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Abstract: For the safety of the supply, diesel generator (DG) sets are used in various stand-alone
power systems using variable-speed generators. The stand-alone hybrid grid system presented in this
article, with a wind generator and a diesel generator, but also the system of a ship’s network, serves as
an example. To ensure the safety of the ship’s exploitation, the parallel operation of two stand-alone
power supplies is required. In parallel operation with the required symmetrical active power load
(regardless of the load size), the internal combustion engine of the DG set is often underloaded.
This leads to deterioration of its technical properties and, consequently, to a negative impact on the
environment. This article presents an analysis of the stand-alone hybrid power system of a ship’s
grid consisting of a DG with a speed and voltage regulator and a shaft generator of variable speed—a
permanent magnet synchronous generator (PMSG). The possibility of controlling the active and
reactive power distribution between the DG and shaft generator (SG) was also studied. Control over
the mechatronic SG–DG system limits the harmful influence of the DG on the environment and, most
of all, improves the technical qualities of the engine of the DG system, which is often underloaded.
Analytic studies of the system were performed, and simulation results of the mechatronic model
are presented.

Keywords: stand-alone hybrid power system; active and reactive power control; power system
simulation; wet stacking

1. Introduction

Hybrid power systems are used in modern power-generating ship grids. They are also widely
used in stand-alone power-generating grids with renewable energy sources. To ensure the high quality
of electricity and, most of all, the continuity and reliability of the supply, energy-storing systems and
stand-alone power-generating systems, such as diesel generators (DGs), are used. Applying DGs
in hybrid systems along with other sources of electric power often causes the diesel engine to work
for long periods at reduced load. This, in turn, leads to unfavorable phenomena occurring in the
engine (called “wet stacking”), which increase the widely understood costs of engine exploitation
and unfavorable environmental phenomena. This paper proposes the limitation of the “wet stacking”
phenomenon via optimization of the operating mode of power-generating systems on the basis of
hybrid systems with synchronous generators used on ships. This article presents the cooperation
between the DG (at constant speed) and the electrical generator driven by the main shaft of the ship’s
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propeller (at variable speed)—a permanent magnet synchronous generator (PMSG). The realized
mechatronic system control from the PMSG allows for full control over the distribution of power from
the two active and reactive generators. The solution proposed in the article, which was verified by
the use of analytical and simulation studies, allows for the limitation of waste, increase of the power
supply quality, and, most of all, limitation of unfavorable phenomena occurring in the diesel engine of
the DG set.

There has been great progress in the practice of the planning and building of stand-alone power
systems thanks to successes in the fields of electromechanics, power electronics, and microprocessor
technology development. However, problem analysis shows that in modern power systems,
there are still unused reserves for improvement of the power efficiency of mechatronic systems
of power conversion.

The improvement of the electromechanical power conversion efficiency on ships can be best
ensured by the optimization of the operation modes of power-generating systems. In the systems of
marine power plants, DGs are used together with power-generating systems. Turbogenerators (using
the exhaust power of the main engine) or shaft generators (where the generator drive comes from the
main engine shaft) are used less often. The first trials using shaft generators (SGs) were conducted on
ships in the 1980s. The application of SGs was connected mainly to increased economic efficiency [1].
However, the fact that it was not possible to maintain constant voltage and frequency parameters as
the shaft speed changed caused partial decommissioning of SGs. Parallel operation of SGs and DGs
may have been only short-lasting in order to transfer the load either manually or automatically [2].
In the last several years, thanks to the application of modern power electronic technologies, shaft
generators on ships [3] with the possibility of long-term parallel operation of SGs and DGs have been
used more often.

When trying to ensure safety during maneuvers and when cruising “difficult” areas (river, canal,
straits, lakes, etc.), parallel operation of stand-alone power-generating systems is required in order to
ensure a constant power supply, no matter the power demand. In such conditions, the drive engines of
DGs are often underloaded (20%–30% of nominal power) [4]. In the conditions presented, the fuel is
not burned entirely, which causes exploitative problems in the drive diesel engines of the DG sets. This
is when the unfavorable phenomenon called “wet stacking” [5,6] occurs. When the diesel engine is
underloaded, overflow of the air supplied for burning appears (the ratio of air to fuel can exceed 500:1).
Not all of the injected fuel will be burned, and this can condense, creating carbon deposits on the
surface of the engine’s elements [5]. Figure 1 presents the effects of the “wet stacking” phenomenon on
a diesel engine’s piston.
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Partial burning of the oil results in a large relative coefficient of CO2 and greenhouse gases
emissions. These gases contribute to air pollution. For instance, the emission of HC, CO, and NOx
(g/kWh) is two to three times higher at the 25% engine load than at the 75% load [7].

A common way to reduce this disadvantageous effect in industry (especially in the United States)
is to use a load bank [8]. This is most often an automatically controlled resistor, which loads the DG
generator unit, converting electrical energy into heat energy. Improving the operating conditions of the
diesel engine reduces “wet stacking”, but at the cost of much greater fuel consumption. This solution
is becoming difficult to implement in parallel DG–SG work.

One of the possible ways to limit the results of “wet stacking” is temporary asymmetrical operation
of the power-generating systems [4]. Such operation can be realized at the parallel connection of
the DG and SG. In this operating mode, the engine of the DG system is loaded at 60%–70% of the
generator’s nominal value. Asymmetrical operation lasts for a few hours and it raises the temperature
of the combustion gases high enough to evaporate the unburned fuel in the exhaust system and to
blow the soot. Since the electrical power of the SG constitutes from 0.02 to 0.1 of the main engine
power (depending on the ship type), the change in the electrical load does not affect the operation of
the main engine.

Figure 2 shows the proposed idea of engine cleaning in a DG set. The parallel work of DG and SG
generator sets according to the regulations is symmetrical. If the DG set is underloaded, the diesel
engine becomes “dirty” (by, among other things, fouled injectors and a buildup of carbon on the
exhaust valves). The idea of diesel engine cleaning is to load about 75% to 100% of the nominal value,
raising the temperature of the exhaust gas to evaporate unburned fuel in the exhaust system and blow
out the soot via asymmetric operation of the generator sets. The cleaning time is determined by a
specialist mechanic (usually 2–3 h).
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Figure 2. The idea of cleaning the diesel engine of a diesel generator (DG) set.

This article refers to the power system of a ship grid, in which the SG uses a PMSG. The SG
operates at different speeds cooperating with the synchronous generator, while the electric excitation
synchronous generator (EESG) of the DG system is at constant speed, generating power for the common
load. Using a PMSG (in the SG system) in the stand-alone hybrid ship grid in comparison to applying
a classical EESG results in increased performance of the SG system [9]. It must be noted that the
performance of the PMSG in relation to other generators, especially for low loads, is much higher [10].

Currently, in the most commonly occurring SG systems, generators with electromagnetic excitation,
where a gearbox is necessary (the ship’s main engines are slow-speed engines, and generators with
electromagnetic excitation are mid-speed generators), are used. This makes the maintenance costs
higher (usually at variable drive speed) and drive performance lower by about 2%, depending on the
number of gear stages [9]. Using a slow-speed PMSG (with a direct drive) leads to the elimination of
these faults [6,11]. The solution proposed in this article optimizing the work of two different current
sources (SG and DG) may possibly also be used on land in so-called stand-alone hybrid electric grids,
which assume parallel operation of DGs and WGs (wind generators) [12–21].
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2. Description of the Mechatronic PMSG–EESG System

Figure 3 presents a flowchart of the system. The main system elements include the following:

• A diesel generator (DG), which consists of a diesel engine (D) with a speed regulator (SR) and an
electric excitation synchronous generator (EESG) with electromagnetic excitation and a voltage
regulator (VR);

• A shaft generator (SGAR) that is mechanically connected to the ship’s shaft and consists of:

- a permanent magnet synchronous generator (PMSG); and
- an active rectifier (AR) with a control system (active rectifier control—ARC);

• An autonomous inverter (AI) with a control system (inverter control); and
• An alternating current grid (380 V, 50 Hz) with a variable load (VL).
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Figure 3. Flowchart of the ship’s mechatronic system with two generators (permanent magnet
synchronous generator (PMSG)–electric excitation synchronous generator (EESG)).

The voltage at the output of the PMSG changes proportional to its rotary speed.
The active rectifier maintains constant voltage on the DC bus during voltage change at the output

of the PMSG, and the inverter maintains constant frequency in the AC grid and enables power control
of the two generators.

In the studied power electrical grid of the ship, the electromagnetic and power processes for every
possible distribution of power between the generators are examined.

Taking the above into account, the researcher faces the problem of summing up the power of two
(sometimes more) sources of accelerating voltage. Summing up the power of energy sources has a long
history [22,23]. In cases where the sources are voltage sources, oscillation processes arise, and then the
sources exchange energy, omitting the voltage. The problem of summing up the power of two or more
sources is much easier if one source is a voltage source (master mode) and the other (or other few)
is a current source (slave mode). In such a system, the current source can be easily realized with the
use of an autonomous inverter with power control [22,24]. In this case, the voltage at the output of
the inverter is controlled with the possibility of amplitude and phase adjustment, which enables the
generation of both active and reactive power for the load with full control of this power. During the
design of a mechatronic system for autonomous and non-autonomous objects, the optimization of
energy characteristics is of great importance. The solution is based on the analysis of electromagnetic
processes in the considered systems [25].
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2.1. Analysis of the PMSG–AR Mechatronic System

In the block diagram (Figure 3), a part of the mechatronic system, the SGAR, is marked with a
dashed line. The analysis of this system was conducted in [26]. It has been pointed out that the voltage
value at the AR output is constant over change of the rotation speed of the PMSG and over load change
in a given range.

Similar analysis was conducted for the PMSG with the parameters presented in Table 1 [27].

Table 1. Parameters of the PMSG.

Parameters of PMSG Symbol Unit Size

PMSG electromagnetic torque Ten kNm 848
nominal apparent power Sn MVA 2.24

nominal speed nn RPM 22.5
nominal angular speed wm rad/s 2.36
stator voltage frequency fn Hz 9.75
nominal phase voltage Un V(rms) 398.4

resistance of armature winding rs mΩ 0.821
longitudinal armature induction Ld mH 1.5731
longitudinal armature induction Lq mH 1.5731

inductance of the armature winding Ls mH 1.6
number of pole pairs p - 26

number of phases m - 3

The equivalent circuit of the analyzed PMSG–AR system is presented in Figure 4.
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A mathematical description of the circuit (Figure 4) from the AC side can be presented as the
following relation [28]:

ESG(t) = U1(t) + L
dI1(t)

dt
+ rI1(t) + jxI1(t), (1)

where:
ESG(t) is the EMF vector in the PMSG stator windings;
U1(t) is the vector of the harmonic fundamental of the voltage generated by the AR;
I1(t) is the vector of the stator current of the PMSG generator;
r, x are the resistance and reactance of the PMSG stator’s windings; and
d
dt

is the time derivative.
The SEM value generated in the PMSG in relation to the rotor’s speed and stream can be presented

as a relation [26]:
ESG(t) = p ·ω (t) ·Ψ0. (2)
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A harmonic fundamental of the voltage generated by the AR can be presented as a relation [26]:

U1(t) =
m ·Udc(t)

2
· e jϕm , (3)

where:
m is the modulation ratio; and
ϕm is the phase shift angle between U1 and E1.
In the synchronously rotating coordinate system d, q, Equations (1)–(3) can be written as [26]:

0 = Ed(t) = Ud(t) + L
dId(t)

dt
+ rId(t) + jxIq(t)

E1(t) = Eq(t) = Uq(t) + L
dIq(t)

dt
+ rIq(t) + jxId(t)

Ud(t) =
m ·Udc(t)

2
· sinϕm

Uq(t) =
m ·Udc(t)

2
· cosϕm

(4)

For a full description of the mechatronic system (Figure 4), Equation (4) should be completed
with the energy balance equation and Kirchhoff equation in the DC circuit:

3
2

EqIq(t) = Udc(t)Idc(t) +
3
2

r(I2
d(t) + I2

q(t))

C
dUdc

dt
= Idc(t) − IL(t) = Idc(t) −

Udc(t)
R

(5)

The basic physical properties of the considered system can be specified without solving differential
Equations (4) and (5), by considering only working modes in the steady state. In this mode, Equations
(4) and (5) are presented in the form of Equations (6) and (7):

0 = Ud + rId − xIq,

Eq = Uq + rIq + xId,

Ud =
mUdc

2
sinϕm,

Uq =
mUdc

2
cosϕm.

(6)

3
2

EqIq = UdcIdc +
3
2

r(I2
d + I2

q),

IL =
Udc
R

.
(7)

The analytical study results are presented in Figure 5 as a relation of the voltage at the output of
the AR with change in torque (Te) and rotary speed (ωm) of the PMSG.
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The lines of constant voltage at the output of the AR are the projections of the calculated surface
on the plane area. These lines show the relation between the speed and torque of the PMSG when the
voltage, Udc, is constant.

The external characteristics of the PMSG–AR system show an acceptable range of change of the
generator’s speed and torque when the voltage, Udc, remains at the same level. For Udc = 600 V,
the acceptable change of speed is from 3.1 to 10 rad/s and the change of torque is in the range from 600
to 200 kNm.

Hence, at the given ranges for the generator speed and torque change in the PMSG–AR system,
for further analysis, we fixed the constant voltage source at Udc = 600 V.

In such a case, the whole SG–EESG system will include elements consisting of a parallelly
connected SGAR+AI system and a synchronous generator (EESG).

2.2. Analysis of the SGAR+AI–EESG Mechatronic System

The basis for the analysis of the presented systems is theoretical concepts discussed in publications
connected to electrical machine systems together with the semi-conductor converters that control their
operation [25,29].

In the discussed works, the study of electromagnetic and power processes was conducted with
different degrees of simplification depending on the problems solved. The analysis can be carried
out without taking EESG damping windings, aperiodic components of the EESG stator’s currents, or
change of the EESG rotary speed into consideration [22].

In the analysis, it is more comfortable to join the coordinate system with the d and q axes
of a synchronous machine rotating with synchronous speed [28,30]. The excitation stream vector
corresponds to axis d, and the electromotive force vector of the synchronous machine corresponds
to axis q. In the design of the autonomous inverter (AI) control circuit for operation with a variable
load (VL), control is realized in the synchronously rotating coordinate system (d, q) with negative
feedback [28,31].

Electromagnetic processes in the system, taking the above assumptions into account, can be
studied on the basis of the equivalent circuit presented in Figure 6.



Energies 2020, 13, 708 8 of 19
Energies 2019, 12, x FOR PEER REVIEW 8 of 20 

 

 
Figure 6. Equivalent circuit of the EESG–AI–SGAR mechatronic system. 

In the circuit presented in Figure 6, the AI is represented as a controlled (AIC) power supply 
(JAI), which is connected in parallel with the VL and the EESG armature’s windings. The inductive 
reactance, x, and resistance, r, are internal parameters of the EESG. 

A mathematical description of the system in the coordinate system d, q rotating synchronously 
with the field of the EESG can be presented as: 

( )( ) ( ) ( ) ( ),

( ) ( ) ( ),
( )

( ) ( ) ( ) ( ),

( ) ( ) ( ),

EESGd
EESGd Ld d EESGd q EESGq

Ld EESGd AId

EESGq
EESGq Lq q EESGq d EESGd

Lq EESGq AIq

dI tE t U t L rI t x I t
dt

I t I t J t
dI t

E t U t L rI t x I t
dt

I t I t J t

= + + −

= +

= + + +

= +

, (8) 

where: 
( ), ( )EESGd EESGqE t E t  are the spatial (resultant) vectors of electromotive force on the EESG 

windings of the DG system in the d and q axes; 
( ), ( )Ld LqU t U t  are the spatial vectors of voltage on the load VL in the d, q axes; 

( ), ( )EESGd EESGqI t I t  are the spatial vectors of current of the stator (armature) of the EESG in the d,q 
axes; 

( ), ( )AId AIqJ t J t are the spatial vectors of the first harmonic of the current generated by the inverter 
in the d, q axes; 

( ), ( )Ld LqI t I t  are the spatial vectors of current in the load in the d, q axes; 
( ),   ( )d ad d q aq qx x x L L x x x L Lω ω= + = ⋅ + = + = ⋅ +  are the EESG reactance parameters in the d 

and q axes; and 
r is the resistance of the EESG windings. 
It needs to be pointed out that ( ), ( ), ( ), ( )EESG L L AIE t U t I t J t  etc. in Equation (8) are highlighted by 

the fact that these values are fixed with the values variable in time. Changes in the values of currents, 
voltages, and electromotive force can be observed during transient states. 

In a synchronous state, taking the relation r << xd, r << xq [26] into account, the simultaneous 
Equation (8) will transform to: 

0 ,

;
;

;

Ld q EESGq

Ld EESGd AId

EES Lq d EESGd

Ld EESGd AId

U x I

I I J
E G U x I

I I J

= −

= +

= +

= +

, (9) 
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In the circuit presented in Figure 6, the AI is represented as a controlled (AIC) power supply (JAI),
which is connected in parallel with the VL and the EESG armature’s windings. The inductive reactance,
x, and resistance, r, are internal parameters of the EESG.

A mathematical description of the system in the coordinate system d, q rotating synchronously
with the field of the EESG can be presented as:

EEESGd(t) = ULd(t) + Ld
dIEESGd(t)

dt
+ rIEESGd(t) − xqIEESGq(t),

ILd(t) = IEESGd(t) + JAId(t),

EEESGq(t) = ULq(t) + Lq
dIEESGq(t)

dt
+ rIEESGq(t) + xdIEESGd(t),

ILq(t) = IEESGq(t) + JAIq(t),

(8)

where:
EEESGd(t), EEESGq(t) are the spatial (resultant) vectors of electromotive force on the EESG windings

of the DG system in the d and q axes;
ULd(t), ULq(t) are the spatial vectors of voltage on the load VL in the d, q axes;
IEESGd(t), IEESGq(t) are the spatial vectors of current of the stator (armature) of the EESG in the

d, q axes;
JAId(t), JAIq(t) are the spatial vectors of the first harmonic of the current generated by the inverter

in the d, q axes;
ILd(t), ILq(t) are the spatial vectors of current in the load in the d, q axes;
xd = x + xad = ω · (L + Ld), xq = x + xaq = ω · (L + Lq) are the EESG reactance parameters in the d

and q axes; and
r is the resistance of the EESG windings.
It needs to be pointed out that EEESG(t), UL(t), IL(t), JAI(t) etc. in Equation (8) are highlighted by

the fact that these values are fixed with the values variable in time. Changes in the values of currents,
voltages, and electromotive force can be observed during transient states.

In a synchronous state, taking the relation r << xd, r << xq [26] into account, the simultaneous
Equation (8) will transform to:

0 = ULd − xqIEESGq,

ILd = IEESGd + JAId;

EEESG = ULq + xdIEESGd;

ILd = IEESGd + JAId;

(9)
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EEESGd = ULd + xqIEESGq = 0,

ILd = IEESGd + JAId;

EEESGq = ULq + xdIEESGd;

ILq = IEESGq + JAIq;

(10)

A general vector diagram of the system is presented in Figure 7.
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The presence of a controlled (amplitude and phase) source of current JAI (realized by the inverter)
allows for adjusting both some active and reactive current from 0% to 100% IL in the SGAR+AI system,
and simultaneously adjusting both the active and reactive power output from the EESG.

Both the active and reactive current of the load are defined by known equations with the
coordinates x, y:

ILx = IL sinϕ, ILy = IL cosϕ. (11)

The EESG currents in the x, y axes result from the equation:

IEESGx = ILx − JAIx, IEESGy = ILy − JAIy. (12)

The presence of an active component in the EESG armature current lends a change in the
electromotive force of the generator and shifts the EESG d, q coordinate system with respect to the
coordinates x, y connected to the load by the load angle.

On the basis of vector diagrams, geometrical counterparts of the time variables can be used.
The EESG currents in axes d, q on the vector diagram are defined according to the Park–Gorev
transformation [28,31]:

IEESGd = IEESGx cosθ+ IEESGy sinθ,
IEESGq = IEESGy cosθ− IEESGx sinθ,

(13)

Geometrical relations in the vector diagram taking Equation (6) into account allow us to calculate
the angle of the load:

θ = arctg
xqIEESGq

UL + xqIEESGd
. (14)
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The EESG electromotive force in axes d, q in the vector diagram can be determined by the equation:

EEESG = UL cosθ+ xdIEESGd. (15)

Voltage on the load, UL, in axles d, q in the vector diagram can be determined by the equation:

ULd = UL sinθ, ULq = UL cosθ. (16)

Geometrical relations in the vector diagram allow us to calculate the power supplied by the
synchronous generator and shaft generator (inverter) depending on the parameters of the load and the
preset current of the inverter. These powers are determined on the basis of these equations:

PL = 1.5ULIL cosϕ = 1.5ULILy;

QL = 1.5ULIL sinϕ = 1.5ULILx;

PEESG = 1.5EGSIGSq,

QEESG = 1.5EGSIGSd;

PAI = 1.5
(
ULd JAId + ULq JAIq

)
;

QAI = 1.5
(
ULq JAId −ULd JAIq

)
;

(17)

where PL, QL are the active and reactive power of the load, PEESG, QEESG are the EESG active and
reactive power, and PAI, QAI are the SGAR+AI (generated from the AI) active and reactive power.

The preset currents of the inverter can have any value, depending on the range. Further currents
in the analysis are set according to the equation:

JAIx = ILx · k, JAIy = ILy · (1− k), (18)

where k can change from 0 to 1.
The physics of the work of the two generators for one load were analyzed with the use of vector

analysis based on Equations (2)–(5), (9), and (10). As an example, we took the equality of loads on the
generator of the DG and SGAR–AI system. We took a closer look at three cases: A case with equal
distribution of both the active and reactive power of the load into the EESG and SGAR+AI, a case
when all the active power is realized by SGAR+AI and all reactive by the EESG, and a case when all
active power is realized in the EESG and all reactive power is realized in SGAR+AI.

Below, in the analysis of currents, the setpoints of the currents are in line with Equation (9):

(a) In the case of equal distribution of both the active and reactive power of the load into the DG and
SGAR+AI, the relation between the currents of the load of the generator and current source (AI)
in the synchronously rotating coordinate system d, q takes the form:

JAId = IEESGd =
ILx

2
cosθ+

ILx

2
sinθ,

JAIq = IEESGq =
ILy

2
cosθ−

ILx

2
sinθ,

(19)

Figure 8 presents a vector diagram for this case.
(b) In the case when all active power is realized by SGAR+AI (active power generated by the inverter)

and all reactive by the EESG, the relation between the currents of the generator load and current
source (AI) in the synchronously rotating coordinate system d, q takes the form:

JAIq = ILq = ILy, JAId = 0, ILd = ILx = IGSd, IGSq = 0. (20)
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Figure 8. A general vector diagram of the EESG mechatronic system with SGAR+AI.

(c) In the case when all active power is realized in the EESG and all reactive power is realized
in SGAR+AI (generated by the inverter), the relation between the currents of the load of the
generator and current source (AI) in the synchronously rotating coordinate system d, q takes
the form:

Jd = ILx cosθ, Jq = −ILx sinθ. (21)

Figure 9b presents a vector diagram for this case.

Energies 2019, 12, x FOR PEER REVIEW 11 of 20 

 

x

yq

d

LU

EESGI

J

LI

EESGE

q EESGqjx I

d EESGdjx I

θ

 
Figure 8. A general vector diagram of the EESG mechatronic system with SGAR+AI. 

(b) In the case when all active power is realized by SGAR+AI (active power generated by the 
inverter) and all reactive by the EESG, the relation between the currents of the generator load 
and current source (AI) in the synchronously rotating coordinate system d, q takes the form: 

,  0,  ,    0AIq Lq Ly AId Ld Lx GSd GSqJ I I J I I I I= = = = = = . (20) 

Figure 9a presents a vector diagram for this case. 
(c) In the case when all active power is realized in the EESG and all reactive power is realized in 

SGAR+AI (generated by the inverter), the relation between the currents of the load of the 
generator and current source (AI) in the synchronously rotating coordinate system d, q takes the 
form: 

cos ,  sind Lx q LxJ I J Iθ θ= =− . (21) 

Figure 9b presents a vector diagram for this case. 

x

yq

d

LUEESGE

d EESGjx I

LI

AIJ

EESGI

θ = 0

 
x

yq

d

LU
EESGE

q EESGqjx I

AIJ

EESGI
LI

θ

 
(a) (b) 

Figure 9. (a) Vector diagram for the case of taking the whole load of active power by SGAR+AI and 
all reactive power by EESG. (b) Vector diagram for the case of taking the whole load of active power 
through the EESG and all reactive power through SGAR+AI. 

Figure 9. (a) Vector diagram for the case of taking the whole load of active power by SGAR+AI and
all reactive power by EESG. (b) Vector diagram for the case of taking the whole load of active power
through the EESG and all reactive power through SGAR+AI.
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Figures 10 and 11 present the calculated powers realized in the EESG and SGAR+AI when the
load current and its phase change depend on three values, which relates to two examples:

k = 0.5 for (JAIx = 0.5ILx, JAIy = 0.5ILy);
k = 0 for (JAIx = 0, JAIy = ILy); and
k = 1.0 for (JAix = ILx, JAIy = 0).

These relations are realized by spatial coordinates (3D), which allow us to calculate the energy
properties of the whole system.

Figures 9 and 10 relate to the example in which both the active and reactive power of the load
are evenly distributed between the EESG and SGAR+AI (k = 0.5). The projections of the calculated
areas on the main plane are lines of equal power. Using these curves, with a known load current and
its phase in relation to voltage, both the active and reactive power taken from the EESG and inverter
are defined.
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Figures 12 and 13 present an example in which all reactive power is taken from SGAR+AI
(generated by the inverter). In this case, all active power is taken from the generator of the DG system
(k = 1).
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It needs to be pointed out that the areas and their projections assigned in Figures 11–13 allow us
to determine the acceptable range of load parameter change while maintaining constant proper power.

Figures 10 and 11 show that at k = 0.5, active power from the EESG and AI depends only on the
active power with load, but the EESG reactive power depends on both the active and reactive power
with load.

Figures 12 and 13 show that at k = 1, the EESG active and reactive power depends only on the
active power with load. The AI reactive power equals zero, and the AI active power depends only on
the reactive power with load.

3. Implementation of the Proposed DG–SG System

In order to check the above analysis, we undertook simulation studies of the system with a
synchronous, salient-pole generator with electromagnetic excitation of the DG system. The parameters
of the EESG generator of the DG power-generating system are presented in Table 2. The PMSG
parameters of the SG are presented in Table 1.



Energies 2020, 13, 708 14 of 19

Table 2. Parameters of the EESG.

Parameters of the Generator (EESG) of the DG Set Symbol Unit Size

nominal apparent power SNOM kVA 2000
nominal frequency fNOM Hz 50

nominal voltage UNOM V 400
nominal speed nNOM RPM 1500

nominal angular speed ωm, NOM rad/s 157
amplitude of phase voltage U∗L.NOM V 310

resistance of armature winding r mΩ 0.76
inductance of armature winding LS mH 0.0127

longitudinal inductance of armature Ld mH 0.5426
transversal inductance of armature Lq mH 0.3845

number of pole pairs p - 2
number of phases m - 3

The load parameters were as follows: PL = 2000 kW, QL = 1000 kVAr.
The simulation results are presented with the use of the following designations: UL, IL are the

voltage and current of the load, UEESG, IEESG are the voltage and current of the EESG generator, and
UAI, IAI are the voltage and current of the AI (SG).

Figure 14 presents the simulation model of the stand-alone hybrid system of a ship SG–DG
power plant.
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Figure 14. Simulation model of a stand-alone hybrid ship power plant system with parallel operation
of an DG and SG.

Figure 15 shows the developed control block (from Figure 14), which generates a signal for the AI
in order to distribute active and reactive power in the system. The reactive current determined from
the load’s reactive power (Q_Load) and the load’s voltage (UL) in accordance with the given k factor
determines the current of the d component (Id*). The active current determined from the load’s active
power (P_Load) and the load voltage (UL) according to a given k factor determines the current of the q
component (Iq*). After converting the Idq0* currents into the set values of Iabc* currents and comparing
the hysteresis block with the actual values of Iabc, the AI control signal is generated.
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Figure 16 shows the developed control block (from Figure 14), which develops a signal for the AR
in order to maintain constant voltage of the AR–AI converter’s DC circuit. The PID controller develops
the Iq* current setpoint value by comparing the DC circuit voltage with the setpoint voltage. Here,
Id* = 0 and I0 = 0. After converting the Idq0 currents into the set values of Iabc* currents and comparing
the hysteresis block with the actual values of Iabc, the control signal AR is generated.

Energies 2019, 12, x FOR PEER REVIEW 15 of 20 

 

 
Figure 15. Simulation model of the AI control block. 

Figure 16 shows the developed control block (from Figure 14), which develops a signal for the 
AR in order to maintain constant voltage of the AR–AI converter's DC circuit. The PID controller 
develops the Iq* current setpoint value by comparing the DC circuit voltage with the setpoint voltage. 
Here, Id* = 0 and I0 = 0. After converting the Idq0 currents into the set values of Iabc* currents and 
comparing the hysteresis block with the actual values of Iabc, the control signal AR is generated. 

 
Figure 16. Simulation model of the AR control block. 

4. Results and Discussion 

Figure 17 presents the energy processes in the system during changes in the AI control currents. 

 
Figure 17. Energy processes during the operation of the mechatronic DG–SG system during a change 
from k = 0.5 to k = 1 (“cleaning” of the diesel engine of the DG set) and then back to k = 0.5. 

In the first time interval (up to about 0.7 s in Figure 17), both active and reactive power are evenly 
distributed between the two power-generating systems, DG and SG (k = 0.5). 

Figure 16. Simulation model of the AR control block.

4. Results and Discussion

Figure 17 presents the energy processes in the system during changes in the AI control currents.
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In the first time interval (up to about 0.7 s in Figure 17), both active and reactive power are evenly
distributed between the two power-generating systems, DG and SG (k = 0.5).

The operation of the systems in this case is long lasting. When a DG power-generating system
is underloaded, this operation results in the occurrence of unfavorable phenomena in the diesel
driving engine (“wet stacking”). In the second time interval (from about 0.7 s up to about 1.2 s in
Figure 17), both active and reactive power are asymmetrically distributed between the generators
(k = 1). Almost all active power of the PL load falls on the DG system (PEESG). The diesel engine of the
DG power-generating system is then “cleaned”. In order to limit losses, the QL reactive power is taken
over by the SG power-generating system (QAI).

The asymmetrical operation time takes about 2 to 3 h depending on the diesel engine operating
time at underloading and the engine’s load at this time. In the third time interval (from 1.2 s in
Figure 17), there is a shift back to symmetrical loading of the power-generating systems. The power
transition processes are close to periodic processes.

Figure 18 shows the energy processes during AI control at the transition from symmetrical
operation (factor k = 0.5) to asymmetrical operation (factor k = 0). During this operation mode (k = 0),
the DG unit is only loaded with reactive power. The fuel consumption is minimal (diesel engine idling).
All the active power is supplied by the SG system.
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Figure 18. Energy processes in the operation of the mechatronic DG–SG system during a change from k
= 0.5 to k = 0 (minimum fuel consumption of the diesel engine of the DG set) and then back to k = 0.5.

In system operation mode k = 0, fuel consumption is minimal, but this mode is not acceptable due
to the intensity of the negative effects of “wet stacking” in the generator’s engine.

Figure 19 presents the electromagnetic processes during the operation of the DG–SG system at the
described switchovers. The voltage on the rails of the UL main switchboard in the steady state remains
at the same level (phase voltage UL of 230 V is maintained). The transition processes of voltages and
currents depend on the DG speed controller parameters (RPM controller, Figure 14), EESG voltage
controller (AVR, Figure 14), and AI controller parameters (AI control algorithm, Figure 14).
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The synthesis of the parameters of the controllers discussed presents an issue to be solved in
future scientific studies.

The results of the simulation studies confirm the ability of the system to distribute both active and
reactive power of the load in any way in relation to the defined AI control signals. The redistribution
of power takes place without the oscillatory processes of active and reactive power exchange between
generators and a load.

5. Conclusions

The specifics of using power-generating systems on a ship often require their parallel operation.
This requirement results not only from the need for electricity but also, and above all, from the necessity
to provide for the ship’s safety, especially in difficult sailing conditions or maneuvers. Parallel operation
in such conditions often causes long-term operation of the diesel engine of DG generating systems at
underload and, as a consequence, results in the unfavorable phenomenon of “wet stacking”.

“Wet stacking” is a condition in diesel engines in which unburned fuel (hydrocarbons) passes into
the exhaust system. In diesel generators, this usually happens because the diesel engine only works at
a small percentage of its rated power. To ensure efficient combustion, the diesel engine should run at
a minimum of 60% of the rated output power. In addition, operating at low temperatures or other
situations that prevent the engine from reaching an appropriate operating temperature can cause fuel
to accumulate due to incomplete combustion, which can lead to "moisture accumulation". This engine
condition also has negative effects on the emission of harmful exhaust components, including carbon
monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx). As research shows, engine underload
causes a several-fold increase in the emissions of these exhaust components compared to the emissions
of a properly loaded engine. The asymmetric parallel operation of generators proposed in this article
increases the energy efficiency of the combined system but also significantly reduces the emission of
harmful exhaust components to the environment and increases the durability and reliability of the
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engine used in the system. The asymmetric mode, k = 0, is not recommended as it leads to a greater
intensity of negative “wet stacking” effects in the combustion engine.

The asymmetrical work is done in such a way that one generator (of the DG system) is loaded at
80%–90%, and the other one (SG) is at 10%–20% of the total power of load. This allows for “cleaning”
of the diesel engine of the DG system.

The mathematical description of the mechatronic system with two generators (PMSG and EESG)
working in a common stand-alone grid and the studies carried out on the model presented in this
article allowed us to analyze all possible cases of redistribution of the power of the two generators, in
both steady and transitional modes of work.

The proposed solution discussed on the basis of a ship electrical power grid can also be used in
stand-alone hybrid on-land grids where parallel wind generator (a variable-speed PMSG) and DG
operation is applied.
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