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	 Diesel generator sets (DGU) are very widely used  in autonomous power supply sys-
tems.  An example is marine power plants, diesel locomotives with electric power trans-
mission, uninterruptible power supply units, etc. The power of ship DGUs reaches 2–6 or 
more MW in one unit. The number of units on ships can be different, but, as a rule, at least 
two. In this paper, we propose a method of monitoring the dynamic electromechanical system 
“diesel synchronous generator”. The method aims at using a synchronous generator machine 
as a multifunctional accurate and sensitive sensor for diagnostic parameters of the electrome-
chanical system. The proposed method of technical diagnostics is based on continuous moni-
toring of non-uniformity of diesel torque, fluctuations in the instantaneous angular velocity 
and instantaneous angular acceleration of the diesel crankshaft. These data are the results of a 
spectral analysis of stator currents and voltages of a synchronous generator.

Keywords: acceleration, angular velocity, diagnostics, diesel, generator, spectrum, stator 
current, voltage,.

1. INTRODUCTION

Currently, there are a lot of autonomous 
DGUs operating in transport (river and sea 
vessels, drilling platforms, diesel locomo-
tives with electric power transmission, 

etc.), uninterruptible power supply units 
and emergency units, the normal function-
ing of which  depends on people’s lives, 
economic efficiency and environmental 
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protection. These diesel generator sets are 
not connected to an industrial centralized 
power supply network. In this regard, it is 
very important to maintain the diesel gen-
erator set in a normal, technical condition, 
in accordance with the given parameters. A 
decisive role is played by timely technical 
diagnostics, which can timely prevent the 
development of emergency situations.  It 
can convert sudden failures into a gradual 
discharge, determine the residual motor 
resource of the unit. For example, the issues 
of monitoring and diagnosing of diesel 
plant are discussed in detail [1]–[5] and die-
sel generator sets with synchronous genera-
tors are considered in [6], [7], [14], [15]. A 
significant part of the works  [8]–[12] 
describes the application of vibration diag-
nostics methods. Along with the advantages 
of this method, there are some disadvan-
tages. For example, access to the necessary 
components and assemblies is not always 
available; highly qualified personnel are 
required. Not all mechanisms and units are 
prepared at the factory for vibrodiagnostics.

The proposed version of technical diag-
nostics for monitoring the spectral energy 
composition of stator currents and voltages 
of a synchronous generator allows for diag-
nostics of both a synchronous generator 
and a diesel engine. The article proposes a 
method for the technical diagnosis of die-
sel power plants, in which the spectral and 
energy characteristics of higher harmonics 
of the output voltage and current are used as 
diagnostic parameters. The fundamentals of 
this method were presented by the authors 
in articles  [8]–[11].  It became  possible in 
connection with the rapid development of 
measuring, storage and processing of infor-
mation, including microprocessor technol-
ogy. Previously, such an analysis was car-
ried out most often up to 5–7 harmonics of 
voltage and current.  Harmonics of higher 
orders in view of their insignificant size 

and measurement difficulties were usually 
not considered. The advent of modern high-
speed multi-bit analogue-to-digital convert-
ers (ADCs) makes it possible to measure 
the spectral energy characteristics of higher 
order harmonics up to 11 ... 15th with an 
amplitude of 2 % ... 0.2 % of the amplitude 
of the fundamental harmonic.  The use of 
mathematical methods makes it possible to 
identify the place and cause of their occur-
rence. Thus, the spectral energy character-
istics of higher harmonics can be taken as 
diagnostic parameters.  Comparison of the 
parameters of higher harmonics with  ref-
erence values ​​can significantly expand the 
capabilities of technical diagnostic sys-
tems. The unevenness of the torque, instan-
taneous fluctuations in the angular velocity 
and instantaneous angular frequency lead to 
a change in the parameters of the electro-
magnetic process in the generator, changes 
in the nature of the interaction of the rotor 
and stator of the generator. In this case, the 
spectral composition of the output currents 
and voltages changes.  Higher harmonic 
components are the product of the electro-
magnetic interaction of the rotor and stator 
of an electric machine. The nature of this 
interaction depends not only on the param-
eters of the electric machine, but also on 
the mechanical characteristics of the drive 
motor – its instantaneous angular frequency 
of rotation and instantaneous angular accel-
eration.  These parameters characterise the 
technical condition of the drive motor. Such 
measurements have their own specifics and, 
in terms of accuracy, are, in fact, laboratory 
measurements.

 The uneven torque, instantaneous 
oscillation angular velocity and the angular 
frequency lead to a change  in electromag-
netic flow process parameters in the gen-
erator, the changing nature of interaction 
of the rotor and stator of the generator.  In 
this case, the spectral composition of the 
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output currents and voltages changes. The 
present article proposes a method of techni-
cal diagnostics based on continuous moni-
toring of non-uniformity of diesel torque, 
fluctuations in instantaneous angular veloc-
ity and angular acceleration for one or two 
revolutions of the diesel crankshaft.  The 
data obtained are compared either with ref-
erence values ​​or with values ​​obtained as a 
result of mathematical modelling.  Devia-
tions of the parameters of these irregulari-
ties from the reference characterise the state 
of the cylinder-piston group (CPG) of the 
diesel engine and the quality of the work-
ing process in its cylinders. The second fea-
ture of this method is the use of a standard 
generator of a diesel-electric installation 
as a multifunctional sensor.  It is possible 
to diagnose by the balance of the instanta-
neous power of the diesel engine and the 
generator — to determine the instantaneous 
power of the diesel engine, to compare it 
with the reference values ​​corresponding 
to the given position of the rail of the fuel 
pump depending on the generator load. The 
unevenness of the torque, fluctuations in 
the angular velocity and angular accelera-
tion of the diesel crankshaft are due to both 
the specifics of the flow of the working pro-
cess and its quality in its cylinders, and the 
specifics of converting the reciprocating 
motion of the piston into a rotary motion of 
the crankshaft. The proposed method refers 
to non-destructive testing methods, most 
often it does not require a long shutdown 
of equipment and is performed in real-life 
conditions.  Connection to the generator 

output terminals is made either on the gen-
erator itself or on its control panel.  

For technical diagnostics, it is required 
to install a top dead centre sensor (TDC) 
and an instantaneous angular velocity sen-
sor in the diesel flywheel area. TDC sensor 
signals can also be obtained from the elec-
tronic control system of the diesel generator 
itself. In most cases, the DGU control sys-
tem does not determine the instantaneous 
angular velocity.  Usually it is considered 
as the transit time of the TDC of the first 
cylinder for a certain period of time. How-
ever, the instantaneous angular velocity and 
instantaneous angular acceleration, even in 
multi-cylinder diesel engines, are not con-
stant for one revolution of the crankshaft. It 
is the oscillations of the instantaneous angu-
lar velocity of rotation and angular instan-
taneous acceleration that are the diagnostic 
parameters adopted in this method. Know-
ing the number of engine cylinders and 
the order of their operation, it is possible 
to accurately determine in which cylinder 
the fuel combustion process is damaged, to 
identify defects in the generator bearings, 
braking of the generator rotor and engine 
crankshaft due to partial windings (distor-
tion of the magnetic field in the generator air 
gap), etc. The instantaneous angular veloc-
ity sensor can be installed against the teeth 
of the gearwheel of the engine flywheel or 
the teeth of the gear shaft mechanism on 
ships. Installing voltage sensors and current 
sensors is not complicated. Often, one can 
use existing sensors in the existing control 
circuit of the diesel generator set.

2. MATHEMATICAL MODEL OF THE SYSTEM  
DIESEL ENGINE GENERATOR

The equation of motion of a diesel gen-
erator in general form can be written as 

follows (the basic equation of the electric 
drive):
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  (1)

where  – the torque formed by the synchronous generator (SG); 
Td – rms value of the rotational torque of diesel;
Jd – the moment of inertia of diesel reduced to the crank shaft; 
Jgen – the moment of inertia of generator;
ωgen (t) – angular velocity of diesel generator;
kmgen – the constructive constant of the generator;
Φ gen – magnetic flux of generator.

3. MATHEMATICAL MODEL OF DIESEL

In this case, the model  [6],  [17],  [18] 
with the corresponding changes  can be 
taken as the basis of the mathematical (dif-
ferential) model of a diesel engine with 
gas turbine supercharging. The basis of the 

mathematical model is a system of differen-
tial equations of the mass and energy bal-
ance of the working fluid and the equation 
of state. In general, the mathematical model 
can be represented as follows: 

 	  (2)

where  Jk  – moment of inertia of the compressor; 
Tt – turbine torque, Tt= Tt(ω, ωk, B); 
Tk – moment of resistance of the compressor, Tk=Tk (Q, ωk);  
Ti – indicator torque of the diesel;  
Tp – moment of diesel loss;   
Tgen – braking torque on the diesel shaft from the generator (load moment);
ωk – angular velocity of the rotor of the turbo compressor;
ω – angular velocity of the crankshaft of the diesel engine (generator shaft);
ɛ – deviation of the angular velocity of the crankshaft;
V i.m – intake manifold volume;
Ve.m – exhaust manifold volume;
R в – gas constant of charge air;
R g – gas constant of the exhaust gases;
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Tk
0 – temperature of the charge air;

Tg
0 – temperature of the exhaust gases; 

Gk – air flow through the compressor of the turbocharger; 
Gd – air flow through the engine; 
Gg – exhaust gas flow through the engine; 
Gt – flow rate of exhaust gases through the turbine of the turbocharger.

Fig. 1. Block diagram of a diesel generator set.

1 – diesel; 2 – synchronous  generator; 
3 – diesel intake manifold; 4 – intermediate 
air cooler; 5 – compressor; 6 – turbocharger 
shaft; 7 – gas turbine; 8 – exhaust manifold; 
gair – cyclic dose of air; gf – cyclic fuel sup-
ply; g – cyclic dose of exhaust gases.

The deviation of the angular velocity of 
the diesel crankshaft (SG rotor) ε:  

ɛ = ωmax - ωmin= Aω.	  (3)

It characterises the uneven flow of the 
working process along the cylinders of 
the diesel engine.  It is determined by the 
technical condition of the fuel equipment, 
piston group, crank mechanism, valve sys-
tem of the gas distribution mechanism.  It 
causes oscillations of the angle Θ of the 
magnetic flux vector of the synchronous 
generator. The unevenness of the instanta-
neous angular velocity of the crankshaft of 
the diesel shaft of the synchronous genera-
tor (i.e., the angle Θ) leads to a significant 
distortion in the spectral composition of the 
voltage and current of the generator. There-

fore, the spectral composition of voltage 
and current can be a diagnostic parameter 
of both the generator itself and the primary 
diesel engine.

Coefficient of  intra-cycle non-unifor-
mity of change in angular velocity δ:

δ=( ωmax-ωmin)/ωmiddl.	  (4)

This coefficient is an integral indicator 
of the efficiency of an internal combustion 
engine (ICE).

When determining the indicator torque 
of a diesel engine Ti , the coefficient of tech-
nical condition K1  , which depends on the 
quality of the fuel system and the cylinder-
piston group of the diesel engine, should be 
taken into account:

Ti= Ti  (B, hi, ω, t, K1),	  (5)

where:
t – the operating time; 	
hi – the  position of the high-pressure fuel 
pump rail;
B – determines the amount of fuel (hourly 
consumption) entering the diesel cylin-
ders.  It is determined by the position h of 
the  rail of the high-pressure fuel pump.  It 
characterises the current technical condi-
tion of the fuel equipment.

With regard to  Tp – the torque of die-
sel losses, the coefficient K2   must be taken 
into account;  it characterises losses due to 
pumping strokes, ventilation losses, friction 
losses in moving parts of a diesel engine:
Tp= Tp (ω, K2).
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These coefficients determine the uni-
formity of power distribution across the 
cylinders and characterise the unevenness 
of the instantaneous angular velocity of the 
crankshaft (and, therefore, the synchronous 
generator shaft), the deviation of the angu-
lar velocity of the crankshaft ɛ: 

ɛ= ɛ (ɛ, К1, К2).

The effective torque Td of the  diesel 

engine is pulsating due to outbreaks of fuel 
in the engine cylinders. It also causes devia-
tion ɛ of the angular velocity of the crank-
shaft of the  diesel engine and oscillations 
of the angle Θ of the synchronous genera-
tor  [16]. Therefore, it is obvious that the 
fluctuation of the angle Θ depends on the 
generator load current, the current and the 
instantaneous angular velocity of the  die-
sel crankshaft.

4. MATHEMATICAL MODEL OF SYNCHRONOUS GENERATOR

The basis for the SG mathematical 
model is the system of equations for volt-
ages in phase coordinates [19]–[21]. The 
basis for the mathematical model of syn-
chronous generator is the system of Park-
Goreva equations. As a high level of har-
monics exists, the transient and emergency 
regimes are necessary to be investigated. 
Its mathematical model is reasonable to be 
realised in phase frame for stator and in d-q 
frame for rotor. The voltage equations for 
the phase values are for all phases of the 
stator winding (A, B, C) and for the phases 
of the reduced three-phase circuits of rotor 
(f – the circuit of the excitation winding,  
D – circuits of the damping winding along 
the axes d and q) (Fig. 2).

Fig. 2. Coordinate system of windings of the 
synchronous silent-pole generator.

	  (6)

where U(t) – the voltage of the circuit wind-
ings (A, B, C);
R – resistance of the circuit windings;
i (t) – current in the circuit windings;
ψ (t) – flux linkage of the circuit windings.

System (6) is fulfilled with the last equa-
tion of the motion of diesel generator (1).   

The flux linkages are expressed by 
means of the currents of stator phases, the 
currents of the rotor phases and correspon-
dent inductances. For example, the flux 
linkage of the stator A phase is:

	  (7)

where L – the self-inductances of the 
machine windings;
M – the mutual inductances of the machine 
windings. 
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The flux linkages of B, C, f, Dd, and Dq 
phases are similar.

In accordance with the reciprocity 
principle and assuming that steel has an 
infinitively high magnetic permeability 
the mutual inductances are equal. The con-
stant inductances are those inductances 
the configuration of magnetic system of 
which stays constant at any position of the 
rotor. These are the inductances of all cir-
cuits of the rotor and mutual inductances 
between the rotor circuits. The rest induc-
tances and mutual inductances are changed 
in accordance with the position of the rotor 
in space. Thus, the mutual winding induc-
tances of the synchronous silent-pole gen-
erator are the periodic functions of the rotor 
rotation angle θ.  They are the harmonic 
time functions that should be notably taken 
into account while investigating transient 
processes.

 (8)

The electromagnetic torque of the syn-
chronous machine can be calculated as fol-
lows:

  (9)

For a reliable diagnosis of the current 
state of the D-SG electromechanical system, 
the required measurement accuracy should 
be at least 0.50  ... 1.00  from the angle of 
rotation θ of the engine crankshaft, and the 
angular velocity measurement accuracy ω 
should be at least 0.01 rad/s. The frequency 
resolution for spectral analysis should be at 
least 0.01 ... 0.02 Hz. To exclude random 
errors, measurements are carried out for at 
least 200 ... 300 revolutions of the crank-
shaft.

Fig. 3. The dependence of the 
angular instantaneous velocity ω on the angle of 

rotation ϕ (θ) of the crankshaft:

1 – with the same work processes in the engine 
cylinders;     

2 – with an early flash and an excessive portion of 
fuel in one of the cylinders;     

3 – with a late outbreak and a small portion of fuel in 
one of the cylinders.     

 The sensors of the top dead centre of the 
first cylinder and the instantaneous angular 
frequency of rotation are of the frequency 
type, based on a blocking generator. On the 
diesel flywheel at the TDC mark, a magnetic 
pin for the TDC sensor is mounted.  The 
sensor of  instantaneous  angular rotation 
frequency (ARF) is placed above the teeth 
of the ring gear of the diesel flywheel. The 
number of teeth on the  crown of this die-
sel model is 72, i.e., they are located every 
50  degrees of the angle of rotation of the 
diesel crankshaft (SG rotor).  Pulses from 
the ARF sensor go to the counter. At the 
other input of the counter, filling pulses 
from a quartz clock generator (5 MHz) are 
received. Every 50 of the angle of rotation 
of the crankshaft, the counter is reset.  In 
this case, the error in measuring the instan-
taneous angular speed  is not accumulated, 
and  there are no  averaging  readings  per 
revolution of engine crankshaft.  Instant 
angular acceleration is  recalculated  for 
every 50 of the rotation angle of the diesel 
crankshaft. This method allows accurately 
determining which cylinder causes changes 
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in the instantaneous angular velocity and 
instantaneous angular acceleration.  The 
number of diesel cylinders and the order of 
their operation is known in advance.

Figure 4 demonstrates a structural dia-
gram of the diagnostics of a diesel generator 
set with a synchronous generator as a diag-
nostic sensor.

1 – diesel engine (DE); 2 – fuel pump of 
a high pressure – injection pump (IP); 3 – 
proportional-integral-differential controller 
(PID); 4 – angular velocity sensor; 5 –  volt-
age and power regulator of a synchronous 
generator (PID); 6 – synchronous generator 
(SG); 7 – voltage sensor; 8 – current sen-
sor;  9 – frequency sensor;  10 – synchro-
nous generator output;  11 – electric drive 
rail IP – step electric motor;  12  – diesel 
flywheel; 13 –  TDC sensor of the first cyl-
inder;  14 – diesel engine crankshaft angle 
sensor; 15 – microcontroller; 16 – spectrum 
analyser.

 

Fig. 4. Block diagram of a diagnostic system of a 
diesel generator set.

	 The output parameters of die-
sel engine 1 is effective torque Td and the 
angular velocity ω. The disturbing effect is 
the torque of resistance Tgen of the synchro-
nous generator. The control action for the 
diesel engine is the  h-rail of the injection 
pump. The control action for the SG is the 
excitation voltage, the input action (signal) 
is the effective torque Td and the angular fre-
quency ω of the diesel engine. The disturb-
ing effect of the SG is the stator phase current 
and stator voltage. The SG output param-

eters – current, voltage and frequency – 
are controlled by sensors 7, 8, 9. Information 
from them is fed to the voltage and power 
regulator 5. Regulator 5 controls the excita-
tion voltage of the SG. In controller 5, the 
active component P of the SG power is cal-
culated, according to which PID 3 regulates 
the fuel supply to the diesel cylinders using 
electric drive 11 of injection pump rail 2. 
Therefore, the fluctuations in the angle Θ of 
the magnetic flux vector of the synchronous 
generator are caused not only by a change 
in the output stator currents, but also by an 
uneven rotation of the diesel crankshaft.

To carry out a spectral analysis of out-
put voltages and currents, there is a com-
puter with the appropriate software (spec-
trum analyser) 16. The primary processing 
of information from TDC 13 frequency sen-
sors and the rotation angle θ of the diesel 
crankshaft is carried out in microcontroller 
15. The signal from it is transmitted to com-
puter (spectrum analyser) 16. Therefore, the 
resulting spectrum of SG currents and volt-
ages turns out to be tied to the angle of rota-
tion of the diesel crankshaft. Knowing the 
order of operation of the diesel cylinders, it 
is possible to judge the technical condition 
of the cylinder-piston group, fuel equipment 
and gas distribution mechanism of each cyl-
inder by the appearance of new harmonics 
and changes in the old ones. When conduct-
ing a spectral analysis of stator currents and 
SG voltages, first of all, it is necessary to 
take into account the energy–time parame-
ters of the so-called characteristic frequen-
cies. Characteristic frequencies are frequen-
cies that are generated by various defects in 
the SG-D electromechanical system.  For 
example, the four characteristic frequencies 
for bearings (the speed of rolling elements 
along the treadmills of the outer and inner 
rings of the bearing, the speed of the cage 
and the natural frequency of rotation of 
the bodies of rotation) are the frequencies 
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that occur during the operation of the crank 
mechanism of a diesel engine, the frequen-
cies that occur in case of misalignment and 
kink of the axes, violation of the gas dis-
tribution mechanism, non-symmetry of the 
electric load of the SG, etc.

It should be borne in mind that when 
working in an autonomous shipboard net-

work of a synchronous generator, a load of 
the type of an asynchronous electric motor 
with semiconductor converters (frequency 
converters, etc.) may cause additional har-
monics, which will require an additional 
analysis of the current and voltage spectra.

5. RESULTS OF CALCULATIONS

The results of the presented mathe-
matical apparatus, equations (1, 2, 7, 8, 9), 
were analysed on the basis of mathemati-
cal modelling of the diesel generator model 
in the  MATLAB  Simulink software. In 
order to simplify the modelling process, we 
will present it in the form of seven stages 
(blocks).
1.	 The first block models variable coeffi-

cients L, M in equations (7, 8) to deter-
mine flux linkage.      

2.	 The second unit simulates the flux val-
ues obtained on the basis of the coef-
ficient values L, M.      

3.	 The third block simulates the voltage 
of the stator windings according to the 

equations of the system (6).      
4.	 The fourth block simulates the voltage 

of the rotor windings according to the 
equations of the system (6).      

5.	 The fifth block simulates the system of 
equations of a synchronous generator 
(6).      

6.	 The sixth block simulates the diesel 
equations (2).      

7.	 The seventh block simulates the diesel 
generator system according to the equa-
tion of motion (1).      

Results of calculations and further anal-
ysis of the spectrum of voltage harmonics 
are presented on the spectrogram (Fig. 5).

Fig. 5. The spectrogram of the analysis of the model of the diesel generator set. 
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Fig. 6.  Experimentally taken from the spectrogram of the stator current of the generator at active load.

In Fig. 6, the appearance of the 7th har-
monic (350 Hz) and the 9th harmonic (450 
Hz) is clearly visible. The amplitude of the 
fundamental harmonic at 50 Hz is taken as a 
conventional unit. The appearance of these 
harmonics indicates an uneven air gap in 

the bore of the generator stator. Uneven air 
gap can be caused by unsatisfactory techni-
cal condition of the generator bearings and, 
as a result, skew of the rotor in the bore of 
the generator stator.

6. CONCLUSIONS

1.	 Analysing the received electric para-
meters of non-uniformity of the rotat-
ing moment, angular velocity, angular 
acceleration and spectral power struc-
ture of output currents and pressure and 
comparing them with reference values, 
it is possible to evaluate an actual con-
dition of systems and units – both the 
piston machine  and the synchronous 
machine. 

2.	 The most effective technical diagnostics 
of electric machines and units mechani-
cally connected to them is carried out in 
transitive modes.

3.	 The change in the previous harmonics 
parameters and the appearance of new 

ones clearly demonstrate emerging 
defects in the “engine synchronous  
generator” system.

4.	 The use of the synchronous machine 
in a diesel engine generating and com-
pressor installations as a multipurpose 
diagnostic sensor is presented. Analys-
ing the received electric parameters of 
non-uniformity of the rotating torque, 
angular velocity, angular acceleration 
and spectral power structure of output 
currents and pressure, as well as com-
paring them with reference values, it is 
possible to estimate an actual condition 
of systems and units – both the piston 
machine and the synchronous machine. 
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