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ABSTRACT

In a diesel engine, governor is indispensable for ensuring that the engine maintains a certain
speed under various load conditions, that the engine speed does not exceed a certain speed
as a protection against self-destruction or stall. Also, speed fluctuations resulting from poor
governing, lead to vibrations, noise, wear and tear and increased level of soot. Therefore
it is desirable to have minimum speed fluctuations under all engine-operating conditions.
Inspite of many limitations, most of the existing engines still use simple mechanical gover-
nor providing proportional control only. Electronic governors can provide a more flexible P
(proportional), T (integral), and D (derivative) control under all speeds and loads. So far
no work is reported on optimizing the controller parameters using the analytical approach.
In the present work turbo charged diesel engine is analytically modeled based on Krutov’s
approach for the control analysis. Attempts have been made to optimize controller param-
eters. The criterion for minimizing the engine speed fluctuations is met by minimizing the
Integral Squared Error in engine speed. The parameters obtained have been used to study
the engine speed response. The results have shown remarkable improvement in the engine
speed fluctuations.

1. INTRODUCTION

Diesel engines have established themselves in all heavy duty applications due
to their high fuel economy, better part load performance and most impor-
tantly, the reliability. Diesel engines are extensively used in transportation,
electric power generation, earth moving equipments etc. In most of these
applications, engines operate at varying speeds and loads under wide range
of ambient conditions. The fluctuations in load cause fluctuations in engine
speed, which cause harm to the engine, like increasing emissions, wear and
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tear of the engine, giving rise to dangerous vibrations, decreasing fuel eco-
nomy and engine life etc. The drivability and comfortability of the vehicle
are severely affected. The diesel engines should therefore be equipped with a
governor that will limit the variation in speed.

Automatic speed control of diesel engines has long relied on the conven-
tional mechanical and hydraulic governors. These conventional mechanical
governors are found to be inefficient in controlling speed [2]. Further, the
use of turbocharging and the turbocharger lag in diesel engine makes the sys-
tem complex with so many parts interacting with each other due to which
conventional governors are unable to handle such a system efficiently. There
are other factors like, change in engine characteristics due to aging, change in
ambient conditions, change in fuel properties etc. which the conventional gov-
ernors can not take into account to control the engine efficiently. Increasingly,
therefore, governors are being required to perform auxiliary control functions.
This, combined with tightening legislative restrictions on the exhaust emis-
sions and performance specifications have led to a change from mechanical to
electronic control.

Electronic governors can control and monitor number of parameters with
better stability and dynamic behavior. Additionally, the electronic control
has advantages of speed of response, freedom from friction and wear, ease of
installation, convenience of adjustment and setting up.

The model used based on Krutov’s approach in this study is based on the
mean values of the engine variables. This model along with the PID controller
law are then used to obtain the function for the speed error, N,. The equation
obtained is in terms of the controller parameters kp, k;, kq and t. The values
of the controller gains k,, k; and k4 are obtained by minimizing the Integral
Squared Error of Diesel Engine Speed N, using the software Mathematica.
The resulting values of the controller parameters are used to study the engine
speed response. The engine speed response is obtained by solving the model
equations by Runge-Kutta method using MATLAB. The result obtained here
have shown a significant improvement over the previous study [8; 10; 11].

2. LITERATURE REVIEW

Many attempts have been made in the past years to understand the transient
response of turbo-charged diesel engine behavior in order to apply the control
engineering concepts and improve the performance of the engine system.

Pioneering work on the transient response analysis of TC diesel engine has
been carried out at the University of Manchester Institute of Science and
Technology (UMIST), by Winterbone et al [12; 17]. It has been stated that
the main reason for poor transient performance of the engine lies in the TC
lag. Due to large time lag, the TC is not able to supply sufficient air to the
engine during rapid load variations. The large time delays in the engine air
path are caused due to high inertia of TC and big volume of the inlet and
exhaust manifolds.
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Winterbone et al [12; 17] have suggested external means to accelerate the
compressor through air injection or by, additionally fitting a pelton wheel
to the compressor shaft. Alternatively, Krutov [8] in another notable work
suggests direct injection of supplementary air into the inlet manifold of the
engine.

Failure in providing mathematical solution to this problem can be at-
tributed to large number of variables of the engine and that of loads as well,
to which these engines are subjected. Different modeling approaches like,
quasi-steady, mean value, wave action, non-linear, thermodynamic and block
diagram models are discussed in literature. These models predict the trends
of system behavior over the operating range of the engines, both under steady
state and dynamic conditions. The different models and their practicality is
discussed briefly.

Quasi-Steady Models are based on the steady-state characteristics of all the
components, viz the compressor, the turbine and the engine and the basic
laws of mechanics and thermodynamics.

San-Chin Tsai et al [13] developed a quasi-linear dynamic model for tur-
bocharged diesel engine based on local linearization. These locally linearized
models have the advantage of simplicity and short runtime, such that, real
time simulation may be possible.

Mean Value Models are based on mixture of relationships derived from the
first principles and empirical correlations [12]. The time scale in such mo-
dels ignores individual events to maintain simplicity. In a mean value engine
model, the engine will be built-up from a series of components which can
be tested and validated individually. The mean value models are relatively
easy to configure and can be made to run quickly on special purpose hard-
wares. However, their precision ultimately depends upon the kind of physical
relationships they represent, as they are based on empirical correlations and
simple physical formulae.

Wholly Dynamic Models have been described in detail by Winterbone et
al [17], where step tests were used as a transfer function identification tech-
nique. The model is based on the filling and emptying method of evaluating
engine performance and includes turbine and compressor characteristics and a
generator model. The filling and emptying technique is simply the application
of the unsteady flow version of the first law of thermodynamics to the various
volumes in the overall system.

Non Linear Models are used for detailed diagnosis of an engine for the
whole range of speed and load including the transient of the engine. Due to
rapid advances of computer technology more complicated non linear controller
algorithms are possible for implementation on the engine.

A nonlinear mathematical model has been developed by Neil Watson [14],
[15] to predict the transient response of a turbocharged diesel engine. The
effects of using a fuel pump rack limiter and that of re-matching the tur-
bocharger in conjunction with an exhaust waste gate are presented.

Block Diagram type of Modeling for speed control analysis, the dynamic
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relationship between fuel input and torque or speed of the engine is inevitable.
Block diagram type of modeling is one type of modeling which gives such a
relationship and which is of primary importance for speed control analysis.
These models are based on filling and emptying technique and include the
various characteristics of the engine components.

Block diagram type of modeling used in literature can be broadly divided
into experimental and analytical block diagram type of modeling.

Thiruarooran et al [12] describe a method, which is based on correlation
techniques to extract linear transfer function model from a wholly dynamic
non-linear engine model. Yousif Ali El-Imam [3] has used experimental block
diagram modeling approach for simulating high adaptive speed regulator sys-
tem for diesel engines. Jaliwala et al [6] have investigated the possibility
of governing a Cummins TC diesel engine by load feedback, in addition to
normal speed feedback.

One major disadvantage of the above-described models is that they gener-
ally represent engine as a black box. Analysis is done using transfer functions,
obtained through experiments, at the particular working conditions they want
to simulate. Since they use the characteristics of various components of a par-
ticular engine, the effect of design changes in the engine components cannot
be investigated by using these models and the simulation is always specific to
a particular engine and working condition.

Krutov [9] has presented analytical block diagram type of modeling to
present engine-governor-load system. The design parameters of the engine
have been considered and various methods of modern control design have
been lucidly explained.

Chittawadgi [2] et al have shown on the basis of the analysis of Krutov’s
model and various dynamic characteristics of diesel engine working under
transient loading conditions that PID governor based on microprocessor tech-
nology can only provide the minimum fluctuations of speed of diesel engine
and best all-round performance under various conditions of working.

It has been proposed to use models based on sample data et al have shown
on the basis of the analysis of Krutov’s model and various dynamic charac-
teristics of diesel engine working under transient loading conditions that PID
governor based on microprocessor technology can only provide the minimum
fluctuations of speed of diesel engine and best all-round performance under
various conditions of working.

It has been proposed to use models based on sample data [4], since the diesel
engine operation is of discrete nature. However Woodward [18] stated that
speed governing in particular is based on the average values of the parameters
and not on their instantaneous values.

Several attempts have been made to synthesize optimal controllers for diesel
engines. Optimal control for a diesel engine speed governing loop has been
formulated in [7]. Both four cylinder and six cylinder engines have been
considered. A sample data model of the engine is first constructed in the
state-space form. The cost function is then defined as a quadratic function of
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the error in the engine speed variables, control effort and the air fuel ratio.
The optimal control problem is then solved by both dynamic programming
and a discrete minimum principle. In an another effort [5] a novel smoke
sensor has been used in conjunction with a tachogenerator to control the
transient response of a diesel engine. The control algorithm is of proportional
and Integral (PI) type. The controller parameters are chosen such that the
engine overshoot and the amount of engine exhaust smoke are minimized.

In a novel smoke sensor has been used in conjunction with a tachogenerator
to control the transient response of a diesel engine. The control algorithm is
of proportional and Integral ( [7] small diesel engine was analyzed with speed
control being the primary objective of the controller design. Engine transfer
function model was developed using experimental identification technique. It
is emphasized that since the diesel engines are highly nonlinear systems, an
optimal controller designed for one operating condition may not work well
at the other condition. One solution to such a problem is to design a robust
controller which performs reasonably well for all engine operating conditions.
Because of the very large variation of the engine dynamics at different speeds
and power outputs, such a robust controller can never be optimal for all
operating conditions. Method adopted to overcome the problem is to divide
the range of the engine operation into several different zones according to
engine speed and power output. An optimal controller is then designed for
the engine operating in each of these zones. During the course of engine
operation most appropriate controller can be employed on the basis of the
engine operating condition prevailing at the moment.

Author divided the engine operating condition into 15 different zones and
PID controller parameters k,, k; and k; are obtained by minimizing the In-
tegral Squared Error (ISE) of the engine speed error signal subject to step
input.

Urs Christen et al [1] have presented a parallel study of two types of models,
one the time based model and other the event based model. Both models are
validated for its computational complexity and accuracy. Author reports that
the designer would prefer to have both models available for controller design,
using the time based for engine speed control and event based for the control
involving flows e.g. EGR control or coordinated VGT and EGR control.

In order to design a PID controller, Sinha [11] used transfer function analysis
for simulation using the model based on the Krutov approach. The results
obtained by him are the engine speed responses using PID coefficients of 5, 10,
10. The work does not throw any light on the selection of these parameters.

Mruthunjaya et al [10] has simulated the same engine by Runge-Kutta
method taking the non-linearity of the engine into consideration using Kru-
tov’s approach. It was shown that the model based on Krutov’s approach and
Runge-Kutta method of solution of model equation provides a very accurate
prediction of impulse response in comparison to the experimental one. The
authors have used PID controller can provide the best control to the engine
governing system. Mruthunjaya has suggested some optimum values of the
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Figure 1. Engine layout showing main components of a turbocharged diesel
engine with the nomenclature

PID coefficients. However the tuning of these parameters was based on the
trial and error basis and not using any mathematical approach. Further work
in this series [8] has adopted the optimization technique to minimize the cost
function. However the optimization was done at a fixed instant of time t.
although this also proved to reduce speed fluctuations compared to previous
studies.

Present study uses time based analytically derived model based on Krutov’s
approach. The objective function is derived by simplifying the above model by
neglecting the manifold volumes of the engine. The objective function for the
engine speed feedback error N, is used to obtain PID controller gains k,, k;
and k4 by minimizing its Integral Square. The parameters thus obtained are
then used to study the variation of the speed fluctuations with time. This
speed response is obtained by solving the model equations by Runge-Kutta
method. Detailed methodology is explained in the subsequent sections of the

paper.

3. MATHEMATICAL MODEL

Fig. 1 shows the various parts of the turbocharged diesel engine with the
controller. The engine is suitably divided into four major components. The
equations for these four parts are derived based on Krutov’s approach [9] by
applying simple physical principles such as ideal gas equation, law of conser-
vation of mass etc.
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3.1. The Prime Mover (Engine)

Load torque 7; depends on angular velocity w and load setting ¢, i.e.,

T, = f(w,9). (3.1)

Similarly, the engine torque depends upon rack position (fuel supply) h, an-
gular speed w and boost pressure p; i.e.,

T, = f(hawapi)- (32)

The final equation for the prime mover is obtained as given below. Reader
may refer [9; 10] for further details on modeling.

dN,

Tew 4+ keNe = R+ a1 Py, — b1 L, (33)
0T\ 1w, 0T\ ~Twy
h e = Je\ o 7 e = F, 7
where - 7. Ja( 6h6) o F 5( 5h5) ho
Te Te -1 Di T‘l Te -1 (b()
M ( Sh ) he' LT 36 ( Sh ) ho

To facilitate the analysis of dynamic properties of engine and its components
the following dimensionless parameters have been used:

N. = Aw/w,; R = Ah/hy; Pip, = Api/pio; L =A¢/0, (3.4)

3.2. The turbo-charger

While deriving the equation for the turbocharger, the compressor torque is
considered the function of boost pressure p; and angular speed w;. Also,
turbine torque depends upon the pressure in the exhaust manifold p., rack
position h, and the rotor speed wy, i.e.,

T. = f(pi,wt), Tt = f(pe, h,wt). (3.5)

Using the similar approach as that of the prime-mover equation, final turbo-
charger equation is obtained as,

dN,
T~ + kiNe = Poy + b2R = a3 P, (3.6)
5Tt —Lwio 6Tt “Lwgg
h = k, = F,
T é‘”’is; T 5}(‘%) i
by = ot (OLYT Do o 0%t (OZEY T Pio,
> oh (5pe) Deo ? 5pi(5pe) Deo
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3.3. Intake manifold

Following dependence is assumed for the derivation,

Mie = f(piaw)a me = f(piawt)a Mgq = f(y) (37)

Final equation for the inlet manifold is obtained from the above equations

dp;

Tin + kinPip = Ny + b3Ysa3N,, (3.8)
where. . — Vi @t Pio P (@)*1 Pio
b) wm RaTi mc wto }) n wm 6wt (JJtO })

_ Ome (5mc)*1 Wo o _ 0Msq (5mc)’1 Yo

%= 5, dwi w2 dy  \ dw; Wio
3.4. Exhaust manifold
Let consider the dependence as
Mee = f(pi,w,pe), me = f(pea h)- (39)

The final equation for the exhaust manifold is given by

dp.
Tez% 4 kewPop = No + a4Pin — buRR, (3.10)
Vep 6mee -1 Deeo 6m€8 -t
h exr — < ) kez = Leg e )
WHERS, T 6n7ﬂw0( 6(:5) ) 5 w%( dw )6
_ 0Mee Pig (0Mee\ ™! OMee (0Mee\ 710w
= opi wo(éw) Al 5h(6w) wo

3.5. Governor

A Proportional Integral Derivative (PID) control is used to provide the desired
engine transient performance and to ensure that actual engine speed corre-
sponds precisely to the desired speed at steady state. The PID controller law
is expressed as
dN,
dt’
where, k,, k;, kq are Proportional, Integral and Derivative control gains, re-
spectively.

R =k,N. +k; / Nedt + kg (3.11)

4. OPTIMIZATION

The system of differential equations for prime-mover (3.3), turbocharger (3.6),
inlet manifold (3.8) and exhaust manifold (3.10) can be written in the deter-
minant form to solve it for Ne using Cramer’s Rule, so that,

An,
N

A-N, = ANe = N, = (41)
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For most of the engines, inlet and exhaust manifold volumes are low and
thus neglected, so that, 7. and 7, are zero. Also when no supplementary air
is injected, Y is also zero. We finally get

(Tep+ ke) —ar 0 0

A= 0 ax (mp+k) -1

- as k'zn -1 0
-1 —Qy 0 kem

and

R—b0 L —a 0 0

An = bR ax (mp+k) -1

Ne = 0 kin ~1 0

—b4R — Q4 0 k'ex

where, p = %.
The expansion of determinants and their substitution into equation (4.1)
gives

2N, dn, dR dL
Te22—dt2 + Tel? + kesNe = TRE + krR — TLE — kL, (4.2)

where

Tes® = TeTihinkeas

Te1 = [Te(kinkea + a1) + Te(kinke + a1a3)|ker — Teay;
kes = kekew (kikin + a1) — a1 (1 — azkiker) — keay;
Tr = Tikinkez; Tr = Tikinkezb1;

kr = kex(ktkin + a1ba + a2) — byar — ay;

ki, = biker (kikin + a2) — aqb;.

Substituting for rack position, R from equation (3.11) and L = A; sin(wt)
in above equation the equation is solved for Ne by taking Laplace and the
inverse after due simplification, we get,

Ne=P+Q, (4.3)
where,
P = TLTAl [w(C — Aw?) cos(wt) Bw? sin(wt)
exp(—§wnt) . L V/(1-8)
+w(C — Aw?) [17—52 sin(w,\/1 — €2t — tan™" T)]
_ Buwn exp(—&wpt) sin(w, /1 — §2t)], (4.4)

e
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k‘LAl’LU
Af(wn? = w?)? + (26ww,)?]
w2 — w?
+ ————sin(wt) + 26w, exp(—E&w,t) cos(w, /1 — £2t)
w

2£2wn2 _ (an _ w2)

wWpy/1 — &2

and A = TRk'd — T822,B = TRk'p — Tel,C’ = TRkJi — kes,wn = \/C/A,
¢ =B/2V/AC.

In equation (4.3) the engine speed error N, is expressed in terms of the
controller parameters k,,k;, kg and time t. The Integral Squared Error of
engine speed is minimized using the FindM inimum command of the software
Mathematica after integrating N2 over the interval 0 to 5 seconds. i.e.,

Q= [ — 2w, cos(wt)

exp(—&wy,t) sin(w, /1 — f%)], (4.5)

5
G :/ N2dt = f(kp, ki, ka)- (4.6)
0

The function G is minimized to obtain the optimal controller parameters
kp, ki, and kq. After integrating N2 the resulting function G contains the
square roots of the following form

V/(—2.33671 + 2.84237k,)(—8.62166 + 2.84237k;),
\/ —2.33671 + 2.84237ky
—8.62166 + 2.84237k;’

- 0.25 - (53.5302 + 2.8437k,)>
(—2.33671 + 2.84237ky) (—8.62166 + 2.84237k;)”

The constraints are obtained from these roots for the function G to be
real. First two roots yielded the following constraints k; > 3.03326 and kg >
0.822099.

However from the third root, the quadratic condition is obtained. Thus the
range of k, is obtained for various values of k; and kg for which the function
is real. This exercise was done to know the values of realistic initial guesses.

From this exercise, initial guesses were tried as given in Tab. 1 and for
each set of initial guesses of kp, k; and kg optimal values are obtained using
Mathematica.

5. SIMULATION

The simulation was done for the turbo charged diesel engine. The marine
turbocharged, 6 cylinder engine model KTA-1150 C-600 of Kirloskar make has
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Table 1.

Initial Guesses and Optimal Parameters
Sr. Initial Guesses Optimal Controller Parameters  Function G
No. kp ki kd kp ki kd
1. 500 300 300 927.86 3.70 832.33 1.0710~17
2. 500 300 400  822.05 3.33 735.38  3.3910°'8
3. 600 300 600  845.15 3.05 756.29  2.321020
4. 700 300 800  963.39 3.09 864.43 7.310-20
5. 700 300 900 1033.32 3.47 928.71 2.3210~18
6. 700 300 1000 1118.80 4.00 1007.38  7.9710°18
7. 800 300 1000 1117.38 3.10 1005.22  6.3310—20
8. 800 300 950 1080.08 3.04 971.079 2.510—21
9. 8025 300 945 1076.96 3.04 968.22 5.1110—22
10. 900 300 1200 1288.71 3.09 1161.84  2.661020
11. 900 600 1200 1618.88  15.46 1482.92 1.510~16
12. 900 1100 1200 3052.89 18.5959 2781.92  1.6510~'7

been used for the simulation using MATLAB. Engine specifications are given
in Appendix-1. The steady state experimental data [11], have been used to
get torque T, as a function of rack position, inlet manifold pressure and engine
speed. At a given torque, the values of §7./0h, 0T, /0p;, 1. /0w are found
by forward difference method using the instantaneous working conditions of
h, pi, w. The values wog, hg, pio, Po are the steady state values. 073/0¢ is
assumed to be constant. It is assumed that compressor torque is equal to the
turbine torque at steady state conditions.

To calculate the model coefficients, the steady state values of some parame-
ters have been obtained from the engine data (torque-speed map, compressor
map etc) received from the manufacturer and from the experiments carried
out by [11].

Four basic equations derived for turbocharged diesel engine are used for this
simulation along with load equation and rack control equation (3.11). The
load equation used is L = A; sin(wt)

6. RESULTS AND DISCUSSION

1> 1Gims 1sa das=o

Figure 2. Speed Responses with Various sets of Optimized Parameters
obtained with different Initial Guesses
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Figure 3. Effect of Variation of k;, on the Speed Response
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Figure 4. Effect of Variation of k; on the Speed Response

The optimum controller parameters obtained are used to plot the speed re-
sponses. Since, different optimum sets of controller parameters were obtained
by varying initial guesses, it was necessary to select the best out of them
(Tab. 1). The speed responses were obtained with each set of the optimum
values. Fig. 2 shows speed responses with three characteristic sets. It is clear
from the figure that the optimum set 12 in Tab. 1 (3052.89, 18.5959, 2781.92)
gives the least speed fluctuations. Maximum fluctuation in the speed with this
set of controller parameters is found to be 0.85 10~*. Engine speed fluctuation
corresponds to this is 0.102 rpm.

This set of parameters is further used to study the effect of variation of con-
troller parameters on the speed response. Fig. 3 shows the effect of variation
of k, on the speed response. Parameter k, was varied in steps of hundred
and the effect was seen. It is found that the small change in &, has very little
effect. Decrease in &, from 3025.8 to 1500 has resulted in noticeable deviation
from the one with the optimum values. This deviation remained almost con-
stant with time except for first few seconds. Rise in &, to 5000 has reduced
steady state error.

Effect of variation of k; can be seen in Fig. 4. Increase in k; from its
optimum value of 18.59 to 500 has proved to have increased the error in speed.
The variation of k; with values in between 18.59 and 500 was also studied but
results with significant effect are only presented. It is also observed that the
steady state error increases continuously with the time. Decrease in k; from
18.59 to -500 has also resulted in increase in steady state error. Progressive
increase in steady state error with time can be observed in this case also.

Effect of variation of frequency of load on the speed response has also been
studied (see Fig. 5). The optimal controller parameters are used to plot the
speed responses for this study. The speed responses are plotted with three
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Figure 5. Effect of Variation of Load Frequency on Speed Response
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Figure 6. Comparison of Speed Responces by [8] with the Present Method

values of w viz, 0.667, 2x0.667 and 4x0.667. It is clear from the figure that the
increase of frequency reduces the magnitude of speed fluctuation. It indicates
that for the rapidly fluctuating loads same optimal parameters show better
response.

Results obtained have been compared with the earlier studies reported [8]
in Fig. 6 and Fig. 7. Reader is requested to note the scales used on y axis.
It is clear from the figure that the present method of optimizing the PID
controller parameters kp, k;, and kg4 resulted in about 100 times lesser speed
fluctuations as compared to the one obtained in [§], where the maximum
speed fluctuation is 10.8 rpm in comparison to 0.102 rpm in present study.

7. CONCLUSIONS

Based on the present study, it can be concluded that,

1. Present method of Integral Squared Error has resulted in much better op-
timization of k,, k; and k, values for minimum speed fluctuation of engine.
The maximum speed fluctuation with optimum k,, k; and k4 values is 0.102
rpm in comparison with 10.8 rpm in earlier study

2. Small changes in the value of k, and k; does not have significant effect on
the speed fluctuations.

3. Large increase in k, reduces the steady state error.

4. Reduction in k, increases the steady state error. The resulting steady state
error remains almost constant with time.

5. With increase or decrease in k; the steady state error continuously increases
with time.
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Figure 7. Comparison of Speed Responces by [8] with the Present Method

6. With increase in frequency the speed fluctuations decrease.

8. APPENDIX

8.1. Appendix 1 Engine Specifications

Parameter Discription
Model KTA-1150 C-600
Make Kirloskar
Turbocharger T 18 A

H.P. 600

Rated rpm 2100

No of cylinders 6

Bore(mm) 159

Stroke(mm) 159

8.2. Appendix 2 Data Used For Simulation

Thermodynamic Geometrical Ambient
Y= 1.4 Vin = 0.1 To =300
m = 0.7 Vegr = 0.075 Patm = 105
n. = 0.7 Je =275 R =29.6

cp = 1.004 Jy = 421073
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8.3. Appendix 3 Nomenclatures Used

F Stability factor
J Reduced moment of inertia, kg m?
me Rate of mass of air flow from compressor to intake manifold, kg/s
Meye Fuel supply per cylinder per cycle, kg/cyl./cyc.
Meee Rate of mass flow from engine into exhaust manifold, kg/s
Moy Rate of mass flow from turbine to atmosphere, kg/s
Mie Rate of mass of air flow from intake manifold
into engine, kg/s
my Rate of mass flow from exhaust manifold to turbine, kg/s
Ny Turbocharger speed error
Ny Polytropic constant of exhaust gas = 1.33
P, Ambient pressure, pa
Pez Pressure in the exhaust manifold, pa
P, Normalized exhaust manifold pressure variable
Pin Pressure in the intake manifold, pa
Py Normalized inlet manifold pressure variable
R Normalized rack position variable
T, Ambient temperature, ° K

T Torque, Nm

Tin Temperature in the intake manifold, K

Vin, Vew  Volume of the intake and exhaust manifolds, m?
p Exhaust gas density

Subscripts o, ¢, ¢, tes e, 1, in and ¢, denote subscripts used for steady state
values, turbine, compressor, turbocharger, engine, load, inlet manifold and
exhaust manifold, respectively.
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Dizelinio variklio PID reguliatoriaus optimizavimas
D.N. Malkhede, H.C. Dhariwal, M.C. Joshi

Dizeliniame variklyje reguliatorius turi palaikyti nustatyta apsisukimy skai¢iy prie jvairiy
apkrovimo salygy, taip, kad variklio apsisukimy skai¢ius nevirS§yty tam tikros ribos, prie
kurios variklis genda, arba uzgesta. Apsisukimy svyravimai sukelia vibracija, triukSma,
nusidévéjima, iplySimus ir padidéja suodziy kiekis. Todél pageidautina esant jvairioms
valdymo salygoms turéti minimalius apsisukimy skai¢iaus svyravimus. Daugelis eksplo-
tuojamy varikliy, nepaisant nurodyty trukumuy, naudoja paprasta mechaninj valdyma,
atsizvelgiantj tik ] proporcingus pokycius. Siame darbe turbokompresoriniam dizeliniam
varikliui, panaudojus Krutovo analizés metoda sudarytas modelis, kuriame optimizuojami
valdymo parametrai. Variklio apsisukimy skai¢iaus svyravumy minimizavimui naudojama
ju integralinés kvadratinés paklaidos analizé. Gauti parametrai panaudoti variklio reakcijai
i apsisukimy greitj nagrinéti. Rezultatai rodo zymy variklio apsisukimy skai¢iaus svyravimy
reguliavimo pagerinima.



