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Abstract

The paper presents aspects related to the operation of an electronically controlled diesel engine that equips two cars.
Some data related to 100 experimental tests for each car are presented. Some elements related to the electronic control
and stability of the Diesel engine are presented by using the fractional calculation to generalize the study.
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1. Introduction

Current Diesel engines are equipped with various electronic control systems, designed to ensure the required
performance in terms of dynamism, economy, compliance with anti-pollution rules, all under conditions of various
restrictions.

In addition, electronic control must also provide some of its specific requirements, the most important of which are: low
response time, override and stationary error; large amplitude and phase stability reserves; reduced sensitivity to the
action of functional, constructive and operational factors; robustness of performance and stability of engine operation;
minimizing as much as possible the influence of disturbances on engine performance and stability; mitigating the
negative effects and ensuring the performances imposed in the presence of nonlinearities of different nature; optimizing
engine performance under restrictive conditions etc. [4, 5, 11, 16].

2. Stability of a fractional system

Fractional calculus is a generalization of the frequently used classical calculus in which derivatives and integrals are of
the whole order. Being a generalization, it is therefore expected that fractional mathematical models describe more
accurately the dynamics of systems and processes than whole-order models, which is confirmed in practice [1].

At present, fractional calculation is used in the study of electrical circuits, in signal processing, in electrochemical
processes, in bioengineering, in economic processes, in finance, in the dynamics of nuclear reactions, in systems theory,
in automatic control, in medicine, in earthquake dynamics, in various branches of engineering etc. [6, 14].

In mechanics, fractional calculus is used in oscillations and vibrations, in the diagnosis of mechanisms and machines, in
nanotechnology, in fluid diffusion processes in porous materials, in the dynamics and control of robots, in the control of
the rolling motion of railway vehicles, in fluid mechanics, in the dynamics of flexible transmissions, in the propagation
of waves in porous materials etc. [13].

In the automotive field, fractional calculation is used in the control of longitudinal and lateral dynamics, in the control
of rollover motion, in the control of cruising speed, in the control of the ABS system, in the control of steering, in the
control of active suspension, in the modeling and control of injection with common-rail, in modeling the dynamics of
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the public transport network, in modeling the impact on the reconstruction of road accidents, in designing the actuators
of electronic control systems, in controlling the operation of the car engine, in electronic control of the throttle dynamics
etc.

The stability of a fractional system is studied according to its type and according to its mathematical description; only
autonomous linear systems are covered below [7].

2.1. Mathematical description in the form of state space.

A continuous autonomous fractional linear system is described as:

d%x(t) -
— = AX(1); Xg =x(0) & D x(t) = Ax(t); X =x(0) €))]
dt®
where the state vector is X(t) =[X1(t) X(t) .. X, (t)]T e1", and the vector of the fractional order of each
equation is @ = [al ay .. ap ]T
In particular, if &g = ay =... = a, = «, then the system (1) becomes:
dx(t
Of ) _ AX(1); Xg =Xx(0) < D¥x(t) = Ax(t); X =x(0) (2)
dt

In fractional differential equations (1) and (2) the form for the fractional derivative of the order « :

d¥x(t)
dt®

= D¥x(1) (3)

The system (1), in which the fractional order of the differential equations is different, is called the incommensurable
system. The system (2), in which the fractional order of the differential equations is the same, is called the
commensurable system.

Regarding stability, according to Matignon's theorem it results, for example for the commensurable autonomous system

(2):

- the system is asymptotic/strictly stable if and only if the condition is met:
Vs
[arg( (A)] > &~ )

where /Ii (i=1,2,..,n) are the eigenvalues of the matrix A.

- at the stability limit, if the eigenvalues of the matrix A satisfy the condition:

|arg(4 (A))| = a% (5)

are simple eigenvalues (multiplicity order 1).
- the system is unstable if the condition is met:

larg( (A) <a§ 6)

The graphical representation of these statements is presented in figure 1. The classic case, of a continuous system of
whole order, is represented in figure 1b for & =1; as can be seen, an integer system is strictly stable if all the roots of
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the characteristic equation are in the left complex half-plane and is at the limit of stability if the roots are on the vertical
axis.

It also follows from figure 1 that the highest range of stability is for 0<@ <1 (figure 1a), and the smallest for 1<a <2
(figure 1c).

A Im A Im A m
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Dca<l a=1 x l<a<?2 2
ar Re a= Re Re
2 2 Y Unstable | Unstable|
— Stable > — Stable e > — Stable — >
area . area ot area /
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2 P
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a) b) c)

Figure 1 Stability of a dynamic system

2.2. Mathematical description in the form of a fractional differential equation

If the system is described by a fractional differential equation, either the mathematical description is established in the
state space (as in the previous case), or this equation is directly targeted. In the latter case it is taken into account that
the main area of the Riemann surface, which ensures the stability of a system, is defined by:

—r<arg(s) <z (7

where s represents the argument of the Laplace transform, which is a complex variable.

Figure 2a shows a Riemann surface with two areas, and in figure 2b one with three areas, the main one being the first
lower area.

1/2

Stability of fractional systems: Riemann surfaces for s “ and 51'3, respectively with two and three areas

a) Surface with 2 areas, for " b) Surface with 3 areas, for dn

Imaginary part -1 X_1 Real part Imaginary part A 1 Real part

Figure 2 Riemann surfaces with two and three areas

A Riemann surface is obtained by entering the complex variable:

a

W=S (8)
with « fractional number; as a result, the corresponding domain for w is:

—ar < arg(w) < ar 9

115



Global Journal of Engineering and Technology Advances, 2021, 07(01), 113-123

Denoting « =1/ m, then the stability condition (main area of the Riemann surface) becomes in the plane w:
V4 T

——<arg(w) < — (10)
m m

An example is now aimed at the fractional differential equation:

0.8D>?y(t) + 0.5D%2y(t) + y(t) = u(t) (11)

The characteristic equation is:

P(s) =0.85%2 +05s%% +1=0 (12)
or:
P(s) = 0.8522/10 1 05s%10 11 -0 (13)

1/10

[t turns out that in this case m=10, W=S"'"", and the corresponding equation is:

P(W) = 0.8w?2 +0.5w° +1=0 (14)
which has 22 roots. Of these, the smallest argument is the roots (command "roots" from Matlab):
W5 =1.0045+0.1684i = [arg(w:, )| = 0.1661 (15)

The roots are in the first area of the Riemann surface if condition (10) is met, in this case:

T T
—— <0.1661<— (16)
10 10

which is true. It follows that the system described by the fractional differential equation (11) is stable.
Stability is also confirmed in the complex plane of the variable s. Thus, the roots result from equation (12)

S1:0 = —0.10841+1.19699i, complex-conjugated with the real negative part (command "solve" in Maple).

The Riemann condition (7) is checked (Matlab "angle" command):
— 7 <|arg(sy.0)| =1.661< 7 (17)

and thus the stability of the system described by the differential equation (11) is confirmed.

3. Experimental research

The experiments were carried out with a Ford Focus car (denoted FF) and a Volkswagen Touareg II 3.0 V6 TDI (denoted
VW), both equipped with a turbocharged diesel engine and a common-rail fuel system. The acquisition of the functional
variables was carried out using the FoCOM interface and software of the Ford company, respectively the VCDS
application developed by the Ross-Tech company, which is the specialized diagnostic software for the Volkswagen
group.

From the data obtained, 100 more significant experimental samples were retained for the purposes pursued (marked
F1-F100, respectively V1-V100), which mark the frequent load and speed regimes during the operation of cars.

Thus, figure 3 shows, in the case of the VW car, the instantaneous values of the engine torque Me, the engine power Pe,
the position of the accelerator pedal p (often considered as the engine load) and the engine speed n, the graphs showing
the minimum values, averages and maximums of the respective variables.
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Figure 4 shows, in the case of the FF car, the instantaneous, minimum, average and maximum values on the set of tests,
the engine torque Me and the engine power Pe.

Engine torque, engine power, accelerator pedal position and engine speed,
100 experimental tests, Volkswagen Touareg Il 3.0 V6 TDI car

a) Engine torque b) Engine power
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Figure 3 Engine torque, engine power, engine load and engine speed, VW car
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Figure 4 Engine torque and engine power, FF car

Figure 3a shows that during the experiments, the engine torque varied in the range of 18.0-468 Nm, the average of all
tests being 213.1 Nm. The graph in figure 3b shows that the engine power varied in the range of 2.8-122.9 kW, the
average for all tests being 51.9 kW. Figure 1c shows that the engine load varied in the range of 5.0-87.1%, the average
for all tests being 33.2%. Figure 1d shows that the engine speed varied between 1463.0-3640.0 rpm, the average of all
tests being 2317.8 rpm.

In figure 4 the two variables are presented in continuous representation and in discrete representation, the last one,
the real one, allowing the establishment of the intervals with the majority of the values. As a result, from figure 4a it
results that 76.3% of the total values of the engine torque are in the range 100-160 Nm.

Figure 4 also shows the maximum values in the technical specification of engine torque and engine power, of 215 Nm
and 66 kW, respectively; from experiments the maximum values of 199.4 Nm and 62.6 kW respectively were obtained.
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4. Modelling of operation, control and engine stability

Next, these three aspects are also approached on the basis of fractional calculus, which is a generalization of classical
calculus. In this sense, it results that in the general case the mathematical model of the operation is a differential
equation of fractional order, the control benefits from algorithms in the fractional field, and the stability of the operation
is studied as previously presented [8, 9, 10, 12, 15].

Thus, for example, the electronic control may use a fractional PID controller, which in this case becomes a PI*DH
controller, as shown in figure 5.

For a fractional control (of non-integer order), the transfer function becomes:

A+ A
@:k +k—;+kd3#:kds +kpS +|(i

e(s) " s st
P D
' (18)

C(s) =

with the diagram in figure 5b.

In these expressions were noted: kp - static transfer coefficient for the proportional element P; ki - static transfer
coefficient for the integrating element [; kd - static transfer coefficient for the derivative element D.

If A = u = 1, then there is a classic PID controller [3]. Therefore, the fractional controller PI*D* is a generalization, the
whole PID controller being a particular case of it (figure 5a).

oA PID controller )
PID - ————— (j( —) r Engine
) s ¥
u=1 L A=1; r € 1 k_u I Hn G(s)
#=1 |
D JA Du - t EI_
PI*D [ s’;' |
' I
I
P ! 1 % kd.sﬂ : .
=1 | — , reaction loop
a) b)

Figure 5 Diagram of the PI*D* type controller

Figure 5a shows that the fractional controller is usually adopted 0 < A <1, 0 < i <1, which ensures the highest range

of stability, as previously seen in figure 1; for dynamic reasons, A and p can also be easily adopted as super-unitary.
As an example, figure 6 shows the results of establishing the fractional model that allows the calculation of the engine
torque M. depending on the position of the accelerator pedal p in the experimental test F65 of the Ford Focus car.

Establishing the mathematical model Me=f(p), fractional order model, F65 test, Ford Focus car
180

Maximum experimental value: 152.8 Nm —e—Values from the fractional model
160 |- —— Experimental values

PSRV

71.2351063 9,187
W(s) = ———m—
401- 4.67s19° 4 28.45s + 1

Error: 1.64%

140[-

120¢

100}

e

M [Nm]

80 -
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20
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t[s]

Figure 6 Fractional mathematical model Me=f(p), F65 test, FF car
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The graph shows the transfer function:

M,(s)  71.23s"™ +2.187

W(s) = = (19)
p(s)  4.67s"® +28.45s5+1

This results in the mathematical model sought:

4.67D"*M,_(t) +28.45D"CM_(t) + M. (t) = 71.23D** p(t) +2.187 p(t) (20)

which represents a fractional differential equation of the order of 1.35.

As shown in Figure 6, the modeling error is 1.64%, an acceptable value.

The following is to establish a PI*D# controller for this example from the F65 experimental test of the Ford Focus car.
Thus, for comparison, figure 7b shows the transfer function C(s) of a PID controller and figure 7c of the transfer function
C(s) of a PI*D* controller.

Figure 7a shows the dynamic step-type response of the closed-loop system without controller, in figure 7b of the closed-
loop system with PID controller, and in figure 7c of the closed-loop system with PI*D* controller.

As shown in figure 7, the response time and system override with PI*D*controller are the smallest (t- = 4.62 s and ¢ =
0%).

Also, the longest rise time tc also exists for the PI ADH controller, which is an advantage because, as is well known, too
short a rise time indicates high system loads.

The step response in the case of a fractional system Me=f(p), F65 test, Ford Focus car,

without control, with PID controller and with controller PI*D*

a)o=7.2%;1=6.94s;t =0.03s 6=0.3%;1=5.25s;t =3.28s c)o=0.0%;t=462s;t =3.82s
7.2%;t=6.94 st =0.03 b 0.3%;t=5.25s;t =3.28 0.0%;t=4.62s;t =3.82
180 180 5 180 —
Cls) = 0.00148s° + 0.000624s 4 9.9914 Cls) = 0.0388s1°1% 4 0.2168s" 777 + 9.1994
160 160} ’ | 160} g
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Figure 7 Engine step response in three situations, F65 test, FF car

For example, figure 7a shows a too sudden increase of the engine torque, with the highest value, the rise time tc being
the longest.

The step value of 152.8 Nm used in the calculations corresponds to the maximum moment from test F65, as seen in
figure 6.

Therefore, in this case the PI*D* fractional controller ensures the best dynamic engine performance. Comparing the
relations (17) with the expression C(s) in figure 7c, results the parameters of the PI*D# controller established by the
Ziegler-Nichols algorithm:

k,=0.2168; k =9.1994; k, =0.0388; 1 =1.029; 1.=0.185 (21)

From figure 7 it should also be noted that in all three cases the stability of the diesel engine is ensured, because the
curves of the transient process tend towards a finite value cumulatively over time.
Stability can also be verified as presented above. For example, the characteristic equation results from expression (19):
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P(s) = 4.67s"® +28.455+1=0 (22)

which has the solutions S):p = —0.03427 +0.00149i , complex-conjugated with the real negative part ("solve" command

from Maple) and therefore the stability of the motor is checked. This is also confirmed by the fact that the Riemann
condition (7) is met, for example by using the "angle" command in Matlab:

—7r<|arg(sl;2)| =3.098 < 7 (23)

As mentioned, the previous example is the general case, when the mathematical model is fractional, but the controller
is fractional.

The following is a particular case, when the mathematical model is fractional and the controller is in the integer field.
An example of this is the case of optimizing engine fuel consumption by using an LQR (Linear Quadratic Regulator)
algorithm that is described mathematically throughout.

This control algorithm allows the establishment of a linear controller consisting of a Kalman estimator as well as an
optimal controller, both according to state, using a square type optimization criterion.

The state space estimator is applied to the system:

X' (t) = AX(t) + Bu(t) + Gw(t)
y(t) = Cx(t) + Du(t) + Hw(t) (24)
y, (1) = y(t) +v(t)

and allows the estimation of the state x when the control u is known, as well as the noise of the sensor v and the noise
of the model w, as in figure 8.

W y

u | Model * >

—l— :

Kalman [* y

- _ " v

' K |« ~ filter “ + |

X ¥
Controller v

Figure 8 Scheme of optimal linear control LQR

The equations of the estimator (Kalman filter) are:

%' = A%+Bu+L(y, —~Cx-Du)

¥ C D (25)
= X+ u
't | o]
the matrix L being established from Riccati's equation.
The optimal command is:
u(t) = —Kx(t) (26)
where K results from Riccati's equation.

The following is an example of applying the optimal linear control LQR to the experimental V24 test of the Volkswagen
Touareg Il 3.0 V6 TDL. In this sense, the aim is to optimize fuel consumption, respectively minimize it provided that the
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dynamic performance (here through engine power) decreases by no more than 4%, this being an additional restriction
for the algorithm. Thus, figure 9 shows the deduction of the mathematical model that provides the values of the hourly
fuel consumption Ci as a function of the position of the accelerator pedal p, through the transfer function G(s) [2, 17].
As aresult, figure 9 shows the fractional differential equation of the order of 1.2:

2.72D"°C, (t) +0.45D°%®C, (t) +C, (t) = 20.4D***p(t) +0.106 (27)

with an acceptable modeling error of 0.45%, expression (27) being the mathematical model of engine operation in the
V24 test.

Optimal linear control LQR, model Ch=f(p), experimental and model values, V24 test, VW car

5 T T T T : :
—e— Experimental values
45 'ﬁ\ 20.4s"4 1 0.106 —=— From the mathematical model

y \ s, ;= -0.359+0.14561 (s) T O T /
35 \\ ( 0014 9910 ) N
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Figure 9 Mathematical model of engine operation related to LQR control, VW car

Figure 9 also shows the values of the quantities of the LQR control algorithm expressed by the relations (24) - (26). In
addition, from the si1,2 values of the roots of the characteristic equation (which are complex-conjugated with the real
negative part), it results that the stability of the Diesel engine operation is ensured.

Figure 10 shows the results of applying the optimal control algorithm. The graphs show that by applying this control,
the average test value of hourly fuel consumption decreased by 8.93%, in which case the power decreased by 3.84%,
the latter being lower than the required value of 4%.

Hourly fuel consumption and engine power, experimental values and from optimal LQR control, V24 test

a) Hourly fuel consumption b) Engine power
5 ; 90 T i : :
—e— Experimental values —e— Experimental values
4 5 —&— Values from the LQGR control 80! —e— Values from the LQGR control |
’ Experimental average consumption: 2.20 Average experimental power: 39.9
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. I o
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s S 50
(2]
g <
= o” 40)
(&)
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20r
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L L \ 1 0 1 L 1 L
20 40 60 80 100 120 0 20 40 60 80 100 120
t[s] t[s]

Figure 10 Results obtained by applying the optimal linear control LQR, VW car
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5. Conclusion

Fractional calculus has the advantage that it allows the study of the operation, stability and control of the diesel engine
in a generalized way, the classical study being a particular case. In addition, operation modeling and electronic control
benefit from algorithms that ensure greater accuracy compared to the classical study.

Based on the data purchased from the on-board computer, the operation of the engine at different loads and speeds can
be analyzed. Experiments have shown that the engine runs predominantly at partial loads and very little at full load.
Also, based on the experimental data can be established customized or generalized mathematical models, of integer or
fractional order, which can be used to control the engine and to optimize its performance.
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