For 
example, Mahlia et al. [1] studied the usage of fibre and 
shell obtained from the processing of palm oil as fuel for the 
boiler. They even extend their studies toward the 
development of a dynamic model and simulation of the 
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palm waste boiler [2]. On the other hand, Masjuki et al. [3] 
studied the performance and tribological characteristics of 
an indirect diesel engine operation on palm oil methyl esters 
and its emulsion. A very comprehensive review on the 
importance of biodiesel as transportation fuel was done by 
Balat and Balat [4] and Demirbas [5], and their findings 
indicated that biodiesel has demonstrated a number of 
promising characteristics and has become more attractive 
recently because of its environmental benefits. Other than 
that, Agarwal [6] reviews the performance and emission of 
biodiesel in compression ignition engines, combustion 
analysis, wear performance on long term engine usage and 
economic feasibility. 

Indeed, research and development efforts have 
demonstrated that palm oil methyl esters (palm biodiesel) is 
a good source for energy production. Generally, palm 
biodiesel exhibits fuel properties comparable to those of 
petroleum diesel and can be used directly in unmodified 
diesel engines [7]. All these studies have shown that 
biodiesel can successfully fuel a diesel engine.  However, 
in order to optimize the efficiency of internal combustion 
engine fuelled with biodiesel, the engine controller must be 
carefully designed and developed. Unfortunately, studies on 
engine modelling and control using biodiesel are still 
scanty. In fact, almost all of these studies only focus on the 
performance of the biofuel as a substitute fuel for 
unmodified diesel engine [8-12], and not on the engine 
controller. For example, a study by Ganapathy T. et al. [13] 
focused on a methodology for thermodynamic model 
analysis of biodiesel engine, while Ramadhas A.S. et al. 
[14] developed a theoretical model and analyzed the 
performance characteristics of compression ignition engine 
fuelled by biodiesel and its blends. Such studies are not 
sufficient for developing an efficient biodiesel engine. 

In order to realize a reliable and an efficient automotive 
engine fuel with bio-diesel, researchers must truly 
understand the behaviour of the engine under study. Thus, 
the modelling of the engine to represent the best 
approximation of the system is very crucial to ensure good 
and reliable result. Traditionally, engine control units have 
been developed by an iterative procedure which uses engine 
testing rig as the principle development step. However, this 
approach is unsatisfactory because the random nature of the 
engine processes and the imperfect condition of the test 
conditions means that it is impossible to obtain repeatable 
engine behaviour within test [15]. 

In general, there are two classes of model that can be 
developed for the purpose of controller synthesis: physical 
models and empirical models. Considering the nonlinearity 
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and time-varying characteristics of the internal combustion 
engine, modelling of this plant is very difficult. Due to this 
fact, the empirical model or black-box model is used in this 
paper.  In using such model, it is essential that estimation 
of different complexity be made and evaluated using 
validation data [16]. This is to find a suitable “size” or 
“fineness of approximation” of the black-box model 
structure because the success of controller development via 
mathematical models is measured by the accuracy of the 
model. 

Thus, the purpose of this paper is to derive 
mathematical models for medium speed range (around 2150 
rpm) of unmodified automotive diesel engine fuelled with 
palm oil methyl ester. Model orders up to fourth-order 
system based on ARX structure are derived using black-box 
modelling technique. Recursive least squares technique is 
used to estimate the model parameters.  Finally, these 
models are validated by plotting the output predicted by 
each model and comparing it with the measured engine 
output. The difference between the predicted model output 
and the measured engine output is computed to determine 
its accuracy. The mathematical models developed in this 
study are intended for real-time control purposes that will 
be implemented with self-tuning PID controller in future 
work. 

2. System under Consideration 
The system under consideration is a 2000cc, Direct 

Injection, DOHC Mitsubishi Diesel Engine. The engine is 
mounted on a test bed with an eddy current dynamometer 
braking unit. The input signal is transmitted through an auto 
throttle servo actuator that provide an automatic throttle 
control by receiving signals from 0 to 10 V, corresponding 
to 0 to 100% throttle opening control. It has an accuracy of 
± 0.1% with a linear sensor attached directly to the throttle 
with no backlash errors. The engine speed was transmitted 
by optical encoder also with signals range from 0 to 10 V. 

3. Experiment Design 
The system identification problem is to estimate a 

model of a system based on observed input-output data. The 
procedure to determine a model of a dynamical system from 
observed input-output data involves four basic ingredients:  

� Design an experiment and data collection 
� Select and define model structure 
� Parameter estimation 
� Model validation 

 

A. Data Collection 
A PRBS signal with Maximum Length Sequences 

(MLS) characteristics was selected as the input signal 
injected to the plant for identification purposes. PRBS state 
can change only at discrete intervals of time, ∆t which is 
also known as bit interval. PRBS sequence is periodic with 
period, T=N*∆t where N= sequence length. Pseudorandom 

binary sequence can be generated by means of a serial-input 
shift register with feedback using exclusive-OR gate. In this 
experiment, the signals are generated by a computer 
program using the exclusive-OR and modulo-2 addition. 
The signal is not truly random because the sequence repeats 
itself every 2n-1 bit intervals for an n-bit shift register. The 
sequence length (N) is related to the number of registers 
through the following equation: 

12 −= nN (Equ. 1) 
where n is the number of registers. 
As a rule of thumb in designing the PRBS signal, the 

clock period (∆t) is normally chosen to be approximately in 
the range of a fifth to a half of the output response time 
constant (TC), i.e. 

cTt x)5.0to2.0(=∆ (Equ. 2) 
 

B. Model Structure 
In the initial stage of this work, the simplest discrete 

time mathematical model of the system, an Auto-Regressive 
with Exogenous input (ARX) model, that could be 
expressed with single input and single output signal was 
estimated. This type of model is used because of its 
simplicity and speed, which allow real time operation. The 
model can be written in the form 

 )(ˆ)1()( tetButAy +−= (Equ. 3) 
 

where u(t) is the discrete input signal, y(t) is the discrete 
output signal, )(ˆ te is the corresponding modelling or 
fitting error and 
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The polynomial coefficients of Equ. 4 are treated as the 
parameters to be determined by estimation. Thus, it is 
convenient to write Equ.4 using the backshift interpretation 
of 1−z and cast the equation in the form 

 )(ˆ)()( tetty T += θx (Equ. 5) 
 

where θ is the vector of unknown parameters, 

 ],........,,,.....,[ 01 ba nn
T bbaa −−=θ (Equ. 6) 

 
and xT )(t is a regression vector consist of measured input 
and output variables. 

 
In this work, the following models will be derived and 

evaluated:  
First-order system: 
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Third-order system: 
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Fourth-order system: 
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This structure is selected in order to synthesize exactly 
the PID controller coefficients due to the stringent 
requirement on the system under study [17]. 
 

C. Parameter Estimation 
The recursive least squares (RLS) technique allows 

significant saving in the computation. Instead of 
recalculating the least squares estimate in its entirety, 
requiring the storage of all previous data, it merely stores 
the ‘old’ estimate calculated at time t, denoted by )(ˆ tθ , and 
to obtain the ‘new’ estimate )1(ˆ +tθ by an updating step 
involving the new data only. The aim is to select a value of 

)(ˆ tθ so that the modelling error is minimized according to 
the sum of squares of errors: 

 ∑
=

==
N

t
teJ

1

2 ˆˆ)(ˆ eeT (Equ. 11) 

The RLS algorithm for updating )(ˆ tθ is as follows 
[16]: 

At time step ( 1+t ): 
• Form the regression vector )1( +tx using the new 

data 
• Calculate the fitting error )1( +tε using  

 )()1()1()1( tttyt T
Λ

+−+=+ θxε
• Form the covariance matrix )1( +tP using  
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• Wait for the next time step to elapse and loop back 

to step (i). 
This algorithm is used to estimate the plant parameters in 
Equ.7-Equ.10. 
 

D. Model Validation 
 
The models derived in this study are validated by 

plotting the output predicted by each model and comparing 
it with the measured output for the validation data set. 
Furthermore, the accuracy of the models is also evaluated 
based on the sum of square error (SSE), the mean square 
error (MSE), the standard error of regression (σ) and the 
R-squared. The quality of the identified model is 
determined by its accuracy between the measured value and 

the predicted value. 
 

4. Experimental Setup 
Before the start of the identification experiment the 

engine is first run at steady-state value according to the 
range of speed under study. A computer is interfaced to the 
actuator (auto throttle) and the speed sensor via an Agilent 
U2351A Multifunction DAQ. For identification purposes, a 
Matlab program is written to generate the Pseudo-Random 
Binary Sequence (PRBS) signals that fulfil the condition of 
persistent excitation and obtain consistent estimates for the 
least squares method. In this experiment, a PRBS signal 
with maximum lengths sequence (N) of 31 with time period 
of 1 second and sampling time of 0.17 second was used 
during data collection for engine modelling at the speed 
range under study (around 2150 rpm). Starting from 
steady-state condition, a sequence of input signals is 
injected to excite the actuator. Two sets of real-time data 
were collected from the palm biodiesel engine test-bed. 
Each set consists of 720 data. The first set is used for model 
parameters estimation and identification activities while the 
second set of data is used for model validation. Figure 1 
shows the input and output data used in this study. 
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Fig. 1: Input-output data used for parameters estimation (PRBS and Engine 
response). 

 

5. Results and Discussions 
The iterative parameter estimation algorithm used in 

these experiments allowed the estimation of engine model 
of the system to be updated at each sample interval. The 
estimation of the model parameters significantly depend on 
the choices of initial values for data vector, parameter 
vector and covariance matrix (P) of the algorithm. The 
experimental initial conditions designed in this study have 
successfully calculated the values of all the parameters in 
each model in less than 30 iterations. Fig. 2 shows the 
identification process of the palm biodiesel engine for each 
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model order. In these figures, it can be clearly seen that all 
four models have successfully converged and the predicted 

outputs are closed to that of the measured engine speed 
values. 
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Fig. 2: Model parameters estimation processes (a) First-order 
system (b) Second-order system(c) third-order system (d) 
Fourth - order system 

Fig. 3: Estimated value of model parameters (a) First-order 
system (b) Second-order system(c) third-order system (d) 
Fourth - order system 
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The convergence of the all the parameters for each 
model is illustrated in Fig. 3. All model parameters manage 
to converge to a stable value but it is clearly seen that higher 
model order take longer time to converge. Analysis of the 
parameters estimated for each speed category shows that 
each corresponding parameter values differ slightly from 
each other. This is illustrated in Table 1. 

TABLE 1

PARAMETERS VALUE FOR EACH MODEL ORDER 

Parameter Model Order 
First- 
Order 

Second- 
Order 

Third- 
Order 

Fourth- 
Order 

a1 -0.9947 -1.4593 -0.8836 -0.2272 
a2 - 0.4631 -0.0090 -0.6311 
a3 - - -0.1064 0.0167 
a4 - - - -0.1588 
b1 0.0234 0.0166 0.0043 -0.0019 

The estimated ARX models for the palm biodiesel engine in 
this study are:- 
First order model: 

)(9947.01
10234.0)( tuzty

−
−

= (Equ. 12) 

Second order model: 
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Third order model: 
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(Equ. 14) 
 

Fourth order model: 
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= (Equ. 15) 

The performance of each model in the equations above is 
tested against the second set of measured data for validation 
purposes. From Fig. 4, it can be seen that the measured and 
the predicted model output are in very good agreement 
during the model validation procedure. In general, the 
predicted output of all models is quite accurate compared to 
the actual measured of the engine response. Thus, the ARX 
model structure selected in this study for automotive palm 
biodiesel engine approximation is acceptable. 
The modelling error between the system output (measured 
speed value) and the model predicted output is shown in Fig. 
5. From the illustration, it can be seen that the first-order 
and the third-order system have lower error values 
compared to second-order and fourth-order system. Further 
analysis on the fitness and accuracy of each model is shown 
in Table 2. where the accuracy of the models is also 
evaluated based on the sum of square error, the mean square 
error, the standard error of regression and the R-squared. 

Table 2. indicates that the third-order system give the 

best performance compared to the other three models. 
However, analysis on Fig 3. shows that it takes more than 
80 sec for most the model parameters to converge to a 
stable value. Considering that the model derived in this 
study is for real-time engine speed control purposes, the 
third-order system is not suitable for controller development 
and implementation. Thus, based on the results presented in 
this study, the first-order model with parameters rate of 
convergence less than five second is selected to be used in 
engine speed controller development. 

 
TABLE 2

MODEL ORDER FITNESS 

Validation Model Order 
1st

Order 
2nd

Order 
3rd

Order 
4th

Order 
SSE 30.2175 55.1368 27.5074 66.1702 
MSE 30.2175 55.1368 27.4672 66.1702 
Std 

Regression 
5.497 7.4254 5.2448 8.1345

R2 0.9999 0.9998 0.9999 0.9998

The engine model derived in this study can be 
incorporated directly in the control algorithm. To further 
prove the validity of these engine models, a series of 
simulation studies are currently being conducted in the 
Process Control Lab, School of Manufacturing, Universiti 
Malaysia Perlis. These models are used in simulation to 
develop engine speed controller. The controller is designed 
for real-time self-tuning PID controllers purposes palm 
biodiesel engine. The models parameters in Equ. 12 to Equ. 
15 are used as the initial values in the self tuning controller 
algorithm to estimate the actual model parameters and the 
controller parameters in real time. 

 

6. Conclusion 
In this work, identification and validation of linear 

models of automotive diesel engine fuelled with palm 
biodiesel has been presented. The models were successfully 
derived using black-box modelling technique. The 
mathematical models developed in this paper present an 
analysis and simulation tools of the engine dynamic system 
that forms the foundation for a systematic approach to the 
analysis, simulation and synthesis of an automotive palm 
diesel engine control systems. Currently, a three-term 
self-tuning PID speed controller designed by pole 
assignment method is being developed and evaluated in 
simulation. Results from the simulation studies are used for 
the implementation of real-time self-tuning controller for 
palm bio-diesel engine. The outcomes of the real-time 
experiments are very promising and will be published soon. 
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Fig. 4: Comparison of measured and predicted outputs (a) 
First-order system (b) Second-order system(c) third-order 
system (d) Fourth - order system 

Fig. 5: Modelling error between measured value and model 
predicted value (a) First-order system (b) Second-order 
system(c) third-order system (d)Fourth - order system 
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