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Abstract: The work consists of the development of the clarified model of a gas-diesel device by taking into
account its design features and the influence of the turbo-supercharger. The analysis of the influence of the
turbine on the physical processes occurring in the gas-diesel device, on the basis of which positive feedback on
the torque on the shaft of the gas-diesel device is introduced, has been carried out. The process of parametric
optimization of the PID-controller of the gas-diesel device has been automated to ensure high performance of
the control quality in dynamic modes of its operation. As a result of modeling, oscillograms(records produced
by an oscillograph or oscilloscope.) of transients before and after optimization of the controller have been
obtained.
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I.  Introduction

Gas diesel engines (GD) are widely used for backup power supply systems, despite one of its major
drawbacks - the instability of speed at low loads and at idle mode. Analysis of the results obtained by many
scientists showed that the issues of ensuring the quality of electricity in autonomous electric power systems
(AEPS) become particularly relevant due to the constant increase in the number of different non-linear pulsed
loads. The problems of creating models for researching processes of control in AEPS, modeling emergency
situations, solving problems for optimization of the composition and predicting the operating modes of AEPS,
calculating the operating modes of power systems are widely studied in leading research centers, and described
in the works [1-3]. In work [1], an approach for modeling the processes of controlling electric power systems
has been proposed. However, modern methods of modeling distributed control systems with elements of
different physical nature (continuous control object and discrete controlling part), which include AEPS, are not
considered sufficiently. In works [2, 3], there have been proposed ways to reduce fuel consumption by diesel
devices, but it did not address the issue of ensuring the quality of electricity. In work [4], the authors developed
a method for optimizing the composition of diesel generator sets to improve the AEPS energy efficiency, but
they did not address the issues of ensuring high-quality control of individual power units to improve the quality
of electricity. Existing models of diesel units [5-7], which could be used to optimize the speed controller,
contain a number of assumptions and simplifications, such as the absence of a turbo-supercharger and feedback
that takes into account the effect of turbocharging on the operation of the gas-diesel device. In other words,
these models do not fully reflect those physical processes and phenomena that occur in real gas-diesel devices in
dynamic operating modes that does not allow such models to be used to address the issues of parametric
optimization of the speed controller. In work [8], ways of reducing the magnitude of fluctuations in the speed of
a gas-diesel device were proposed, but the results obtained refer to the static mode of operation of a power plant
with a constant load. However, on the whole, this problem remained unsolved, which makes it difficult to ensure
the parallel operation of several gas-diesel generating devices (GDGD). In this regard, the vital task is to
develop a clarified dynamic model of the gas-diesel device and parametric optimization of the speed of the gas-
diesel device.

Il. Problem Formulation
Is to clarify the dynamic model of a gas engine taking into account the influence of a turbo-
supercharger, identify significant nonlinearities leading to instability of speed and develop and solve the
problem of parametric optimization of the speed controller to reduce the over-controlling value and the time of
the transition process, and as a result, ensure the stability of the frequency of the voltage in the autonomous
electric power system.
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I11. Material And Methods
The Fig.1 shows a functional diagram of a gas diesel device (GD), taking into account the interrelation of

elements.
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Fig. 1. Functional diagram of gas diesel device

The airflow through the air filter 1 is fed to the mixer 2 to which gas is supplied via gas pipes 2a and
2b. The main flow of gas is supplied through pipe 2a, and the gas required for maintaining idle mode is supplied
through pipe 2b. After the mixer, the gas-air mixture is withdrawn by a turbo-supercharger 3, from the output of
which the mixture is fed through the cooler 4 and the adjustable valve 5 to the engine cylinder block 7. The
turbo-supercharger is powered by the exhaust gases that enter it through the outlet pipe 7a.

The valve is controlled by a DC motor 6, and the latter is controlled through a pulse-width controller
from a signal of PID-controller 8, made using microprocessor technology. As a speed sensor, a Hall sensor 9 is

used, which generates 240 pulses per round of the flywheel. The beginning of each round is fixed by the Hall
sensor.
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Fig. 2. Structure diagram of gas diesel device

In accordance with the description of the work of the GDGD, Fig. 2 shows a structure diagram showing
the peculiarity of the work of the GD both in statics and in dynamics. The PID controller conventionally
represents by the transfer function WPID. It forms the amplitude frequency curve of the single-loop closed
system. The engine controlling the valve together with the valve itself is presented in the form of the aperiodic
link of the first order.
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The input parameter of the link is the signal from the output of the PID controller, and the output
parameter is the volume of the gas-air mixture Qq. Actually, GD is represented in the form of two links.
Amplifying link kp, representing the conversion of the flow of the gas-air mixture (the volume of the gas-air
mixture per unit time) at the time on the shaft M and the inertial link of the first order.
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The link is established the interrelations between the rounds on the shaft and the magnitude of the
torque. The parameter D which is a coefficient taking into account the self-regulating properties of the primary
engine, according to a number of references [5, 6], varies in the interval (0.4-1); T is the equivalent time
constant of the engine, which takes into account the inertia of the centrifugal masses of the engine itself and the
generator rotor.

The gas-air mixture Qq, which is formed by mixing the airflow with the gas, flows through the turbo-
supercharger and the cooler, through the valve to the engine input. It is characterized by the speed of movement
V. and calorific value g. During the T¢ cycle, the engine consumes the volume of the gas-air mixture Q.:

Q. =V,.-S-T;
3)

where S is the cross section of the pipeline through which the gas-air mixture moves.
Thus, for the cycle of work, the energy Ec is supplied to the engine:

E.=Q.00, @
The energy delivered by the engine to the load E, is related to the supplied E through the efficiency factor n.
Ecn = EL . (5)
From the other side

E. =P T.=M-Q-T.

where M is the torque on the engine shaft; Q — rounds of the engine shaft.

Thus, using (3) — (6) we find:

VC.S.q.nz.M.Q (7)

or, given that the load of gas engines is synchronous generators, which must have a stable frequency of rotation
Qn(rated rotor speed of the generator rotor), we find:

M _ Sqnvc :kD'Qc
Qn (8)
q-n

(6)

Q -T. . _
where i — engine conversion factor.
The volume of gas supplied is determined by the cross-section of the pipeline tRP2 (RP is the radius of the
pipeline) taking into account the angle of the air valve 0 relative to the closed state, as well as the speed of its
flow:

Q, =Q-[7R; (1-cos0)]

(9)
where Q is the maximum possible volume of the gas-air mixture per cycle of the engine work.
Thus, the air valve performs non-linear conversion of the opening angle into the volume of the gas-air mixture.
Linearizing (9) in the vicinity of the working point we find:

oQ 0Q
AQ, = =t AQ,, + —CAf
oQ T o0 | 10)
0 _ aR?Z (1-cos6)
Q , (11)
oQ , .
¢ =Q, -R2sing
50 Q, - 7R; sin | W
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Since the system of stabilization of rounds of the GD Qn is static, then the PID controller in existing
systems is usually adjusted so that at loads close to nominal (M= (0.7 + 1) Mn), the static error AQ does not go
beyond the approved standard limits. Therefore, the PID controller provides the classic desired log-magnitude
curve, which is shown in Fig. 3 (line 1).
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Fig. 3. Desired log-magnitude curve

This leads to the fact that when unloading the engine, ki decreases, and the desired log-magnitude
curve is shifted in level, and in idle mode it goes into an unstable mode (Fig. 3, line 2) In addition, the time
constant TE/D with decreasing load will decrease, which will lead to an increase in the conjugation frequency
oE (cutoff frequency, at which a change in the slope of the amplitude-frequency characteristic of the diesel
engine occurs) and a decrease in the interval with an inclination of 40 dB / dec.

The result of the analysis of the properties of a gas diesel device was the compilation of a dynamic
model of the GD, implemented in the Matlab-Simulink system (Fig. 4). This model includes the engine itself,
the fuel supply system, feedback per shaft rounds, and feedback per power (turbo-charging), the load on the gas-
diesel shaft, the sequential correction device, and power meters on the gas-diesel output.

Fig. 4. Dynamic model of the gas diesel device

Gas diesel is presented in the form of a transmission coefficient kp and an aperiodic link, which takes
into account the inertial properties of the centrifugal masses of both the engine itself and the generator rotor
attached to it (mass). The rounds sensor has been represented as an aperiodic linked since the binary counter-
cyclically performs integrating properties - counting the number of pulses per round of the flywheel. The time
constant of such link is determined by the number of pulses per round and the frequency of rotation of the
flywheel. This is a fairly high-frequency link and its effect on the dynamics of the engine can be ignored.

The volume of gas at the output of the gas diesel device is changed by the throttle valve. The
dependence of the volume of fuel entering the gas-diesel device on the angle of inclination of the throttle valve
is a non-linear relationship. The implementation of this nonlinear element (NON-linear element) is shown in
Fig. 5.
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Fig. 5. Implementation of non-linear element

The model also takes into account one design feature of gas diesel. It consists in the fact that after the
air valve the gas-air mixture moves along a sufficiently long pipe to the engine cylinders. In different engines,
the mixture is supplied to the cylinders according to different schemes. However, in most cases, the valve is
located at one end of the suction pipe and, naturally, the mixture is fed into different cylinders with a different
delay. Such a delay can be taken into account either by a link with a pure delay or by an aperiodic link with a
time constant equal to the average delay in supplying the mixture to the cylinders.

In the model shown in Fig. 4, the turbocharger is represented by positive feedback, which contains a
switch (Switch3) activating this module in high power mode and an aperiodic link (Turbo) that takes into
account the inertial properties of the turbine. In general, the model is shown in Fig. 4 is a stabilizing system,
since its main task is to bring the shaft speed to the value specified at the input of the control system
(W_nom( the required value of the rotor speed of the diesel engine)) [1, 2]. The whole system is covered by the
main feedback. The signal from the system output goes to the main adder unit, where it is subtracted from the
constant indicating the required shaft rotation frequency, and generates an error signal, which the control system
fulfills.

The control system is a serial correction device (Serial correction) and an actuator (Actuator) which is
the actuation device that rotates the throttle valve. The system takes into account the fact that at idle mode gas-
diesel consumes a small volume of fuel, and the throttle valve is turned at any small initial angle (teta0), and the
maximum angle of rotation of the valve can be 90° (tetal), switched by the Switch2 [3].

In the gas diesel model shown in Fig. 4, the k, and Load modules reduce the system gain ratio, and by
changing this coefficient we simulate the presence of load on the gas-diesel output. During the simulation, the
load is supplied not instantly, but sometime after the system starts working. The time is measured by the clock
unit; the load connection time is specified in the Switchl parameters.

One of the main objectives of the study is to choose a method for stabilizing the rounds of the gas
engine. Most often in solving the problems of automation proportional-integral-differential (PID) control is
used. With PID control, the control signal depends on the difference between the measured parameter and the
specified value, on the integral, on the difference, and on the rate of change of the parameters. As a result, the
PID controller ensures the state of the actuator (intermediate between on or off), at which the measured
parameter is equal to the specified one. As the state of the actuator is stabilized, the accuracy of maintaining a
parameter in the system is increased by ten folds. Thus, this law of control ensures accuracy.

The PID controller coefficients of the gas engine model are adjusted using the Ziegler-Nichols method.
The calculation of the optimal parameters of the PID controller occurs automatically by the formula method,
depending on the control object and the selected optimality criterion. In order to choose the PID controller
coefficients, you can use various methods of the theory of nonlinear systems or mathematical modeling. For the
dynamic optimization of control systems during their simulation, the nonlinear control design (NCD) software
package for building nonlinear control systems, which is part of the Block Sets Simulink toolkit, is used. The
NCD Block set / Simulink package provides the possibility to implement a dynamic optimization method using
the special NCD Output tool, which automatically adjusts system control parameters based on user-defined
limits. The capabilities of NCD Output allow you to optimize model parameters and values of the control
variables without directly analytically solving a system of differential equations using one of the built-in
methods for finding the extremum of nonlinear functions of many variables: fminsearch( MatLab function that
finds minimum of unconstrained multivariable function using derivative-free method), pattern search(MatLab
function that finds minimum of function using pattern search), fmincon (MatLab function that finds minimum of
constrained nonlinear multivariable function).

At the given structure of the control object and the known uncertainties of its parameters, it is necessary
to find the values of the coefficients K,,, K; and K, of the controller. The values of the coefficients K, K; and Ky
of the controller are selected in accordance with the Ziegler-Nichols method, which is intended for the optimal
tuning of the PID controllers. Fig. 6 presents the results of the simulation of the GD work before and after
optimization.
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Fig. 6. Transients in the system before and after optimization of the controller parameters
Fig. 7 shows the result of optimizing the PID controller coefficients.
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Fig. 7. Result of controller parametric optimization

The result of the work to optimize the PID controller coefficients is to derive the dependence of these
coefficients on the power of the load on the engine shaft. The disadvantage of the proposed approach is the need
for preliminary tests to obtain the values of the coefficients, which are later used to correct the PID controller.
The values of these coefficients are dependent on the parameters of the model, which in practice is explained by
the characteristic features of a single gas engine.

IV. Conclusion

As a result of the study, a clarified model of a gas-diesel device was obtained. The problem of
parametric optimization of the gas-diesel device speed controller has been solved, which has made it possible to
minimize the value of over controlling and the duration of the transition process in the dynamic modes of
operation of the power unit.

It was established that a gas engine with an air valve has significant non-linearity’s that should be
considered when choosing the parameters of the controller. The linearization within certain limits of some non-
linearity’s of the system allows us to avoid complex and resource consuming calculations in modeling.

Given that the nonlinearities indicated in the article affect not only the contour gain ratio, but also time
constants that have a dominant effect on the stability of the system as a whole, it is necessary to rebuild all the
PID controller coefficients with the load power changes. At the same time, the nature of the change in the PID
regulator coefficients should depend on the choice of criteria for optimizing the operation of a gas-diesel device
in dynamic modes.
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