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Abstract

This work takes aim at presenting a generic real-time simulation framework for marine power plants with
weak power grids, containing transient functionalities such as starting and stopping of arbitrary generators,
and phase synchronization. The generator models used in the power plant are hybrid causality models,
meaning that they have the ability to switch between causality orientations, between voltage and current.
These models facilitate real-time simulations as long as they are solved properly, as will be discussed in this
article. Much is devoted to numerical stability, model robustness and power plant control, e.g. rms voltage
control, engine speed control, active- and reactive power sharing control and phase synchronization control.
Some focus is also given to overall power plant control structure. A case study of a marine power plant
including two generators and a fluctuating- and noisy power consumption is presented and analysed, and
illustrates the advantages of the proposed framework as well as giving a good foundation for future works.
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1. Introduction

(0227
To date, diesel electric propulsion is the most pre- égé
ferred solution for propulsion generation for marine

vessels with a relatively large change in load con- 1) H_
Figure 1: Marine vessel equipped with two gensets, two az-

ditions on a daily basis [I]. This is mostly due to
its flexibility and, in general, low emissions [2], even

imuths and one tunnel thruster, in addition to auxiliary loads
such as hotel loads

though conversion losses may become quite signifi-
cant. For a marine vessel all systems that produce
electrical power constitute the power plant. Differ-
ent diesel engine and generator configurations, here
referred to as gensets, can be used in a marine power
plant, depending on the criteria set by the ship-owner
and the classification authorities. One such configu-

ration is shown in Figure [I] where two gensets con-
stitute the marine power plant for a vessel equipped
with two azimuth thrusters placed at the stern and
one tunnel thruster in the bow. For reference, this
thruster configuration was studied in [3] with respect
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to optimal thrust allocation control. Such a marine
power plant is often tailored for each marine vessel

September 4, 2017



and a mathematical model of the power plant is a
good tool in the design process, enabling simulations
of various load conditions, due to different vessel op-
erations. One challenge when it comes to marine
power plant modeling is proper control, at least if
transient power plant operations are considered, e.g.
a constantly changing power demand causing start-
ing and stopping of gensets, and synchronization of
gensets when being activated. A marine power plant
model that facilitate such studies is the main topic
presented in this article.

A diesel-electric marine power plant consists in
general of diesel engines and electrical machineries
[M], such as generators and electrical motors, which
on a component basis have been studied thoroughly
in the literature. In [5] [6], a two-axis bond graph
model representing synchronous electrical machines
is presented and studied. This model, given in the
(d, q,0)-reference frame, is also thoroughly analysed
in [7], where equivalent circuit diagrams are also
given, along with different model fidelities and model
reduction techniques. Such model reductions are also
studied in [8, [@]. In [7], stability and control of such
systems are treated as well, and in [I0] the sensitivity
of eigenvalues is studied and in [I1] the Nyquist sta-
bility criterion is used to assure stability in DC power
systems. When it comes to overall power plant con-
trol, functionalities for synchronizing gensets and for
load sharing are important. In [I2], active synchro-
nizing control of a microgrid is proposed and studied,
while in [13], load sharing control is developed based
on droop control and average power control.

Power grids in marine power plants are often char-
acterized as weak, as opposed to onshore ones, which
means that in practice, a large power peak in the
power grid may change the rms voltage. This is be-
cause capacitive effects in the power grid itself are
small and often negligible. However, often when mod-
eling such weak power grids, a small capacitive effect
is added in order to set the power grid voltage, math-
ematically speaking. This means that all power grid
consumers and producers can be modeled with elec-
trical current as the model output and the power grid
voltage as model input. Nevertheless, such a small ca-
pacitive effect would introduce a small time constant
which often stiffens the system and increases the time

to solve the total system in a simulation, and is hardly
wanted when trying to achieve real-time simulations.

By neglecting the capacitive effect in the power
grid model itself the small time constant disappears.
However, then the power grid voltage must be set by
one of the power grid components. Consequently, in
a generic marine power plant model where arbitrary
power producers can be active, all power producers
should have the possibility to set the power grid volt-
age, though only one at a time, if no loading model
in parallel is implemented for providing the voltage.
A model that has the ability to change input and
output variable(s) online during a simulation is here-
after referred to as a hybrid causality model. Such
a model switches between having integral causality
and differential causality. The concept of causality is
thoroughly elaborated in [14] and will not be given
any particular attention here. The reason for using
hybrid causality generator models in this context is
because we then always have one component in the
marine power plant that can provide the voltage, and
hence, no small capacitive effect introducing a small
time constant is needed. However, other problems are
introduced, such as solving the differential causality
part of the model in a stable and fast manner without
algebraic loops. This will be given more attention in
section

In the literature, hybrid causality models are also
referred to as switched models [15] and hybrid mod-
els, in general. In [I6], a theory for modeling dis-
continuities in models is presented, and in general,
treats most kinds of hybrid dynamical models, and
in [I7] it is shown how simulations can be efficiently
built from hybrid bond graph models. Generic syn-
chronous generator models, having hybrid causality
properties, are presented in [I§] but lacks an overall
numerical stability discussion, as well as a presen-
tation of a suited power plant control structure and
does not have a focus on real-time solvability.

In this work, a hybrid formulation of the well-
known synchronous generator model in the (d, ¢,0)-
reference frame, as first presented in [I8] in bond
graphs, is further studied with respect to numerical
stability, power management and control. This, in
order to establish a generic model framework for sim-
ulating marine power plants with weak power grids
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Figure 2: Marine power plant model

suited for transient operations, while maintaining
computational efficiency for real-time applications.
This is significant because this topic is not overrep-
resented in the literature and such a generic frame-
work gives great advantages when e.g. studying ma-
rine offshore vessels in demanding operations, as in
[19], where interactions between the equipment and
the power plant is important. If hardware in the
simulation loop are included, such as in [20], it is
also important that the models can be simulated in
real-time. The proposed marine power plant frame-
work also provides generic connections in both the
(d,q,0)- and the (a,b,c)-reference frame such that
electrical equipment, e.g. azimuth thrusters, can be
connected directly. Hence, the proposed power plant
framework is a stepping stone for fast solvable to-
tal marine vessel simulators, as will be a topic in fu-
ture works. A marine power plant consisting of two
generic three-phased synchronous generator models,
stiffly connected through a weak power grid, as shown
in Figure [2| will be used as a case study in this work,
and will be modeled using bond graph theory [14].

1.1. Outline

In the next section the hybrid causality genera-
tor model is presented in detail and analysed with
respect to numerical stability when using the Euler
integration method. Also, additional models such
as auxiliary diesel engines and circuit breakers are
presented. In section [3| simple control systems and
strategies needed for running a marine power plant
is presented. A case study of a marine power plant
including two gensets are studied and simulated in
section [ Lastly, a conclusion is made in section

2. Hybrid Generator Modeling

The hybrid generator models to be used are given
in the (d, q,0)-reference frame as in [I§]. To keep it
generic, as well as the ability to display simulation
results in the (a, b, ¢)-reference frame, these models
should have the ability to connect to the (a,b, c)-
reference frame, which means that a power conserva-
tive transformation between the two reference frames
is of interest.

2.1. Reference Frame Transformation

According to [0, 21, the (d, q,0)-reference frame
is related to the (a, b, ¢)-reference frame through the
phase angle 0 such that

Ud,q,0 = A(a)ua,b,c

ia,q0 = A (0)ia e

(1)

_ T ; s T
where w; j = [w;, uj, ug)", ik = (4,9, 4], and

cos(0) cos (6 — 27) cos (6 — 37)
2 i : 2 . 4
A(9) = \/; —SE(G) —sin (i— 27) —sin (i— 3m)

is a power-conserving transformation matrix. The

phase angle 0 is defined as

t
0 2/ fpa2mdt (3)
0

Here, fpg is the power grid frequency. In order for
this transformation to be power conservative, it fol-
lows directly that A(6)~! = A(0)T [7]. Here, it is
assumed that up = 0. In other words, ug, u, and
fpc is a representative set of variables for u,, u, and
Ug-

2.2. Generator Model with Current as Output

The dynamics of a generator with current as output
can be expressed according to [I8] as

th = —wnDY — Ri+ Eugq+buy  (4a)
i=L" (4b)
where w,, is the engine speed, ¢ =

[Vd, Vg, Vs, D, Yo]T is the magnetic fluxes for



d, q, the field and the damping in d and ¢, respec-
tively, 4 = [ig,iq,1f,ip,ig]T is the current vector, u;
is the field voltage that controls the generator and
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Here, R is the internal resistance matrix, L is the in-
ductance matrix and n,, is the number of pole pairs in
the generator. The electromagnetic torque feedback
to the engine is given as

Te - (wdiq - ¢qid)np (6)

2.3. Generator Model with Voltage as Output

The equations in and show that the differ-
ential equations are coupled, which means that the
entire system of differential equations must be altered
in order to obtain voltage as output in the generator
model. This means that uy and u, should be cal-
culated from g, ¥4, i¢, ip and ig. Thus, two of
the differential equations in (4] are given differential
causality, meaning that integration is replaced by dif-
ferentiation when solving the model. By separating
these two equations from the differential equations,
they may be written as

(7)

where Udq = [udauq]Ta /libd,q - [wdadjq}Ta id,q =
lid,iq)T and

Udg =Py q T wWnDag¥yq+ Ragiag

Ry O

Raq = { 0 Ry

0
de’q:{”p 0

It is then possible to rearrange such that

PAREA
f:D,Q

1f,D,Q
which means that 1, , can be calculated from @,
differentiated and inserted into to find uq 4. The
current vector iy p o is found by first obtaining

(9)

'(b #.0,¢ from a reduced version of , integrating and
inserting into @[) Note that Z is a rearranged version
of L, and can be found by solving with respect
to ¢, and 5 p -

The electromagnetic torque given in feedback to
the engine driving the generator is still as given in
@. Note that these two sets of equations describing
the generator dynamics do not include saturation of
the magnetic fluxes. This can be added by includ-
ing a saturation function that saturates the magnetic
fluxes after integration.

2.4. Hybrid Causality Model

The two different causality representations of the
generator model can be put together to form the hy-
brid causality generator model, as done in [I8]. Since
causality switching happens in discrete time events,
the power during switching should be conserved. For
this reason, the input and the output from the old
causality configuration must be inherited and used
as initial conditions in the new causality configura-
tion.

2.4.1. Discrete Switches

In addition to inheritance of variables, different
switches are needed. The model input and output
ports must be controlled by switches that routes sig-
nals from one model causality to another to make
sure that the connectivity specifications in the model
environment are not violated. Such switches are also
needed to model the circuit breakers that connect the
generators to the power grid. In [22] a design for such
switches are proposed and derived using bond graph
theory.

Here, only one type of switch is needed, namely
a flow switch. This switch is often referred to as
a switched O-junction, an Os-junction. This name
comes from its mnemonic symbolic representation in
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Figure 3: Switched O-junction.

bond graph theory. The switched 0-junction is shown
in Figure[3] both in bond graphs and block diagrams.

The equations in the switched 0-junction are given
as

e1 =Ues + (1 —U)es

fi =UKsf2+ (1 - U)K3fs (10
where
U={ 5 v bt 3 mete 1
and -
Ky, K5 = { —11,’ ff)(irs?l(li)(‘iizggon (12)

2.4.2. Numerical Differentiation using Filter

In comparison to the current causality model that
has five integral causalities, the voltage causality
model has two differential causalities and three in-
tegral causalities. It is always preferable to have in-
tegral causality due to the use of explicit solvers, and
to avoid the direct differentiation of v, ,. In [6], it

is proposed to differentiate 1, , by using a low-pass
filter with derivative effect given as
H{(s)

s
14 Ts

(13)

where the time constant 7" is chosen small, typically
0.001s. This transfer function changes the differen-
tial causalities to integral causalities when solved in
the time plane, which may enable explicit fixed-step
solvers such as the Euler integration method, as used
here. Note that the poles and the zeros of the dynam-
ical system also set requirements for which solver to
use. As it turns out, the transfer function-based dif-
ferentiation also has a positive effect on solvers due
to the low-pass filtering effect, and will filter out high
frequent oscillations due to numerical errors, hav-
ing negligible effects on the simulation results when
tuned properly.

2.4.3. Numerical Stability and Solver Time Step

The generator parameters used in this paper are
given in Table [5| in the Appendix. By assuming
a constant generator speed corresponding to 60 Hz
in power grid frequency, corresponding to an engine
speed of 720 rpm when having five pole pairs, open-
loop pole-zero plots can be constructed for the two
generator state space models given in sections[2.2]and
The pole-zero plots for the generator models
with voltage output and current output are given in
Figures [ and [} respectively.

As can be seen in Figure [4 the generator model
with voltage outputs has the poles and the zeros
inside the stability region for the Euler integration
method when ig = i, = 0 and At < 0.002s, where
At is the solver time step. This indicates that the Eu-
ler integration method can be used to solve the model
as long as the model environment does not introduce
poles and zeros that are outside the stability region.
The reasons for using the Euler integration method
here are that it is fast when a reasonable step size can
be used, and since it is a fixed-step solver it is easy to
control in hybrid model simulations, where integra-
tor resets and state inheritances are important. Also,
when the system is proven stable with the Euler inte-
gration method, the results when using Runge-Kutta
integration methods are also stable [23]. Note that



Pole-zero plot for generator model with voltage output
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Figure 4: Only internal generator load (ig = iq = 0)

implicit numerical solvers can be used as well, but is
harder to control when it comes to integrator resets
and state inheritances, and hence, more implemen-
tation work must be expected. The same goes for
variable step-sizes where zero-crossing detection must
be implemented in order to properly handle discrete
events.

Figure [5| shows that by using the same time step,
At = 0.002s, the Euler integration method will fail
to converge to any solution due to the poles and ze-
ros outside the stability region. As a matter of fact,
the time step must be reduced by a factor of approx-
imately 10 in order to stabilize the zero input case,
and to approximately At = 5-10712s if an open cir-
cuit load of R = 10% is to be considered. This is
without taking the model environment into consider-
ation. If even possible, such a low time step would
result in a long simulation time when solving the sys-
tem, which is not desired, especially when it comes
to achieving real-time simulations. Nonetheless, this
problem may be solved by choosing the simulation
setup or through proper pole-zero cancelling control
designs, with the first mentioned treated in this pa-
per.

By recognizing that the complex conjugated poles
and zeros are dependent on the [ig, uql- and [ig, ugl-

Pole-zero plot for generator model with current output
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Figure 5: Only internal generator load (ig = iq = 0)

pairs, the model will be stable when solved by the
Euler integration method if uq and u, are stabilized
by the generator model environment. Since the poles
in the generator model with voltage output are al-
most unaffected by large open-circuit resistances, the
voltage output causality model can be used to sta-
bilize the model with current output causality. In
other words, the generator model with current as
output should only be used in parallel with a gen-
erator model that has voltage output causality, be-
cause if the generator with voltage outputs is stable,
the voltage inputs ug and u, to the generator model
with current output causality will also be stable, and
thus, stabilize the entire generator model. This can
also be shown in Figure [0}

It can be seen in Figure that when the time
step is reduced to At = 0.00099s, the two causal-
ity models connected together are stable using the
Euler integration method and the parameters given
in Table [ in the Appendix. The two complex con-
jugated poles and zeros in the figure are dependent
on the time constant chosen in the transfer function
given in . This means that when the time step
is chosen, such that At < T and the controllers and
model environment are stable, the whole power plant
model would be stable for all reasonable power plant



Pole-zero plot for both generator causalities connected
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Figure 6: Euler stability regions for both causality models con-
nected, At = 0.00099 s

loads. As a matter of fact, by increasing the power
grid load more damping is added and the complex
conjugated poles shown in Figure [6] will become real
and be moved towards the origin, as shown in Fig-
ure [6(b)} This means a larger time step can be used
when running the generators against a power grid
consumer, and indicates that running the generators
in open circuit mode would be the operation that re-

quires the smallest time steps. Hence, when ramping
up a generator and synchronizing the generator, a
model with voltage output should be used, and when
another generator sets the grid voltages the genera-
tor model should switch causality when the circuit
breaker is closed.

It is also important that the solver time step size
is chosen such that it is possible to capture the true
dynamic characteristics of both the generator models
and the power grid load. According to [24] the proper
time-step duration must be determined to accurately
represent the system frequency response up to the
fastest transient of interest. For example, if the power
grid load is modeled in the (a,b, ¢)-reference frame,
having a frequency of 60 Hz, the time step size must
be set such that At < %205 in order to catch the
main characteristics of the alternating currents and
voltages according to the Nyquist sampling criterion
[25]. In addition, the solver time step size must also
be set low enough to replicate the loading character-
istics themselves. However, it is believed that these
characteristics will have a lower frequency than the
power grid frequency, such as the meeting frequency
between the wave loads and the vessel when consider-
ing a vessel in transit. Also, when studying higher or-
der harmonic distortions in the power grid, the solver
time step size must be adjusted correspondingly.

2.4.4. Implementation and Phase Angle

The resulting hybrid generator model is shown in a
bond graph implementation in Figure|7] Note that 6
given in the figure is not necessary equal to 6. Since
the (d, g, 0)-reference frame is more or less a DC rep-
resentation of the actual AC system, the phase an-
gle between the generators must be included before
connecting the generators to a common power grid
in order to enable phase synchronization and power
sharing, which will be elaborated later on.

In general, the phase transformation is given as

upc = S(p)ug (14)

for a generator with voltage outputs, the lead gener-
ator, where upg is the d and ¢ power grid voltages,
ug is the d and ¢ generator voltages and

cos(¢) —sin(¢)

SOV =1 sin(@)  cos(o)

(15)



p
Ra om——TF

1) 5
R

Ug == 0 —1sik— MGY <—i 1=— MGY <—i1s<—10 ——i,

~10——4i K——0—> "4
Tk—1——R Tlo Laa
La Lap, Lar T\ Ry
L Lip
u
1 f 1
-L Switching Control
R R
Rp RQ

Figure 7: Bond graph model of hybrid generator model

where ¢ is the phase difference between the leading
generator and the present generator,

t
¢ = / (Awp,)dt =6, — 0 (16)
0

Here, Awy, = w1 —wp, is the difference in motor ve-
locity between the two engine speeds driving the gen-
erators and wy,,; and él is the speed and phase angle
of the leading generator, respectively. This difference
in phase angles is usually only calculated when gener-
ators are active, meaning that they are either prepar-
ing for synchronization or already connected to the
power grid, which also means that an integrator reset
algorithm should be implemented.

The phase angle used in the transformation be-
tween the (a, b, ¢)- and (d, ¢, 0) reference frame, given
in , must then account for ¢. Hence, the phase an-
gle for a leading generator when only two generators
are active is then given as

t
Oci = 271’/ fG’ldt — ¢ (17)
0

where fg; is the lead generator frequency. The phase
angle can be found similarly for the other generator,

t
0o = 27T/ fedt+ ¢ (18)
0

where ¢ is defined as in (16).

Table 1: Phase transformations.

Voltage Output Current Output
ug =S~ (¢)upc
ipc = S(¢)ic

Voltage wupg = S()ug

Current i =S"'(¢)ipg

The different transformations between the power
grid and the two causality models are shown in Table

@

2.5. Additional Models needed for Simulation

To be able to set up a simulation testing for the
generators, additional models must be included, e.g.
circuit breakers, power grids and engine models, in
addition to controllers and a power management sys-
tem.

2.5.1. Clircuit Breakers and Power Grid Model

Multiple switched O-junctions are used to model
the circuit breakers and the power grid. In the cir-
cuit breaker, model port 1 of the switched 0-junction
is connected to the generator model output, port 2 is
connected to an open circuit load and port 3 is con-
nected to the power grid. Note that several switched
0-junctions are needed in one circuit breaker model
since the generator model has a total of four inputs
and outputs, due to the two causality configurations
connected to the grid. These circuit breakers are con-
nected to each other and to the consumer models in
the power grid through another set of switched 0-
junctions, due to the causality switching in the gen-
erator models. The total model of a circuit breaker
is shown in Figure [§in bond graphs. Note that each
switched O-junction is also given a control signal, U,
as in 7 and that additional switched O-junctions
are needed to connect several gensets to a common
power grid.

2.5.2. Simplified Engine Model

The auxiliary engine models used to drive the gen-
erator models are based on simple equations given in
[26]. The effective engine power is given as

P, =mysh,n = Thwn (19)
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where 7y is the fuel flow rate, h,, is the lower heating
value of the fuel, 7 is the effective thermal efficiency,
T, is the torque and w,, is the engine speed. By
rearranging the equation, the mean torque generated
by the combustion process can be expressed as

Thfhnn
Wm

The fuel flow rate may be expressed as

. )
Ty = Ming 5 o (21)
where m;,; is the amount of fuel injected per cycle
and k is a parameter distinguishing two-stroke en-
gines from four-stroke engines, k = 1 for two-stroke
and k = 2 for four-stroke. The efficiency can be ex-

pressed as
1

be(Pe)hn (22)

77 =
where b.(P.) is the specific fuel consumption as a
function of effective engine power, and can be mea-
sured for a specific engine given the engine speed. By
assuming a four-stroke engine, the torque can then be
expressed as
Mingj

T, = —ini__
" 47b, (P.)

(23)
The set of differential equations representing the aux-
iliary engine model is then to be given as

O, = Win (24a)
1

- (T, —bsw, — by — T,
Jm+JG( Fw bW, )

(24b)

Wi

where 6,, is the engine angle, J,, is the inertia of the

engine, Jg is the inertia of the generator, T, is the
electromagnetic torque as given in @, by is a friction
parameter, b, is the braking effect when the engine is
choked, which happens when no fuel is injected into
the engine due to the pumping work and n is a small
number, typically ~ 0.1. Note that b, := 0 when
Minj # 0. To make the transition smooth, the value
of by, is low-pass filtered, having a small time constant
before being used in .

2.5.8. Power Grid Consumer

The power grid consumer has the role of loading
the power grid. This can be a set of thrusters, as
well as the auxiliary systems needed to power the
ship. Here, it is assumed that the active- and reac-
tive power consumption can be set and based on the
power grid voltage, as current can be given in feed-
back. The active power and reactive power in the
(d, g, 0)-reference frame are given as

1 0.
0 1%

0 -1 1.
Q:u£q|: 1 0 :|7'd,q7

respectively. Note that reactive power is related to
impedance in the (a, b, ¢)-reference frame. By solving

(254) and (25b) with respect to 24,4 the current given

in feedback is given as

P=uj, { (25a)

(25b)

. 1 Pug + Quyq }
bgg = ——— 26
" a3 et o (26)
where
[waqll3 = ug + ul (27)

is the square of the Lo-norm. To avoid dividing by
zero at the start of the simulation, a small number is
added to the denominator. Also, two low-pass filters
are used to filter the input voltages in order to avoid
algebraic loops.

2.5.4. Power Management System, PMS

Power management systems are in reality quite
complex [27]. In this paper, the PMS is treated
as a collection of controllers with some automated

decision-making functionalities. This will be high-
lighted in section [3.3]



3. Power Plant Control

In general, systems that produce electric power re-
quire proper control dependent on the operation in
order to run satisfactory [28]. For generators, proper
control of the generator phase synchronization, volt-
age control and load sharing, or power sharing, are
crucial for running the power plant within its limits.

In general, a genset only has two controllable vari-
ables, namely the engine speed and the field voltage,
which means that more than one objective must be
controlled through each controllable variable. In sin-
gle model systems this is not preferred since it of-
ten sacrifices stability or degradation of the control
strategies. However, in power plants, a single genset
connected to a power grid only has to control the
frequency and rms voltage, which can be separately
done through the two controllable variables. It is only
when two or more gensets are connected that multi-
ple control strategies must be merged into the two
control variables. This can be done in a stable man-
ner in such systems due to the stiff coupling between
gensets, since the difference in frequency, rms voltage
and phase can be indirectly controlled.

In this section, different controllers needed to run
the model shown in Figure [2| are presented.

3.1. Automatic Voltage Regulator (AVR) and Reac-
tive Power Sharing

Both the rms voltage and reactive power sharing
are controlled through the field voltage, but the reac-
tive power sharing control is only activated when two
or more generators are synchronized and connected
together.

3.1.1. AVR

The voltage magnitude, or the rms voltage, is reg-
ulated in each generator by an automatic voltage reg-
ulator (AVR). The AVR regulates the voltage magni-
tude through the generator field voltage, which sets
the magnetic field in the stator. The rms voltage in
the (d, g, 0)-reference frame for a generator ¢ is given

as
2
Voo, = 2t

(28)
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Note that wg,,; is the voltage vector for the active
causality model of the generator. There exists many
different control laws for AVRs, such as the one pre-
sented in [29] with pole assignment self-tuning regu-
lator. Nevertheless, here the rms voltage is controlled
by a simple PI-controller, and the controller error for
generator ¢ is defined as

€vi = Vref — ‘/rms,i (29)

where V.. is the reference rms voltage. Hence, the
corresponding controller output uy; can be expressed
as

AVR ot
uy; = KV ey + Lo / evidt  (30)
T 0
A A . .
where Kp VE and T; VR are the proportional gain

and the integral time constant, respectively. In or-
der to avoid commanding an unrealistic field volt-
age the controller output is saturated before being
sent to the generator model. Hence, an integration
anti-windup algorithm [30] is implemented in the con-
troller as well.

8.1.2. Reactive Power Sharing

Control of the reactive power is found in the PMS
since reactive power sharing control needs measure-
ments from all active generators, which is why it can-
not be implemented as local controllers inside each
generator. Another reason is that it is only active
when two or more generators are active. This means
that global power plant surveillance is needed, which
is a PMS functionality. Power sharing in general
is thoroughly discussed in [3I], and only a simple
method for controlling the reactive power sharing is
presented here.

By assuming that N number of generators are con-
nected to the power grid, the reactive power sharing
can be controlled by means of PI-controllers where
the error for generator 7 is defined as

(31)

and where Sg; € [0,1] is the sharing factor, Qg; is
the reactive power for generator ¢ and

eQi = 90iQiot — Qai

N
Quot =Y Qa (32)
=1



Local control

Local control

Figure 9: AVR and reactive power sharing, RPS, control struc-
ture for two active gensets

is the total reactive power in the power grid, or the
reactive power for the power grid load. Hence, the
corresponding controller output ug; can be expressed
as

K% t
ugi = Keqi+ —& / eqidt (33)
T Jo
where KI? and TiQ are the proportional gain and
the integral time constant, respectively. Note that
if equal reactive power sharing is considered, then
Sqi = . Thus, the total field voltage that is fed to
generator ¢ is then given as

Ufi = Uy + UQ4 (34)

Here, only two generators are considered in the
power plant, and the controller errors for the reac-
tive power sharing control for the two generators are
defined as

(35a)
(35D)

€Q1 = SQQtot - Qa1
eq2 = (1 = 5)Qtot — Qa2

respectively, where Sg € [0,1] is the sharing factor.

Since the reactive power sharing controllers are
only activated when two or more generators are syn-
chronized and connected to the power grid, integra-
tor reset algorithms must also be implemented in the
reactive load sharing controllers. The structure of
the total rms voltage control system and the reactive
power sharing control system is shown in Figure [] for
two active genesets.
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3.2. Engine Control, Active Power Sharing and Gen-
erator Synchronization

The last control variable is the engine speed driv-
ing the generator. In general, the auxiliary engine is
to maintain a constant speed that corresponds to the
wanted power grid frequency, but also generator syn-
chronization and active power sharing can be done
through the engine speed, the last one by means of
droop-control [13].

3.2.1. Engine Control

The engine speed controller, commonly known as
the engine governor , is in general complex [32], but
is assumed here to be a simple PI-controller that con-
trols the engine speed, such that the power grid fre-
quency is kept more or less constant. The reference
engine speed is given as

2n fra
Tp

Wref = (36)
In comparison to the field voltage control and the
reactive power control, active power sharing con-
trol and phase synchronization control are applied
to the reference signal before being fed into the PI-
controller. The reference fed to the controller is de-
noted wyef n; for generator 4, as will be defined in sec-
tion [3.2.3] and the controller error can be expressed
as
(37)

€w; = Wref,ni — Wmi

where wy,; is the measured engine speed for genset
1. Hence the corresponding control output m;y;,; can
be expressed as

¢
€, dt

w
_P

- (38)
T Jo

Minji = K ew, +
where K}/ and K3’ are the proportional gain and the
integral gain, respectively. Also this control output
is saturated in order to give realistic fuel injections
to the engine. Hence, an integrator anti-windup al-
gorithm is implemented in the controller as well.

3.2.2. Synchronization Control
In the (a,b, ¢)-reference frame, the phase synchro-
nization controller makes the phase angles converge



through controlling the engine speed of the generator
that is to be synchronized. However, in the (d, ¢, 0)-
reference frame, it is enough to make the d voltages
converge, since the ¢ voltages will then converge due
to the AVR, in order to make the phases converge.
This can be shown by setting the criterion

Ugl = Uqig

(39)

where ug; and ug,; are the a voltages in the (a, b, ¢)-
reference frame for the lead generator and the gener-
ator 4, which is to be synchronized, respectively. This
gives the criterion in the (d, ¢, 0)-reference frame

(cosb; — cos O))ug = (sinb; — sin6;)u, (40)

when the d voltages converge. The only solution of
for all values of ug and u, is 8; = 60;, which means
that by making the d voltages converge a solution for
0, = 0, exists under the restriction given in . By
also requiring that uy; = up; and uy = u; the only
solution left is #; = 6, if all the criteria are to be held.
This means that by making the difference in the d-
voltages converge, the difference in the phase angles
will also converge.

The main reason for comparing the voltages in-
stead of the phase angles is because the causality
switching requires equal voltages and currents right
before and after switching, and due to the risk of
numerical deviations when simulating, it is better to
compare the voltages directly in the phase synchro-
nization controller. When the phase synchronization
controller is active, the control errors for phase syn-
chronization between the lead generator [ and gener-
ator ¢ can then be given as

€EpSi = Udl — Udi, (41)

for the generator ¢ that is to be connected to the grid.
Note that the lead generator is defined as one gener-
ator that is already connected to the grid. Hence the
corresponding control output upg; can be expressed

as
Ps gt

:L}is / ugpgidt
T 0

PS A7 PS
ugpsi = K, "Ny ~epsi — ud

Ud

(42)

Ps
upsi = K, ”epg; + uapsi
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where Kf S and N f S and ch S are the proportional
gain, the derivative gain limitation and the derivative
time constant, respectively. Note that ug and ugpg;
are initially set to zero and that the control equations
given in should be calculated in the given order.
Also in this controller the output is saturated in or-
der not to give too large of deviations in the engine
speeds. Hence, an integrator anti-windup algorithm
is implemented as well.

3.2.8. Active Power Sharing through Droop Control

Droop control is not a controller in common sense,
but more like an algorithm, due to its multiple out-
puts. The intention with the droop controller is to
give the reference signal a small continuous peak, and
when gensets get peaks with opposite signs the power
sharing is controlled. A negative peak gives a genset
more active power, and a positive peak reduces the
active power. This means that the amount of power
a given generator produces can be adjusted by sub-
tracting a reference power measure from the engine
reference speed and adding an actual power measure
to the engine reference speed, such that the new en-
gine reference speed for engine i becomes

Wrefni = Wref + Kaps(Pmi - Pref,i) (43)
where wy¢ is the commanded engine reference speed,
Kaps is a proportional gain, F,; is the measured
power and P..yr; is the reference power. Then, if
the power is too low, the engine speed will drop so
that more load is added to the respective generator.
If the power is too high, the opposite occurs.

When using droop control for active power shar-
ing, one can choose to share the load using the load
magnitude, or using the loading percentage for each
genset. Here, the loading percentage is used. Note
that equal power sharing in this context means that
each genset has the same loading percentage, though
not necessarily an equal load. In order for this to be
true, all gensets must be equal.

The engine power fraction used in droop control is
defined for engine i as

Tmi mi
Ly = —mitmi (44)

Pei,maac



where T),; is the engine torque as defined in (23), Wy
is the engine angular rate and P nq. is the lowest
maximally rated effective power for the engine and
the generator. For a power plant with an N number
of gensets, the total load fraction is the defined as

N
Liot = Y L (45)
=1

When the droop control is active, the reference power
fraction is subtracted from the reference speed and is
for generator ¢ given as
Wdrpl (Z) = KDSPiLtotwref (46)
where Kp is the droop gain and Sp; € [0,1] is the
active power-sharing constant. Note that is run
through a low-pass filter with filter time constant T, p
in order to smooth the signal before being subtracted
from wycr. Also note that Sp;Lioe < 1.
Next, wgrp2(?) is added t0 wyef —warp1 (4) when the
droop control is active, and is given as
Wdrp2 (Z> = KDLmiw'ref (47)
where L,,; is the local power fraction defined in
(44). warp2(t) is also low-pass filtered in order to
smooth the signal. When comparing the expres-
sions for wgrp1 and wyrp2 to , it can be seen that
Kaps = KDwref7 Pyi = Lp; and P'ref,i = SpiL¢ot.
By including the phase synchronization control the

PlI-controller error for the engine driving generator 4
is then rewritten as

€u; = Wref — Wdrpl (Z) + Wdrp2 (Z) —UpSi — Wmi (48)
where upg; is as defined in section [3.2.2l The PI
control law is as given in .

Figure [10] shows a graphical representation of the
engine speed control, droop control and phase syn-
chronization for genset 1 and genset 2. More ad-
vanced load sharing control strategies than the one
presented here can also be applied, e.g. as the one
presented in [I3] where droop control and average
power control are combined.
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Figure 10: Engine speed control, active power sharing and
phase synchronization for two gensets

3.8. Causality- and Simulation Control

When using hybrid models, it is important to have
a simulation controller. In general, a simulation con-
troller is not a controller using common sense, but
rather a set of logic functions that controls the switch-
ing of the hybrid models. In this study, such a sim-
ulation controller would typically open and close cir-
cuit breakers, switch causality in the hybrid generator
models and the resulting causality in the power grid.
Functionality that restricts the input signals is also
a common practice to implement, such as the gener-
ator setting the power grid voltage, which cannot be
disconnected before model switching is performed.

The logic functions in the simulation controller
are closely coupled to global controllers such as the
phase synchronization controller and power sharing
controller. The logics activate and deactivate these
controllers, thereby ensuring that the integrators are



reset in addition to evaluating the controller perfor-
mances, e.g. evaluating when the phase difference
between the generators is small enough to close the
circuit breaker. These functions are related to the
functionalities found in real power management sys-
tems and in general it is up to the modeller or the
PMS vendor to decide which functionality to imple-
ment, and is usually kept secret. In this paper, the
PMS includes the functionalities needed to control
the hybrid generator models, the circuit breakers and
the power grid causality, and is functionally related to
the phase synchronization control and power sharing
control.

In particular, the PMS decides when to close the
circuit when two generators are being synchronized.
Here, a set of rules for closing the circuit when two
generators are being synchronized, mainly based on
minimizing numerical distortions when closing the
circuit breakers, are implemented and given as

|¢| < ¢maz

do .

|E S ¢7na;c

|Vrms,1 - Vtr'ms,2| S dvrms,max
IfG,l - fG72| S dfG,maw

where ¢,q. is the maximal allowed phase difference,
q.SmaI is the maximal allowed derivative of the phase
difference, dVims mae is the maximal allowed dif-
ference in rms voltage between the two generators
and df G maz is the maximal allowed difference in fre-
quency between the two generators.

(49)

3.4. Owerview of Control Structure

The control systems presented in this section are
independent of the causality orientation of the gener-
ator model. This is shown in Figure LI which shows a
more coarser presentation of the control system struc-
ture and the connections between the PMS and the
genset. The figure also shows that only the AVR and
the engine speed controller, the governor, are always
active, when neglecting the causality controller, while
synchronization, active- and reactive load sharing are
activated by the PMS when more than one genera-
tor is considered. Also note that the synchronization
controller and the active load sharing adds to the
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Figure 11: Control structure and connection between PMS and
genset. Note that measurement signals needed by the PMS
have been left out in the figure

reference signal for the engine speed controller, while
the reactive load sharing adds to the output of the
AVR. Note that the block i/u in the figure denotes
the two causality models of the generator including
the auxiliary engine.

4. Simulation

To test the hybrid generator model and the corre-
sponding control systems, a simulation of the power
plant given in Figure[2]is to be performed. Before pre-
senting the simulation scenario and the corresponding
simulation results, the parameters to be used in the
simulation are presented.

4.1. Hybrid Genset Models and Power Grid Load

The generators are modeled as specified in section[2]
and are assumed to be of equal size in this case study,
having a rated power output of 2438 kW with V,.,,s =
690V and I,,,s = 2010A. The specific generator
parameters are given in Table [5|in the Appendix and
the time constant in the transfer function given in
(13)) is set to 0.001s.

The specific fuel consumption for the auxiliary en-
gines b.(P.) is given as a polynomial,

2
) + D11

€

be(Pe) = po ( +p2 (50)

Pe,max Pe,max



Table 2: Main parameters regarding the auxiliary engine mod-
els

Parameter Value

Pe maz 2010kW

Im 750 kgm?

Ja 750 kgm?

by 20 kgm?/s

n 0.1-

by { 0, ifmy;>0
200, else

Do 56 8/kWh

D1 -70.8 8/kwh

D2 207 8/xWh

Table 3: Power grid load parameters and open circuit load
parameter used in the simulation

Parameter Value
Active power load 1MW
Reactive power load 1MVAr
Low-pass filter time constant 0.001s
Open circuit load 100 M2

Table [2] list the parameters for the auxiliary engines
used in the simulation.

The main parameters for the power grid load and
the circuit breakers used in the simulation are given
in Table In addition to the constant active- and
reactive power loads, biases and noise are added in
order to make the simulation more realistic and to
test the robustness of the total control system.

4.2. Control Systems

The control systems are implemented as specified
in section [3| and the parameters are given in Table
Note that the control structure and the connections
between the PMS and the gensets are as illustrated

in Figure

4.8. Simulation Scenarios

The simulation to be performed is designed to test
the different control systems outlined in section 3] as
well as the hybrid generator model and its real-time
characteristics.
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Table 4: Control parameters used in the simulation

Controller Parameter Value
AVR Vies 690V
KAVE 5.0-
TAVE 5.0
Staturation =~ +100.0V
Reactive Sqi 0.5 - initially
Power K¢ 1.0e-5 V/var
Sharing TiQ 1.0s
Engine wres (idle) 20 7rrad/s
Control wres (active) 24mrad/s
Ky 0.1kes/rad
TY 0.1s
Saturation [0,0.26] kg
Synchronization Kfs 0.01 rad/vs
Control NPS 10.0-
TFPS 0.008s
Active Ky 0.001 -
Power Spi 0.5- initially
Sharing Trp 0.01s
PMS Pmaz 0.01rad
Pmaz 0.1 rad/;
AVims, maz 0.1V
dfG maz 0-025 Hy

In the simulation the two auxiliary engines driving
the generators are started in the beginning of the
simulation and given the idle speed reference. At t =
20s, genset 1 is initiated, the engine gets the nominal
speed reference and the AVR is fed the rms voltage
reference. The circuit breaker that connects genset 1
to the power grid is closed at t = 80s. Genset 2 is
initiated at t = 200s, in the same manner as genset
1, and the phase synchronization is activated. When
the phase difference between the gensets is within the
tolerance, the circuit breaker that connects genset 2
to the power grid is closed, and the model causality



Time [s] Event

1200 -End of simulation

-Genset 1 started and synchronized, bus-tie closed .
-Active and reactive load sharing.

700 = -Genset 1 stopped
500 -Reactive load sharing changed
400-~ -Active load sharing changed
350— -Both generators change causality
-Genset 2 started and synchronized, bus-tie closed
-Equal active and reacftive load sharing
80— -Bus-tie for generator 1 closed, load connected
20— -Genset 1 started
0— -Engines started

900 =

200-—

Figure 12: Simulation events

is changed from voltage to current. At ¢ = 350s,
both gensets change causality; while genset 2 sets the
power grid voltage. The active- and reactive power
sharing are then changed at t = 400s and ¢ = 5005,
respectively. In the end, genset 1 is stopped at t =
700s and started again at ¢ = 900s, and the active-
and reactive load sharing are initiated with the last
known sharing parameters, Sp and Sg. A summary
of all the simulation events is shown in Figure
The Euler integration method is chosen as the
solver with a solver time step At = 0.0001s. The
time step is chosen smaller than what was stated
earlier; this due to an increase in the quality of the
alternating voltages and currents results.

4.4. Simulation Results

The rms voltages calculated from for the two
generators are shown in Figure The first plot
shows the two generator rms voltages compared to
each other. As can be seen in the plot, the voltages
both converge to 690 V', when the gensets are active.
As illustrated in Figure [I2] genset 1 is first started
and connected to the power grid load before genset 2
is started and synchronized to the power grid at ¢ =
200s. At t = 500s, the causality of the two gensets
is altered before genset 1 is disconnected from the
power grid. In the end, genset 1 is reconnected to
the power grid at ¢ = 900s. The plot in the lower
left-hand corner shows a closer view of what happens
with the rms voltage for generator 1, which has out-
put voltage causality when the load and the second
generator are connected. When the power grid load
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Figure 13: Generator rms voltages

is connected, the rms voltage for generator 1 gets
a small dip before being controlled back to its ref-
erence. The dip has a magnitude of approximately
3V which results in a change in rms voltage of ap-
proximately 0.43 %, which is well within any typical
realistic tolerance, typically ~ 1% of the reference
rms voltage. A small dip in the rms voltage can
also be seen when the second generator is connected,
which is expected to be due to the stabilization of
the two connected generators, and due to the start
of the load-sharing procedure. However, this dip is
smaller, having a magnitude of 0.5V, approximately
0.072% of the rms reference voltage. The last plot
in the lower right-hand corner shows the rms voltage
fluctuations in the time range ¢ € [1000s,12005s]. As
can be seen, the rms voltages for the two generators
overlap, although some noise is present. This noise
is due to the noise added in the power grid load in
order to test the robustness of the power plant. The
noise magnitude is quite low, at the most approx-
imately 0.1304 % of the rms voltage reference, but
large enough to indicate stability and robustness in
the total power plant model.

Figure[I4]shows the two generator frequencies com-
pared to each other. The first plot shows the compar-
ison of the two generator frequencies during the entire
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Figure 14: Generator frequencies

simulation, and the characteristics are comparable to
the rms voltage characteristics in the first plot in Fig-
ure except that when a generator is disconnected
from the power grid, it runs in an open circuit at an
idling speed of 600 rpm. The plot given in the lower
left-hand corner shows a closer view of the frequen-
cies at the start of the simulation. The characteristic
dip when the load is connected is also present here,
having a magnitude of approximately 0.06 Hz. When
the second genset is started, the frequency of gener-
ator 2 overshoots the first generator frequency, due
to phase synchronization, with a magnitude of ap-
proximately 0.08 Hz before converging to the desired
frequency. When the two generators are connected
the active power sharing characteristics can be seen
at approximately t = 272 s. Genset 1 increases its fre-
quency, whereas genset 2 slows down due to the droop
control. Nonetheless, these frequency peaks are quite
small, approximately 0.02 Hz. The last plot, given in
the lower right-hand corner of the figure, shows the
frequency fluctuations due to the noise. Note that
the two generator frequencies do not overlap as the
rms voltages do in Figure [I3] which is expected due
to the noise and the active power sharing control.

The active power production and consumption are
shown in Figure [T5] in addition to the genset output
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Figure 15: Active Power

causalities. The first plot in the figure shows the ac-
tive power grid load, which oscillates at around 1 MW
with a relatively high frequent noise, having a max-
imal amplitude of 150kW and a maximal frequency
of 0.5 Hz, in addition to a slowly varying oscillating
bias, modeled as being integral to white noise. The
plot also shows that the load is increased relatively
quickly; when connected, it takes approximately 5 s
from when the load is connected until it reaches its
full potential of power consumption. The second and
third plot show the active power generated by genset
1 and 2, respectively. From the two plots, it can be
seen that the noise experienced by the gensets de-
creases when both gensets are active due to active
load sharing. One can also see that the sum of gener-
ated active power equals the active power consumed
by the power grid load. The last plot shows the out-
put causality of the two gensets. Note that before
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genset 1 is stopped all the active power production
is transferred to genset 2. This is one of the many
functionalities implemented in the PMS.

Figure shows the reactive power for the two
gensets and the power grid load, as well as the genset
output causalities. As can be seen in the figure, the
results are similar to the ones presented in Figure
[15 the sum of the reactive power for the two gensets
equals the reactive power in the power grid load, and
that all the reactive power is transferred to genset 2
before genset 1 is stopped.

Figure shows the alternating voltages u, and
currents ¢, for the two generators in the chosen time
ranges. The plot in the upper left-hand corner shows
the u, for the two generators when genset 2 is started,
while the upper plot to the right shows the two volt-
ages in a time range when both circuit breakers are
closed. When both generators are connected to the

Alternating voltages u,

L
500 — Gl

---G2

~JI M1l

200 200.05 200.1 200.15 200.2 1000 1000.1 1000.2
Time [s] Time [s]
Alternating currents i,

1000

500
= of W\/\/\/\/\
-500

-1000

2722 272.25

Time [s]

272.3 300 300.05

Time [s]

300.1 1000 1000.05 1000.1

Time [s]

Figure 17: Voltages and currents, a, in the (a,b, c)-reference
frame

grid, the alternating voltages should overlap, which
the upper right-hand plot proves. The plot in the
lower left-hand corner shows the currents i, right af-
ter genset 2 is connected, and the reactive load shar-
ing controller has just been activated. This can be
seen in the end of the plot, in which the current form
genset 2 is starting to increase. The lower plot in
the middle shows the two currents in an equal reac-
tive power sharing settings, and the last plot shows a
time range when the reactive power sharing is asym-
metric.

4.5. System Evaluation

The simulation results show that the hybrid gen-
erator models seem to be stable, which is not that
surprising according to the chosen solver time step.
Also, the results show that switching between causal-
ities do not affect the simulation results. This means
that the integrator reset algorithm and the inheri-
tance of initial conditions are done correctly in the
model.

The control systems also seem to work properly,
being able to both control the power grid frequency,
the power grid rms voltage, phase synchronization
and load sharing in a fast and stable manner despite
being simple PID-based control laws. Such control
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laws are also used widely in the industry because
they are simple to implement, simple to tune and
quite robust as long as the controlled systems have
strong linear characteristics in the controlled region
or certain passivity properties.

The total simulation of 1200 s was solved in approx-
imately 100 s, giving a solving speed of approximately
12 times real-time. This indicates that the compu-
tational efficiency is being maintained for real-time
application purposes without affecting the quality of
the simulation results.

5. Conclusion

This paper set out to present a generic framework
for modeling and simulating marine power plants
with weak power grids in transient operations. The
generator model presented in this work is a hybrid
model that has the ability to switch between outputs
and inputs, which makes it suited for transient power
plant operations such as genset start-up and shut-
down, as well as phase synchronization control. This
also enables the ability to test failure modes such as
genset trippings due to the overload or overstepping
of power grid frequency tolerances, but which has not
been discussed in any detail in this paper.

Two hybrid causality generator models were imple-
mented in a small marine power plant as a case study.
The differential causality in the voltage output gen-
erator model was solved by differentiation using a
transfer function, and a generator parameter analy-
sis was conducted based on the system eigenvalues.
The current output model seemed to be difficult to
solve using simple integration methods such as the
FEuler method, but a simulation setup that enabled
the use of the Euler method in a larger scale simu-
lation, such as the one performed, was proposed and
tested through simulations.

An overall power plant control was proposed
through the control of the field voltages and the en-
gine speeds by using simple but effective controllers
for rms voltage, engine speed, phase synchronization
and active- and reactive power sharing. The sim-
ulation results demonstrated that the total power
plant model was stable, even though noise was added,
and all transient effects of interest could be reflected
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through the simulation results. The results also
demonstrated the equivalence between the (d,q,0)-
reference frame and the (a,b,c)-reference through
comparison with well-known alternating generator
characteristics. The simulation results are also com-
parable to the results obtained in [I§], in which the
simulation results were verified with experimental
data. Also, the power plant itself showed good real-
time conditions, being solved about 12 times faster
than real-time.

In further work, the proposed power plant frame-
work should be validated against experimental re-
sults. However, since the genset models are based on
well-known equations, it is believed that the simula-
tion results should converge to experimental results,
as long as enough information about the control laws
and the power management system is given. Also, a
sophisticated outer control law for planning the total
power plant operation, e.g. deciding when to start
and stop a genset from power plant measurements,
should be considered. This is out of scope here but
it is believed that the power plant model presented
in this case study gives a good foundations for such
studies.
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6. Appendix

The generator used in this paper has a rated power
output of 2438 kW with V,.,,, = 690V and I,,,s =

2010 A. The specific parameters used are given in

Table [l
Table 5: Generator parameters

Parameter Value | Parameter Value
Ly 0.0007728 H | Lyg 0.0104431 H
Lp 0.5987330H | n, 5—
Ly 0.6063750H | Ry 0.0049700 ©2
Lgp 0.0162176H | Rp 6.2165657 2
Ly 0.0162176 H | R, 0.0049700 2
L¢p 0.5769750H | Rg 9.7575356 2
L, 0.0005257H | Ry 0.3150000 €2
Lg 0.3987454 H | fq 60 Hz
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