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Abstract

Hybrid electric power systems (HPS) have successfully been integrated in the road-traffic
industry due to enhanced efficiency and environmental benefits. Recently this concept
has been implemented in the marine sector. In this master thesis, the construction of a
DC hybrid power system for a marine vessel is outlined in detail. The HPS is developed in
Matlbat/Simulink and comprises two set of diesel generators with variable speed, six-pulse
diode bridges, a battery bank, bidirectional converter and a constant power load (CPL).
The associated controllers which are designed includes battery controller, engine speed
controller and voltage-exciter controllers. An emphasized focus will lay on structures of
voltage-exciter controllers. For this purpose, control structures for operation of generator
set alone or together with the battery are investigated. The performance of all controllers
are tested for a specific test-bench. In addition to this, specific fuel-oil consumption
(SFOC) of the diesel engine will be evaluated through an implemented SFOC-model,
where SFOC for operation both with and without battery is compared.
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1 | Introduction

World-wide concerns of global warming and emissions of toxic chemicals have increased
the demand for environmentally friendly energy solution. In the maritime sector, the In-
ternational Maritime organization has through MARPOL ! imposed regulations on ships
to reduce emissions of NOx and SOx and given requirements of a minimum efficiency
level for ships transporting goods [1]. This has opened up hybrid propulsion systems as
an attractive solution. Hybrid propulsion systems are successfully being established in the
vehicle industry, but in the marine sector it is still in its initial start up. However, recently
built hybrid ships have proven to be beneficial. The hybrid vessel Viking Lady, built in
2009, have estimated cut of COs-emissions up to 50 % and up to 30 % improvement
of energy efficiency compared to a conventional power system [2]. The electrical ferry
Ampera has reported fuel savings of 60 % per year which gives an estimated investment
payback of four years compared with a compustion propulsion system [3].

In the realization of hybrid power systems, a transition of DC to AC-power system is
initiated. Compared to a shipboard AC-grid, DC-grid allows for more flexibility as diesel
generator sets are not locked to operate at fixed speed. This attributes less fuel con-
sumption as the diesel engine can operate at optimal speed for maximized efficiency. A
DC-system furthermore is flexible in combining other energy sources such as fuel cells,
solar power and energy storage devices. Lastly a DC-grid has lower electrical footprint
and more flexible placement of components than the AC-grid, which gives more space for
payload [4].

In this transition from a traditional AC-power system to a DC HPS, new control struc-
tures and energy managements strategies for healthy operation of energy units must be
developed. In this context, control strategies addressed for microgrids as master-slave and
droop control are applicable [5]. And what still is a relevant topic, either in land-based
microgrids, hybrid vehicles or marine HPS, are effective controllers that provide minor
computation and communication, reliability and high energy efficiency [6] [7] [8].

1. International Convention for the Prevention of Pollution from Ships
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1.1 Objectives

This master thesis will seek to address and show principles concerning the following
objectives

e Model a simulation platform of a DC-grid hybrid power system composing of diesel-
generators, battery storage system and constant power load.

e Develop and test performance of associated control structures including speed con-
troller of diesel engine, voltage-exciter controllers and battery converter controller.

e Show applications of the developed power system trough a driving profile and assess
performance with respect to fuel consumption.

1.2 Limitations

Parameters used to model the diesel-generator set and exciter-system are not correspond-
ing to a real existing system. They rather are acquired based on what is meant to be
realistic parameters. Moreover simulation results are obtained using discrete solver in
Simulink. This can in particular give misleading and inaccurate results at transients, for
example in the size of resulting over-voltage when load is disconnected.



2 | Background

2.1 Hybrid power systems

In the context of a hybrid power systems, the term hybrid refers to the fact that a share
of power is supplied by batteries in addition to diesel power. The two-stroke diesel engine
is the most frequently applied prime mover in the marine industry [9]. Likewise for hybrid
electrical vehicles, types of shipboard hybrid systems can be divided into the following
three types [10]:

e Hybrid electric ships (HES)
e Plug-in hybrid ships (PHES)]
e Full-electric ships (FES)

HES have hybrid power systems where energy storage devices usually are used to
increase the performance of the diesel engine for reduction of fuel consumption. PHES is
similar to HES, but feature the possibility to charge batteries on shore. For ships spending
a great deal of time at harbor, this is a convenient solution as diesel engines can be turned
off and batteries supply all propulsion to the ship. Charging battery with land-power will
be a cost effective solution in case of low electricity price. Turning off diesel engines, also
has a positive effect on the local air quality. On a FES, all power is solely supplied by
batteries. FES can typically be employed for shorter ferry routes where access to charge
power is situated nearby. An example of this is the Siemens produced ferry Ampere [3].

2.2 Fuel savings

Diesel engines have an optimal operation load point, at which it will display lowest fuel
consumption. During a voyage, load points of the diesel engine will typically not be at
optimum. This is illustrated in figure 2.1, which depicts the operating load point of a
vessel over a time interval of one month. The blue line indicates the optimal operating
point. Introducing batteries to the shipboard power system, the power supplied by diesel
generators can be controlled to stay at the optimal point. The battery, will in this case
absorb or supply the excess power and power lack respectively. In this regard, a battery
configuration displays an efficiency up to 99 % [11].
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Figure 2.1: Load points of a vessel during a voyage of one moth. The blue line represents
the optimal operating point. MCR=Mazimum contineous rating. Source: [9]

Besides having an optimal load point, diesel engines also have an optimal speed for
any load point. As DC-power distribution does not lock the diesel generator to operate at
fixed speed, the engine speed can be optimized with respect to load. In figure 2.2 typical
specific fuel oil consumption [gr/kWH] (SFOC) with respect to load and engine speed is
plotted. This figure shows that with fixed speed at 1000 rpm the fuel consumption will
be notable increased at low load. The line showing variable speed operation aim to track
the optimal speed level for each load.

Fuel consumption graph

Engine load - %

Reduced SFOC
with 5% at lower
speed

Figure 2.2: Specific fuel oil consumption [gr/kWH] with respect to load and engine speed.
Source: [12]

Moreover, it is observed that diesel engines display higher fuel consumption at tran-
sient operation when load and speed are varying [13]. Unfortunately, not much research
is found available on this topic, which is an important aspect regarding variable speed
operation. However, this observation is an other advantage of installing a battery pack,
as power supplied by the generator set will tend to be more steady.
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2.3 Batteries

Batteries are energy storage devices with large energy capacity and is the most widespread
technology for energy storage in HPS. Battery packs represent an expensive unit in the
HPS and healthy operation for prolonged life time is intrinsic. Batteries, such as Li-ion
batteries should be neither fully charged nor discharged [14]. The number of discharge
cycles a battery can sustain before performance is notable decayed is called cycle-life.
Avoiding operation with high C-rates, will also have positive effects of the battery perfor-
mance. C-rate is defined as the current causing a fully charged battery, being discharged
in one hour, i.e. a battery of 1Ah has a C-rate of 1 A [15]. Moreover the ambient tem-
perature is of particular importance for battery performance as well as degradation. Low
temperature operation will reduce reaction rate in the battery and thus limit power flow.
Operation at high temperatures will boost up reaction rate, but simultaneously also lead
to increase of parasitic side reactions which contribute to degradation of the battery [16].
Overheating of a battery may in worst case lead to thermal run-away. This phenomena
involves a chain of stages which includes breakdown of layers between anode, electrolyte
and cathode. The effect of this are chemical reactions that release flammable gases and
increase pressure, which in turn can result in fire and explosion [17]. To keep battery
systems in healthy operating states, a battery management system monitors and con-
trols important battery parameters such as temperature, state of charge, voltage and cell
balance [18] [19].

2.3.1 Battery types and applications

Among several types of batteries, Li-ion batteries have been found most attractive in
HPSs due to properties such as high energy density, long cycle life and low self-discharge
rate [6] [20]. Li-ion batteries are, however, the most costly, but are expected further to
decrease due to diffusion of hybrid vehicles [21]. Li-ion batteries represents a series of
battery chemistries, where each type is associated with individual advantages and dis-
advantages. Table 2.1 shows performance of selected properties for the batteries Li-ion
batteries LTO, LFP, LMO, NMC and NCA (see table for acronyms).

According to table 2.1, the battery types display varying performance of the selected
properties. NCA has highest energy density, but low C-rate and cycle life. HEV-
manufacturers, such as Tesla that uses NCA, often tend to oversize the battery pack
to compensate for the low C-rate and thus decrease charging time [22]. Oversizing the
battery also has positive effect on the life span as cycles will be less deep. Batteries can
be combined together to benefit from their individual properties. In Nissan Leaf, LMO
is mixed with NMC for increasing energy capacity and life time [23].
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LTO LFP LMO NMC NCA
Cell voltage [V] 2.4 3.2-3.3 3.7-3.8 3.6-3.7 3.6
Energy density [Wh/kg] 70-80 90-120 100-150 150-220 | 200-260
Charge [C-rate] 1-5 1-3.65 0.7-3 0.7-1 0.7
Discharge [C-rate] 10 1-25 1-10 1-2 1
Cycle life 3000-7000 | 1000-2000 | 300-700 | 1000-2000 500
Thermal runaway [C°] | Very safe 270 250 210 150
Price Very high | Moderate | Moderate | Moderate High
Table 2.1: Properties of selected Li-ion batteries.  LTO=Li-titanate, LFP=Li-

phosphate, LMO=Li-manganese, NMC=Li-nickel-manganese-cobalt, NCA=Li- nickel-
cobalt-aluminum-oxide. Source: [23]

Compared to applications in hybrid electric vehicles (HEV), battery packs employed
for marine applications may be hundred times larger and subjected to tough load pro-
files that causes much stress on the battery [10]. Reliability and safety of batteries are
therefore properties of high importance on shipboard power systems. Among the Li-ion
batteries in table 2.1, LTO and LFP are considered the safest batteries due to high ther-
mal run-away temperature [23]. LTO and LPF also appears to be the batteries with
highest C-rate and high cycle life. These are properties that make them suitable for high
power applications such as blackout prevention and fast charging. Among recently built
hybrid electrical ships, i.e Viking Lady, a battery pack of NMC is installed [24]. This is
a battery type with high energy density and good cycle life.

A field of attention in R&D of the battery technology is the use of silicon as anode
material instead of graphite which is the standard of conventional Li-ion-batteries. The
theoretical capacity of using silicon is 4200m Ah/g which is almost ten-folds of the capacity
with anodes made of graphite. However, due to large volume expansion of silicon in the
electrochemical process, cycle life is limited. To overcome this challenge, nano-structures
of silicon is in development [25].

2.4 Recent research on hybrid power systems

Much research has been done on the field hybrid power systems. A great amount of this
is addressed HEV. And much of this research can be applied to hybrid hybrid electric
ships. Of researching and information directly addressing hybrid electric ships, advan-
tages of hybrid power systems are well documented through operational data of ships
[9]. The doctoral thesis in [26] gives a comprehensive study of DC-grid hybrid power
systems combining battery and diesel generators. This study presents the building blocks
required to obtain a simulation model. It also assesses optimization strategies for reduced
fuel consumption. Developed models of generator sets and battery in this study are,
however, obtained using averaging techniques where the effect of ripple current are not
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present. Details around implementation of control systems of diesel generators are also
not included. Average models often are precise in predicting stationary operation, but
tend to be inaccurate for transient operation [27]. In this thesis control structures and
operation of HPS will be investigated through detailed models.



3 | Modeling of hybrid power
system

A HPS has been built up and simulated in Matlab/Simulink using the SimPowerSystem
toolbox. Implemented sub-models which will be presented in this chapter, comprise two
diesel-generator sets, a six-pulse diode bridge rectifier, a battery and a constant power

load (CPL).

Exciter system i
J Synchronous
Speed On 10} generator 1 [ |
P = —» Diesel engine R L |
controller
. v
Exciter system f
. Synchronous \’; l Constant
Speed e o generator2 | | oe ¢ T power
ee . ] 3 ’
P = P —» Diesel engine » L load
controller
controller d
Battery DC /
bank
DC

Figure 3.1: Block diagram of the modeled hybrid power system

3.1 Requirements of hybrid power system

3.1.1 Sizing of generator set and battery bank

In the modeled HPS, actual load data from a dynamic position situation with two gener-
ators are used for dimensioning the HPS [28]. The total load demand is depicted in figure
3.2.

In the context of dimensioning of a HPS, the term degree of hybridization (DOH) is
often referred to. One definition of DOH is the ratio of battery power and the total
installed power [29]. It is possible to dimension the DOH to yield optimal performance
of key parameters for HPSs combining a power generating set and an energy storage sys-
tem. In [30] a cost-function based strategy is developed to optimize the DOH in a hybrid
vehicle with aspect to fuel economy, emissions and vehicle performance.
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Load profile at dynamic positioning
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Figure 3.2: Total power supplied by two generator sets during dynamic positioning. This
load profile is used for dimensioning of the HPS

Considering the load profile in figure 3.2 an optimal DOH could be obtained according
to equation 3.1 [29]. In this case, the generator set would be dimensioned to yield at
the time-averaged P,,, given in equation 3.2. Using the trapezoidal integral method to
calculate Py.4, equation 3.1 yields DOH,,; = 048 with P,y = 787kW and Praw =
1520 kW. Furthermore when using battery power, the battery must be dimensioned to
store sufficient energy for avoiding being completely discharged or overcharged for the
dimensioning driving cycle. For this purpose, there are many techniques to balance state
of charge of the battery within healthy limits [7]. On a vessel with several generator sets,
generator sets can be turned on and off depending on SOC of the battery.

Pmaac 7Pavg

DOHop = =5 (3.1)
Where .
f -Pload(t)
Pavg - Of (32)

In this thesis, as simulation cases with generator sets operating alone will be consid-
ered, the generator set is dimensioned to supply the maximum load. In table 3.1 dimen-
sioning requirements of the HPS is summarized. The battery power level of P, = 800kW
will be sufficient to supply the highest power peak while the generator sets supply aver-
age power. The DC-link voltage Vpc = 930V is chosen based on the average DC-voltage
resulting from a generator with Vj; rars = 690V. This is further explained in section
3.2.1.

PG’en,l PGen,2 PBat VDC
800 kW | 800 kW | 800kW | 930V

Table 3.1: Dimensioning parameters of the modeled HPS

10
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3.1.2 Modeling of load

The main load in a ship is the thrusters which are connected to an electrical drive system
comprising DC/AC-inverters and electrical motors. Such drive systems display a constant
power load-characteristic since it is able to draw the same amount power for any voltage.
This behavior is due to the choppers that will adapt the switching time in order to draw the
required power. To model a constant power load (CPL) in Simulink, a controlled current
source can be used where the demanded current is obtained by dividing a reference power
by the actual DC-link voltage as shown in equation 3.3.
Pref
Tioad Voo (3.3)
The linearized expression of a CPL is given by equation 3.4 [31]. v denotes small
voltage perturbations.

i= —%v—i—?é (3.4)

At a given operating point, CPL then can be represented by a negative resistance

parallel with a constant power given in equation 3.5 and 3.6. The negative increment

of the resistance has a destabilizing effect on a power system and is known as negative
impedance instability [32].

VQ
RCPL = —? (35)
P
IepL =25 (3.6)

3.1.3 Test bench of controllers

In this thesis several controllers will be designed. To test the performance of the con-
trollers, they will be subjected to a test bench similar to industrial standards. The test
bench consists of load increments of %pu of full load and finally a drop to no load as
shown in figure 3.3. Of particular interest is how controllers perform from full load to no
load. The increment of load of thrusters can be controlled to proceed smoothly whereas
a drop out of load can be harmful and cause over voltage. The drop from full load to no
load will, thus, be the worst case scenario.

11
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Test bench for control loops

Figure 3.3: Test bench which will be used to test performance of controllers.

3.2 Synchronous generator

A model of a synchronous generator with quantities of inductances given in per-unit is
provided from the Simulink library [33]. The model is based on the equations 3.7-3.16.
The generator takes the pu-values of field voltage vy and the engine speed wy, as in-
put. The transformation of pu-values and real values is given in appendix section A.2.

d
vy = Rgig + %)\d — wel)\q (3.12)
=L ; ; d
A= Latat Laaip - Latly B0y SRy Sogrwads (313)
Ag = Lgiqg + Lagiq (3.8) 7
Ap = Lpip + Legiq + Ladly (3.9) vp = Rygiqg + E/\d (3.14)
Ag = Lolg + Lagig (3.10) ) d
Aj = Lyis + Logia + Lagip  (3.11) vQ = Raiq + g;Aq (3.15)
d
vf :Rfier%)\f (3.16)

Number of poles are chosen in order to cause no gear on the shaft between the diesel
engine and the generator. This is obtained when the rated mechanical speed of the gen-
erator is equal to the rated engine speed.The relationship between electric speed and
mechanical speed w,, is given in equation 3.17. Avoiding gear, will reduce the mechanical
looses of the drive train. With a nominal engine speed of 1000 rpm and nominal gener-
ator frequency of we; = 50H z, number of poles p can be obtained according to equation
3.18-3.20.

Wel = gwm (3.17)
p 1000 - 27
2150 = = ——— 3.18
™ e0 (3.18)
_ p 1007
1007 = 5 3 (3.19)
—p=6 (3.20)

12
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3.2.1 Diode bridge

A six pulse uncontrolled diode bridge rectifier is used to transform the output AC-current
from the synchronous generator to DC. 3.4 shows the topology of this configuration. The
diode bridge benefits from its simplicity and low cost. However, disadvantages consist
in highly production of harmonics. Harmonic content in the voltage and current of an
electrical machine increases iron and copper losses. These additional losses may lead to
reduced efficiency, pulsations in the developed torque and mechanical damages [34]. In
[35], four different rectifier topologies are presented and connected to a permanent-magnet
generator. The authors in this study do not take any conclusion to what is the preferable
topology. A three-phase PWM-rectifier would produce less total harmonic distortion, but
suffers from higher power losses. The diode rectifier has the lowest power losses of the
topologies under study.

|dc

- ®
N N A
gz _mﬁﬂ M C = Vbc
N N _

Figure 3.4: Sixz-pulse diode rectifier used in the modeled HPS.

The output DC-link voltage from the diode bridge is given in equation 3.21, where the
negative term expresses the voltage drop due to commutation [36, p. 108]. A generator of
Vi, ravs = 690V results in a maximum voltage at the DC-link of 931.5 V. The capacitor
at the DC-link smoothen out the DC-link voltage in order to yield small voltage ripple.
For the actual system, C is chosen 20mF.

3 3
Vdc = *\/ivLL — *WelLkIdc (3.21)
7T ™

The diode-bridge impacts the dynamic behavior of the synchronous generator com-
pared to normal operation in an AC-DC-link. This is due to the commutation between
two phases which causes a line-to-line short circuit, with a frequency six times the phase-
frequency. During the commutation a commutation inductance, Ly is defined which varies

13
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according to overlapping angle u and also during the commutation. An averaged commu-
tation inductance during a commutation interval can be approximated by equation 3.22
[37].

1 11 1! /!
Ly = Ld —;Lq + La 5 Ly cos(2¢ + u) (3.22)

¢ is the internal phase angle,u commutation overlapping angle and Lj and L; are sub-
transient reactants. In the range of 2¢ + u from [0, 7], Ly will be between 0.13 and 0.15
pu according to values of L] and L;’ given in appendix section A.1. For small values of
2¢+u, Ly, = L!j. Effects of the commutation process, results in distorted sinus-waveforms
of output voltage and current as well steady ripples in output power and electromagnetic
torque. Waveforms of selected outputs of the generator-diode bridge model is shown in
appendix section A.4.

3.2.2 Exciter system and voltage excitation

The exciter system which feeds the field-voltage input to the synchronous generator is
assumed composing of a rotating exciter machine. A first-order transfer function with
the time-constant 7., is used to model the exciter machine. The transfer-function from a
field-voltage-reference to field voltage input v then becomes as shown
v 1
. (3.23)
vy TexS + 1
The transfer function from the field voltage input to the terminal voltage can be
expressed in terms of per-unit according to equation 3.24 [38, p. 345].

Vi 1

o ST,

(3.24)

Presenting X—f(s) as first order transfer-function is a rough approximation which is only
valid in steady state with the generator on open circuit. Representing the synchronous
machine as a first-order transfer function for control purposes is also reported in other
literature [39]. If also including equation 3.23, the control loop from field voltage reference
to the phase voltage becomes

D

= . 3.25
v} Texs5+1 14T} ( )
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3.2.3 Equivalent DC-circuit

The equivalent DC-circuit representing the synchronous generator, diode and the load
is shown in 3.5. This equivalent circuit will be investigated for design of controllers.
The resulting commutation inductance at the DC-link will be 2L, since it connects two
phases of the generator[40, p. 149]. The commutation voltage drop is represented by
Rk = %welLk«

2 Lk Rk

+

(D::t (ﬂ'% C— VDCERCPL

J

Figure 3.5: FEquivalent DC-circuit of generator set

3.3 Diesel engine

3.3.1 Model of diesel engine

The dynamic model of a diesel engine used in this thesis is reported in several other
studies i.e [41] [42] [43]. The engine-model composes of a governor, engine dynamics and
a mechanical system. The model is expressed in terms of per-unit and normalized with
respect to pu-values of the generator. To account for losses and overrated output power
of the generators, the diesel engine is dimensioned with 10 % higher power ratings than
the synchronous generator i.e. 880kW. This is implemented with a maximal output
torque of the diesel engine of 1.1 pu. The engine speed is equal to mechanical speed of
the synchronous generator as explained in section 3.2.

The governor commands the fuel injection Y'(s) and is represented by a PI-controller.
Due to physical constraints on the torque characteristics of the diesel engine, the fuel in-
dex from the governor is limited as a function of measured shaft speed given by equation
3.26, where Y,,4, states maximum fuel injection [43]. Since the diesel engine is rated 10 %
higher than the generator, output of Y;,4. is multiplied by 1.1. This gives a maximum
torque output of 1.1 pu.
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0.4 for n.,, <40% of nrated
Yiar =114 1 for ng, >80% of Nrated (3.26)
Lonw _ (.2 otherwise

Nrated
The relationship between fuel injection Y (s) and output torque of the engine T, is
described by
K,Y(s)
T, e 3.27
n(s) =T T (3:27)
where K, is the engine gain. 7. is the time constant corresponding to torque build-up
from cylinder firings given by

0.9[rad
7o o 0lrad] (3.28)
27N [rS]
The time constant 7, represents a time delay half the period between consecutive

cylinder firings which can be calculated by equation 3.29 [42].

1
"~ 2Nn,, [rps]
It should be noted that the behavior of the diesel engine will vary depending on the
shaft speed. From equation 3.26 maximum output torque will be limited with lower speed.
Variations in 7 and 7, impact phase-margin of the control system as will be illustrated in
next section.

(3.29)

T

To express the mechanical system, Newton’s second low in terms of angular motion is
employed

dwam,
T at
where J, is the equivalent inertia of the drive train, 7T; electrical torque and C)
rotational losses coefficient. To express 3.30 in terms of per unit, an inertia constant
H [seconds] is defined in equation 3.31 [38, p. 128-131].

Je =T — Tt — wiChr (3.30)

Jeqwg Jeqwbase
= odbase 3.31
2Pbase 2Tbase ( )

By expressing equation 3.30 with J, replaced by H, the relationship in 3.32 can be
obtained, which yields the pu-expression of the mechanical system.

dwm,pu o dwm o Tm - Tel - wbaseCr o Tm,pu - Tm,pu - Wm,puor (3 32)
dt o dt(wbase) N 2HTbase B 2H '
In the implemented model, the mechanical system is stated in the s-plane according

to equation 3.33. Hereafter, pu-subscript will not be added.

T, — Typ — Wi Cy

ST (3.33)

Wm =
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3.3.2 Design of speed controller

The open control loop from reference speed to output speed of the engine is formulated
in equation 3.34 where the contribution from the electromagnetic torque and mechanical

losses is neglected.

TS

() = Ky T;s ¢ T8+ 1 " 2Hs

The governor of the speed engine, which is presented as a Pl-controller, is used to
control the engine speed. Concerning tuning of the PI-controller, equation 3.34 constitutes
a symmetrical optimum case due to the integral 2—11{5 (see appendices section A.5). The
control parameters for K, and T; is tuned based on equation 3.36 and 3.35, which is
proposed parameters for this particular process in [44, p. 342]. 7 and 7. are considered,
at maximum engine speed n,, = 1 pui.e 16.67 rps. This speed level yields 7 = 0.0050 s and
7. = 0.0086 s. For enhanced dynamic response of the controller, it is found appropriate
to double the value of K, from equation 3.36. Table 3.2 shows the selected control
parameters.

(3.34)

*
wm

T, = 81, B=~20 (3.35)
1 1

Ky=— Kogin=K,— 3.36

P KyainTe VB’ gaum YoH (3.36)

| T,=01| K, =26

Table 3.2: Control parameters of speed controller

Figure 3.6 and figure 3.7 show the open loop and closed loop bode diagram respectively
of the speed control loop for the selected speed levels n,,, = 1 pu, n,, = 0.7 pu, n,, = 0.5pu
and n,, = 0.4pu. As the time constants T and 7. increases with lower engine speed, phase
margin of the control loop will decrease as well. From a phase margin of 47° at n,,, = 1pu,
the phase-margin is below 10° at n,, = 0.4 pu and the system is almost unstable. This
tendency is reflected in the closed loop bode digram shown in figure 3.7. At n,, = 04
a high peak arises, which indicated poor tracking relationship. With the applied control
parameters, it is therefor suggested having a minimum speed of 0.5 pu. At this level phase
margin is 17.3° which is also very low. In general in control theory, the phase margin
should be at least greater than 45°. However, as disturbances in the load torque will
be damped through the inertia of the drive train, lower phase margins can be tolerated.
For better stability at low speed levels, controller with adaptive parameters could be
implemented. This can be achieved by adjusting the value of K, with respect to engine
speed.
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Open Loop Bode Diagram Speed Control Loop
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Figure 3.6: Open loop bode plot of speed control loop for selected engine speed levels.
With decreasing speed, phase-margin also decreases.

Closed Loop Bode Diagram Speed Loop Controller
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Figure 3.7: Closed loop bode plot of speed control loop for selected engine speed levels.

3.3.3 Optimal speed reference

To obtain optimal speed control in terms of minimizing fuel consumption, a lockup table
with optimal speed reference with respect to engine power is made. Data for the lockup
table are retrieved from figure 2.2, where data points according to the variable speed curve
is considered. Interpolation is performed between the data point to have a continuously
reference signal. In figure 3.8, the optimal speed reference signal is depicted.
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Optimal speed reference diesel engine
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Figure 3.8: The graph shows plotted optimal speed references for given engine loads.
The optimal speed reference is used as input to the speed controller of the diesel engine

As stated in equation 3.26 the maximum torque of the diesel engine depends on engine
speed. In the establishment of an optimal speed reference it is important to make sure
that the torque levels corresponding to the optimal speed curve are considerably lower
than the maximum torque. Not only is this essential so that the engine can react on a
load increase, but also for decent acceleration when speed is increasing. In figure 3.9 the
maximum output torque is plotted against the corresponding torque of the optimal speed
curve. Actual torque is obtained by %. Figure 3.9 shows that there is a certain margin
between maximum torque and the engine torque. From speed levels above 0.9 pu, slower
acceleration is indicated as the margin between the curves is smaller.

Maximal torque and actual torque at optimal
speed conditions

L
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o
[T

2
[2}

— Actual torgue

Torgue [pu]

2
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— 12X torgque

2
%]

Q

04 055 06 07 078 08 0,2 095 1

Optimal speed, wopt [pu]

Figure 3.9: The graph shows mazximum possible engine torque and the actual torque
corresponding to optimal speed.

19



Modeling of hybrid power system

3.3.4 Realization and testing of speed controller with optimal
speed reference

In order to include optimal speed control of the speed loop, the engine power is fed into
the lockup table which states the speed reference. The engine power is calculated by
equation 3.37.

P, =T, wn (3.37)

A stability issue arises as the reference speed changes according to output power of the
engine. Thus, the speed reference forms an outer loop that needs to be slower than the
speed control-loop. The engine power is therefore filtered, through a first order low-pass
filter on the form

1

H(s) = —
(®) sTy +1

(3.38)

where Ty; is the cutoff time constant. Stability of the engine speed, is obtained when

ﬁ is at least one decade lower than the lowest crossover frequency we min i.e. 41.3rad/s.

Thus, Ty; is stated according to equation 3.39. The block diagram of the speed-loop is
depicted in figure 3.10.

1
Ty > (3.39)
Wc,sl/lo
n,
4 K
P, —» ! Pl ple " —L
Tys+1 1+r,
Lock-up - Governor Engine

Figure 3.10: Block diagram speed control loop including lockup-table for optimal speed
reference.

A simulation of the diesel engine is performed with step-changes in the load torque
according to the test bench in figure 3.3. of %pu. Minimum speed reference was set
to n,, = 0.5pu Due to the limitations of maximum output torque, the applied load
torque must be a factor lower than 75, ;4. in order to accelerate the engine speed. An
appropriate factor was found to be 0.97. Maximal allowable load torque will then be
given as

T < 0.97T maz (3.40)

This limitation of the load torque is adequate to state since it will be possible to control
the output electrical power of the generator through the voltage-exciter controller. Figure
3.11 shows the load torque applied in the simulation with limitation according to equation
3.40. Figure 3.12 shows the corresponding speed response. When the load torque drops
to zero, the engine speed is only slowly decelerating due to inertia in the drive train.
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Applied load torque
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Figure 3.11: Load torque applied for isolated test of speed engine. The load torque is
limited by maximal allowable load torque according to equation 3.40, and hence cut edges
can be seen

Test diesel engine: speed response
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Figure 3.12: Resulting speed response from load torque applied in figure 3.12. The red

line is the reference speed yielding optimal fuel consumption. The blue line the actual
engine speed.

3.3.5 Estimation of fuel consumption

In order to evaluate fuel consumption of diesel engines, an approximations of SFOC
[gr/kWh] with respect to different speed levels has been carried out. According to [45]
the hourly fuel consumption of an internal combustion engine for a given fixed speed can
be approximated by a quadratic function of the load expressed in equation 3.41 .

Cy = Cy + aPy, +bP2, (3.41)
Expressing C in [gr/h], SFOC is obtained by

O G
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In this thesis, SFOC is approximated for the five selected speed levels w,,, = 0.6, 0.7, 0.8, 0.9
and 1, pu by using quadratic regression in Microsoft Excel. The SFOC for an arbitrary
speed level is estimated by using linear interpolation between the SFOC-approximations.
The support points for the SFOC-approximations have been taken from readings in figure
2.2. The Matlab-script for estimation of SFOC is given in appendix section A.4. In figure
3.13, the approximated SFOC-curve for w,, = 1 pu and the corresponding support points,
are plotted against engine load. Approximations for all the five selected speed levels are
shown in figure 3.14.

Estimated SFOC for wm=1pu

350 ——SFOC estimated

300 & Support points

SFOC [gr/kWh]

0 0,2 0,4 0,6 0.8 1
Load [pu]

Figure 3.13: The figure shows the estimated SFOC-curve for wy,, = 1 pu. The red points
are the corresponding support points.
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Figure 3.14: FEstimation of SFOC using quadratic regression for selected speed lev-
els. Interpolation is performed for obtaining SFOC for speed levels between the estimated
curves.
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3.4 Battery storage system

The battery storage system composes of a battery bank and a bidirectional converter. A
model of a Li-ion battery is provided from the Simulink library (figure 3.15). Experimental
testing of this battery model has shown an accuracy of the dynamic behavior within
an error +5% for SOC between 20% and 100% [46]. Expression for battery voltage in
discharge and charge mode are given by equation 3.43 and 3.44. The term ¢*, is the
battery current filtered through a low-pass current. For high load currents, i* will cause
a reduction of the battery-voltage which gives increased conduction losses. The battery
resistance Rpg¢, is internally calculated by the Simulink-model to Ry, = 1 mfQ.

Edischarge = Eg™ — K% (it 4% + Ae” P it >0 (3.43)
E — Ebatt - K Qtot - K Qtot . SOC A —B-SOC % 0
charge = 0 SOC =01 Quy ' " Qi — SOC e s

(3.44)

The battery bank is composing of Li-NMC batteries connected together in series and
parallel in order to supply or absorb a power of 800 kW in the whole voltage range.
Data-sheet for one battery module is provided from Corvus Energy [47]. The battery
resistance is internally calculated by the Simulink-model to Rp.: = 1 m£2. Specifications
of the battery bank is summarized in table 3.3

Discharge Charge
Modu'les in Modules in Capacity [Ah] 'Voltage Current Qurrent Current Qurrent
series parallel min-max [V] | peak [A] | continuous [A] | peak [A] | continuous [A]
1 1 75 77-101 750 450 375 225
5 10 3750 385-505 7550 4500 3750 2250

Table 3.3: Specifications of battery bank. Battery resistance is internally calculated by
the Simulink-model to Rpe: = 1mS) Data-sheet for one battery module is provided from
Corvus Energy [47]

First order 0
low-pass filter

- ‘

Internal
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i(t) 0 (Discharge)

i pa—
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¢ sels) 1

Echarge = N(it.i* Exp, BattType)
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Controlled
voltage
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Figure 3.15: Battery model provided from Simulink library. Source: [48]
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3.4.1 Bidirectional converter

Topologies of bidirectional converters can be classified into non-isolated and isolated con-
verters. In the isolated converters the voltage-sides are galvanic isolated, i.e. by trans-
formers. In many applications, is galvanically isolation is required due to correct operation
of protection system and personnel safety [49]. When the voltage ratio between the con-
verter sides becomes large, the non-isolated converters will be impractical. However, the
non-isolated types have simple structure, cheaper and lower losses [49].

In this thesis a non-isolated converter has been implemented. The conceptual topol-
ogy of this converter is shown in figure 3.16. The converter operates as a boost converter
when current flows into the DC-link and buck converter when current is flowing into the
battery. Depending on buck or boost mode, only one of the switches will be activated at a
time. The switches are of the type insulated gate bipolar transistor (IGBT). The control
signal d to the IGBTs are generated from a PWM-generator provided in the Simulink
library [50].

iL L ~
o __»_(‘YV\/‘\ P o
+ +
Voat |~ 57 Cout == Voc
° °

Figure 3.16: Topology of the bidirectional converter connecting the battery to the DC-
link.

3.4.2 Selection of converter parameters

The battery bank comprises a costly unit in a hybrid power system. Switching frequency,
filter capacitors and inductor should be chosen in order to mitigate battery aging. Heat
development is a major factor of battery aging and an increase of internal losses in the
battery results in additional heat development. In [51] is it shown that battery impedance
increases with higher switching frequency (5 — 20kH z) due to skin and proximity effects.
The severity of ripple current at high frequency switching may however be discussed. In
[52], ripple effects on the battery aging are experimentally tested. According to the re-
sults in this study, cannot the battery aging be linked to current ripple. The same study
shows, however, that current ripples have significant impact on the battery management
system as maximum cell voltage over the individual battery cells may be exceeded. Elec-
trical companies tend to recommend small ripples in voltage and current for prolonged
life time. According to [53] is Ai = 5% of rated ampere-hour capacity and AV, = 0.5%
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suggested.

Concerning switching frequency of IGBTs, low switching frequency is desired for reduced
converter losses. This is due to that AC-losses reduce and the fact that switching losses
are proportional with the switching frequency [54]. However, low switching frequency is
on expense of the dynamic response of converter controllers. Based on performance and
the discussion above, converter parameters are selected as shown in 3.4. Sizes of L and
Ciyn are calculated according to equation 3.45 and 3.46 [36, p. 170]. Output capacitor is
the same as the smoothing capacitor of the diode bridge.

VBat(l — D)
L =——"< 3.45
AL (345)
Aip,
i = oL .46
Cin = S FsAViar (3.46)
1 3000 H~
Cin 042mF
AViar | 20V
Coutt | 15mF
L 0.38mH
Air | 2004 (at Vier = 400 V)
Ron 1m

Table 3.4: Paramaters and specifications battery converter

3.4.3 Converter controller

The converter controller composes of a cascaded controller with an outer and inner control
loop. The outer-loop controls the output voltage of the converter i.e. the DC-link voltage
Vbe. The inner loop controls the inductor current iy, by giving a reference to the duty
ratio d. The inner-loop receives its current reference i} from the outer-loop. Block
diagram of control-structure is shown in figure 3.18. In order to design control parameters,
the system-behavior of the converter is investigated through an equivalent circuit shown
in 3.17. In this equivalent circuit, the switches are replaced by the average switching
states and in addition is the inductor resistance Ry, and the load Rcopy, also included [55].

. Cout equals the smoothing capacitor C' in the DC-link. Only for design of controllers Coyt is 15mF'. Else
in the thesis it is set to 20 mF
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Re L

+

Vgrid'd * led = Cout Rer Ve

Figure 3.17: Equivalent circuit for the bidirectional converter

From figure 3.17, equation 3.47 and 3.48 can be framed by applying Kirchhoff’s Voltage
Law and Kirchhoft’s Current Law respectively.

di

Ld—tL = Ryir+ Voe - d — Veas (3.47)
dVpc . Vbe
Cout——— =D i, — 3.48
"dt """ Rerr (3.48)
In equation 3.48, D denotes a stationary duty-ratio given by D = %‘g
Vbo iL ; i Ve
——O——— Hew(s) —O Hei(s) — 2 (s) V%LC(S)

Figure 3.18: Block diagram of the cascaded converter controller

Current controller

By taking Laplace-transform of equation 3.47, an expression of the inductor current can
be obtained

1 Vpc -d—=Viat

1, = RL L/RLS 1 (349)

In equation 3.49 the duty ratio d represents the control signal from the current con-
troller. Regarding control design for the system in equation 3.49, it will be possible to
cancel out the term V3,; by adding a feed-forward coupling of the measured battery voltage
and DC-link voltage. The feed-forward couplings have an advantage since the controller
will be adapted to battery voltage variations according to its SOC. The expression of d

with the feed-forward added, can be written as
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H.(s)e Viat
d= + 3.50
Vbe Vbe (3:50)

where H.;(s) denotes the transfer function of the current controller and e the mea-
surement error. Inserting equation 3.50 for d in equation 3.49 results in

H: i(s)e
1 Woo(Te + st) — Vew
Ry,

LS
RfL—Fl

i =

. 1 H.i(s)e
= = — " 3.51
' Rp RLLS +1 (3.51)

Due to the switching in the PWM, d will have a delay which can be represented by a
first-order time delay given in equation 3.52.

1
Hypy(s) = =—d 3.52
sw(s) Tows + 1 ( )
The switching time delay Ty, can be equated to a half of the switching period. i.e
Tsw =

% [56, p. 94]. The complete block diagram of the current control loop including

controller with feed-forward, the time delay in equation 3.52 and a measurement time
delay is shown in figure 3.19.

Feed forward Vpe

ok /L‘/bat l %at .
(3
L e 1 d ) — 1/RL L
4’_( —— Hc,i(s) |\ Voo Y| Tomst1 I\ ﬁs-{-l
1
Tyries+1

Measurement delay
Figure 3.19: Block diagram of the current control loop

As the feed-forward coupling cancels out the term Vj4¢, the resulting system, for which
the controller H.(s) is to be designed, will comprise two first-order transfer function. For

this control design a PI-controller will be suitable. The equivalent control loop for design
of the PI-controller is shown in figure 3.20.
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5k .
7
L e 14Ty 1 1/Rp L
O +Tis |, ,
U K T;s Tsws+1 s+l
1
Traes+1

Figure 3.20: Resulting control loop when disturbances from Vie: has been eliminated by
feed-forward couplings.

The control parameter of the PI—controller can be designed by using modulus optimum,
where the dominant time constant R— will be canceled out. With modulus optimum,
control parameters can be obtained based on equation 3.53 and 3.54 (see appendix section
A5 ). The value of K),; in equation 3.54 is multiplied by three for higher bandwidth.

L
Tii = R (3.53)
T;
Kpi =31 Tsum = Tsw + Tfilt (354)
2R7LTS’U/H’L

Tii = 0.38 | K, = 0.3 | Tuy = 0.33ms | Tyar = 1.67ms |

Table 3.5: Control parameters of speed controller. K,; is multiplied by three compared
to the modulus optimum criteria

Since the value of K, ; is multiplied by three, compared to the modulus optimum
criteria, the closed loop of a modulus optimum design will result in a time constant of
QT% This time constant will be considered for modeling the outer control-loop. Figure
3.21 shows open and closed loop bode-diagram of the current controller.
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Bode Diagram Current Controller
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Figure 3.21: Bode diagram of open and closed loop of the current controller.
Bandwidth = 780rad/s, PM = 75.4°

Voltage controller

To model the voltage controller, the closed loop of the current controller and the physical
system from inductor current to the DC-link voltage must be considered. The closed loop
of the inner control loop can be equated by a first order transfer function with equivalent
time coefficient QT% from the current control loop [57]. By taking Laplace transform
of equation 3.48, equation 3.55 can be framed. This equation expresses the relationship
from the inductor current to output voltage. The resulting block diagram of the outer
loop can be established as shown in figure 3.22.

D
I, (3.55)

Vpe =
1
C(outRC'PLS + Ropr

* .
Ve e 1 i D Vbe

——O—— Heo(8) [~ Tom 1 Conest m—

1
Tyrigs+1

Figure 3.22: Control loop of voltage controller

Regarding design of the voltage controller, the no-load situation is considered. At
no-load, when Rgopy is set infinity, equation 3.55 becomes an integral-term as shown in
equation 3.56. Control-parameters will therefore be tuned based on symmetrical optimum

when using a PI-controller.
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D
oSl (3.56)

Vbe

By using symmetrical optimum, control parameters of He ,(s), are selected according to
equation 3.57 and 3.58. Table 3.6 summarizes control parameters.

2TS7J/ITL

T‘iﬂ) = BTetp B = 47 Teq = 3 + Tfilt (357)
Cout
Kpw =~ (3.58)
" VBDT,

Tio = 0.018 | Ky =3.83 | Tyum = 1.8ms | Tyu = 3.3ms |

Table 3.6: Control parameters of voltage controller

Figure 3.23 shows the bode diagram of the voltage controller at no load. The bode
diagram for the voltage controller at full load is shown in figure 3.24. Due to the negative
sign of Ropr, the phase will initially start at —270° and cross —180° when the magnitude
has a positive gain. However, acceptable tracking can still be obtained as long as the
magnitude is large enough when the phase is —180°.

Bode Diagram Voltage Controller No-load
—Open loop
50 - Closed loop

Magnitude (dB)

Phase (deg)
5 &
& 8

®
3

-225
10° 10 10? 10° 10
Frequency (radls)

Figure 3.23: Bode diagram of open and closed loop at no load of the voltage controller.
Bandwidth = 254rad/s. PM = 61°
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Bode Digram Voltage Controller Full Load
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Figure 3.24: Bode diagram of open and closed loop at full load of the voltage controller.

Full load is calculated by Ropy, = (gsg,:/w);. Bandwidth = 240 rad/s, PM = 46°

3.4.4 Testing of converter controller

A test of the converter controllers is performed according to the test bench of figure
3.3. The load is set both positive and negative in order to validate performance of the
converter controller in both buck and boost mode. Figure 3.25 shows resulting inductor
current from this simulation. Spikes in the current occurring at load changes are far
from reaching maximum battery current levels according to table 3.3. Current ripples are
around 200 A, which also is the size of the ripple the inductor is dimensioned to yield.

The response of the DC-link voltage in figure 3.26, shows large voltage dips when the
load increases after 6 s. However, thruster systems may be equipped with low voltage
protection which prevents power to be drown under a certain voltage limit. When the
load drops drop from full load to zero load, the voltage reaches beyond 1150 V. To reduce
this over-voltage, bandwidths of the control loops might be attempted to be even more
increased. Otherwise would increasing switching frequency and a larger DC-link capacitor
be effective measures.

31



Modeling of hybrid power system
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Figure 3.25: Performance test converter controller: Inductor current

DC-link voltage

Time [s]

Figure 3.26: Performance test converter controller: DC-link voltage
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4 | Control structures of diesel
generators and battery

First in this chapter, the performance of diesel generators operating alone is investigated.
For this purpose, two different exciter-voltage controllers for control of DC-link voltage
are designed. Next, the battery will be added to the power system. Two different control
configurations for power share between the battery and generator sets are investigated
in this regard. All the control structures, are simulated and tested with the bench-test
explained in section 3.1.3. Simulations of power-waveforms with values expressed in per-
unit, are with respect to the nominal value of the synchronous generator i.e. 800 kW .
Power waveforms of battery and generators are also filtered through a low-pass filter.

4.1 Diesel generator sets operating alone

4.1.1 System equations

The physical system that will be investigated regarding design of exciter-voltage con-
trollers, are the control loop from the input of the exciter machine to the DC-link voltage.
The transfer function from the exciter machine to terminal voltage is shown again in equa-
tion 4.2. From the equivalent circuit in figure 3.5, the transfer function from the voltage
at the terminals of the generator to the DC-link voltage can be expressed according to
equation 4.1. Derivation is given in appendix section B.1.

R
Ve T Tr BTl g oCleiiite 1]
(%7 1 1
-t — . 4.2
v ()= —1 1+ 1), (4.2)

In equation 4.1, Ropy, is inserted with a negative sign. According to the first criterion
of Routh’s Criteria, the system will be unstable i.e. has positive poles, if one of the
polynomial time coefficients in the denominator are negative [44, p. 260]. In order to
have positive time coefficients, the following inequalities can be identified

Ropr > Ry (4.3)
CRpRcpr, > Ly (4.4)

These inequalities show that the size of capacitor cannot be too small. Reduction
of Repy, also may cause instability. Low voltage and high load are factors that reduces
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Repyp. Inorder to frame the complete stability criteria of the voltage control loop, Routh’s
table can be applied to the closed loop system. In the design of voltage controllers, the
Repy, corresponding to full load will be applied, which yields the lowest Ropr. The time
coefficient in equation 4.1, which are labeled t; and t; are calculated based on the per-
unit base-values of the synchronous machine. The field voltage output from the exciter
voltage-controller is limited by v mae and vy min. Table 4.1 summarizes parameters of
the control loop.

_ ReprCLy _ 2 _ CRyRcpr+Ly _ R _ _
t1 = m = 11.5us ty = W = 2.91ms ﬁ =1.15 Téo =755s
Tex = 0.19 s Vf maz = 4.5 pu Vfmin = —4.5pu

Table 4.1: Specifications of the control loop investigated to design voltage controllers.

Repy, is considered at full load yielding ((ggg,:/‘/l)j). Commutation inductance is considered

Ly=L.

4.1.2 Droop control

To control the DC-link voltage and subsequently split the power demand between the two
generators, droop control has been implemented. This is a widely used method that does
not require communication between the generators [5]. In principle by using the droop
control method, one generator supplies a higher amount of power than the other one. If
the generators were supplying the same amount of power, the system would be unstable as
generators would fight each other in order to control the load. The implementation of the
droop control is realized through a linear voltage drop in the reference voltage according
to the power the generator supplies. Despite the drooping characteristic, constant voltage
DC-link voltage can still be obtained by feeding a compensating voltage reference from a
secondary control level [58]. Equation 4.5 shows the characteristic equation for the droop
controller. Vj is the voltage reference at no load and § is the slope which defines at which
rate the voltage drops.

Ve = Vo — 6Pyen (4.5)
Values of ¢ and V) can be obtained according to equation 4.6 and 4.7 [58].

Avmaw

6:
Pma:t

(4.6)

Avaa:]c
2

Vo =Vpen + (4.7)

In figure 4.1, the droop characteristic of two generators sharing load is depicted. At a

given load situation causing a voltage of 1 pu, the share of power between the generators
will be 0.4 and 0.6 pu.
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Droop characterstic
1,08
1,06
1,04 — Vgen2
1,02 "

—Vgenl

Voltage [pu]

0,98
0,96
0,94
0,92

0 0,2 0,4 0,6 0,8 1
Power [pu]

Figure 4.1: Droop characteristic of two generators sharing load

The actual share of power between the generators for a total demand of P, can be
calculated by equation 4.8 and 4.9. See derivation in appendix section B.2. The generator
with the highest reference voltage, will also supply the highest amount of power.

Vo2 — Vo1 + Prot6s

Pyons = 48
gen2 (51 + (52 ( )
Pgenl = Ptot - Pgen2 (49)

If 0, and &2 are equal, the power difference Pye,1 — Pyen2 Will always be equal. The power
difference then becomes

Vo2 — Viu

5 (4.10)

Pgen2 - Pgenl =

4.1.3 Interactions between diesel engine and generator

The diesel engine and the synchronous generator composes a power train on the same
shaft, at which the generator exerts a load torque on the diesel engine. The power-
delivering process starts with the exciter-voltage controller which takes action based on
the grid load that affects the DC-link voltage. Adjusting the field voltage controller causes
an electromagnetic torque that must be responded by the output torque i.e. fuel injection
of the diesel engine in order to keep its reference speed. For a given speed, power is directly
proportional to torque. The transfer of power from the diesel engine to generator can be
expressed as follows

Py =wp, - Ty = Pyen (4.11)

To obtain stable operation, it will be important that the voltage control loop is suffi-
cient faster operating than the speed control-loop of the diesel engine. Otherwise, sudden
speed changes would result in disturbances in the DC-link voltage. The band-width of
the speed loop can be effectively reduced by increasing the time constant Ty mentioned
in section 3.3.4. Experimentations with the value of Tj;, has shown that it should be
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increased more than what would yield a decade behind the band-with of the field voltage
controller. Increasing Ty;, however, slows the dynamic response of the diesel engine. Fig-
ure 4.2 shows the DC-link voltage from simulations with different T under steady load
conditions. It can be seen that lowering Ty; from 5 to 2.5 seconds causes instability. In
figure 4.3, the corresponding speed of generator sets to the simulation of Ty; = 2.5 is
depicted. As can be seen, the speeds are never reaching a steady value.

1000 : ‘ Stability‘ in DC-Iink‘voltage ‘
7Tdi=5
950 A—Tdi=2.5 |
= 900 V " mf
(]
o
£
S 850 |
800 ]
750 w , | | | | | |
2 4 6 8 10 12 14 16 18 20

Time Isl

Figure 4.2: Resulting DC-link voltage with two different values of Ty; in diesel engines.
Simulations were performed with a steady load at 1pu. Voltage controller was as modeled
in section 4.1.4

Speed for T =2.5's

0 .9 T T T
—Generator 1
—Generator 2

Speed [pu]
e o
~N =)

g
o
T

0.5 1 | 1 | 1 1 1 | 1
0 2 4 6 8 10 12 14 16 18 20

Tima lel

Figure 4.3: Engine speeds of generator sets with Ty; = 2.5
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4.1.4 Single voltage-controller

In this control structure, DC-link voltage is controlled directly by one controller for each
generator. The control structure is shown in figure 4.4.

_¢ )
Vo % % H(s) » :—f(s) L ()

- f

Vmax

Y

Pgen —»

Figure 4.4: Block diagram of droop control with a single voltage controller.

The structure uses droop control to feed the reference voltage V5. The drooping slope

d is set equal for both generators which gives the power share according to equation 4.10.

The maximum allowable voltage reference Vi, is in correspondence with the maximum

output torque of the diesel engine mentioned in section 3.3.4. Expressing equation 4.11

in terms of voltage and current and including mechanical losses, the following inequality
can be framed

W * Tm,mam - wm,cr > Pgen > ‘/mazldc (412)

which results in the maximal allowable voltage reference

Wm (Tm,max - C’r)

= Vinaz <
Idc

(4.13)

Considering a PI-controller for this control loop, modulus optimum can be applied
where the T; term cancels out 7). The time constants ¢; and ¢, in equation 4.1 can be
added in Ty, together with 7.,. However, the time constants in ”ic (s) are negligible
small compared to 7. Since the output voltage has very low ripple, the filtering coeffi-
cient T'y;; can also be set very small. The control parameters were set according to table
4.2. Bode diagram of open and closed loop for full load is shown in figure 4.5.The closed
loop indicates good tracking and small overshoot. The bandwidth of the open loop is as
low as 4rad/s, which will demand a higher T; of the diesel engine.

K, =40 | T, =755 | Vo = 1.05pu | Voo = 1.06pu | §=0.1 | Tyic =65 | Tyar = 0.5ms

Table 4.2: Control parameter of the single voltage-controller.
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Bode Diagram Grid Voltage Controller
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Figure 4.5: Bode diagram of single voltage-control loop. Bandwidth = 4.04rad/s.
PM = 52°

4.1.5 Performance test single voltage control

In the performance test of the single voltage-controller, the load was filtered through a
low-pass filter with a time constant of 3 s. The output power of the generators, depicted
in figure 4.6, can be seen to have oscillations in the load step at 20s. The speed of the
generator in figure 4.7, increases slowly as the power of generators increases. A slightly
more sudden acceleration can be seen at 20. s Lowering Ty; would cause the engine speed
to accelerate more smoothly and also reduce the oscillations in output power. However,
this would have limited the steepness of the load increments. The oscillations from the
generators are also reflected in the DC-link voltage shown in figure 4.8. When the load
is disconnected after 55 s, a large over-voltage raises from 885V and reaches 1288 V' and
lasts for 1.6 s.

Power flow
2.5 T T
_Pgen1
2 7Pgen2 b
Load
at1sr 1
]
H _
o 1 / )
0 L L L L L
0 10 20 30 40 50 60

Time I<1

Figure 4.6: Performance test of single voltage controller: power flow
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Figure 4.7: Performance test single voltage controller: speed.
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Figure 4.8: Performance test single voltage controller: DC-link wvoltage. The over-
voltage at 55 s raises from 885V and reaches 1288V and lasts for 1.6 s
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4.1.6 Cascaded voltage controller

The second voltage controller that is tested is a cascaded controller where the inner-loop
controls the AC-voltage at the terminal of the generator and the outer-loop the DC-link
voltage. The reason for investigating this configuration is that the inner-loop controller
is standard controller of a diesel generator. It might be that also controlling the terminal
voltage, will yield faster and more stable operation of the generators. The block diagram
of the cascaded control loop is shown in figure 4.9

s

Voc
Vo H..(5 =7|£ I I e

Vmax

\j

Vi

Pgen —»

Figure 4.9: Block diagram cascaded voltage controller

According to the bode-diagram in figure 4.5, a PI-controller of the inner-loop will result
in very low bandwidth of the outer-loop since this must be approximately one decade
behind that of the inner-loop. To increase the bandwidth of the cascaded controller, and
still have sufficient phase-margin, a PID-controller of the inner-loop is therefore proposed.
The PID controller is on the form given in equation 4.14 and can be approximated to
equation 4.15 if T; >> Ty and the filter coefficient o << T} [44, p. 333].

Td S

1
Hprp = Kyi(l+ — 414
PID il +Tiis+as+1) (4.14)
14+T;s)(1+Tys
Hprp(s) =~ sz( X as) (4.15)

Tiis(as+1)

By selecting T;; = T, and Ty = T¢,, the open inner-loop can be written according to
equation 4.16. K; can be selected to yield appropriate bandwidth.

Moy g AEFIOAES 1 1 Ky
! P Ts(as + 1) Toos1 Ties=+T Tys(as+1)

The resulting control-loop for the outer-controller where a PI-controller will be used,
then becomes

(4.16)

1
SQ%JrSTi +1

Hepi(s) = (4.17)

q for the inner-loop is set to Teq =

. For the outer-loop PI-controller symmetrical
optlmum is used, with T;, = 4T,,. Kpo is adjusted to yield a bandwidth approximately
one decade behind that of the inner-loop. Control parameter for the cascaded control
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scheme is shown in table 4.3. Figure 4.10 shows the open loop bode diagram of the inner
and outer-loop. Both of these control loops display good phase-margin. The bandwidth
of the outer-loop is slightly lower than that of the single voltage-controller, which makes
this control structure slightly slower. The corresponding closed loop bode diagram is

shown in figure 4.11.

K, =200 Ty =155 | Ty=019 | a=0.02 | T\ =015 | Kp, =04
%1 = 1.05pu V02 = 1.06pu 6=0.1 Tdi =15 Tfilt =0.5ms

Table 4.3: Parameter for the cascaded voltage control loop

Bode Diagram Open Loop

Magnitude (dB)

Phase (deg)

10'
Frequency (radis)

Figure 4.10: Open loop bode diagram of both the inner and outer-loop of the cascaded
voltage controller. Bandwidth inner and outer-loop:26rad/s and 3.2rad/s. PM inner

and outer-loop: 66° and 109°
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Ph:
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Figure 4.11: Closed loop bode diagram of the cascaded voltage controller.

41



Control structures of diesel generators and battery

4.1.7 Performance test cascaded voltage control loop

Simulations with the cascaded voltage controller shows that this control scheme fail to
provide stability for a steady load. This results in oscillations of the output power of the
generators as seen in figure 4.12 and in the speed in figure 4.13. The DC-link voltage
in figure 4.14 reaches, however, a steady value after an overshoot. A simulation is also
performed when speed is set fixed at 0.7pu. The power flow from this simulation is
shown in figure 4.15. Despite Ty; initially is set as large as 15 s, the fixed speed operation
considerable improve the stability, but small oscillations can still be seen.

Power flow
1.2 T T :

1+ —Pgem ||
Load

Power [pu]
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»
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Figure 4.12: Performance test cascaded voltage controller: power flow
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Figure 4.13: Performance test cascaded voltage controller: speed
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DC-link voltage
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Figure 4.14: Performance test cascaded voltage controller: DC-link voltage
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Figure 4.15: Performance test cascaded voltage controller: power flow. In this simula-
tion, speed has been set fized at 0.7 pu
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4.1.8 Power controller for enhanced dynamic performance of diesel
engine

According to stability findings in the sections above, Ty; must be set sufficient large in
order to obtain stability, which, however, slows down the dynamic response of the diesel
generator. In this section a solution to improve the dynamic performance of the generator
set is proposed. The idea of this solution is to control the deviation between the actual
output power of the generator and an estimated output power P.g. The output of the
controller is added to the speed reference of the diesel engine. The block diagram of the
speed controller with this power controller added, is shown in figure 4.16.

Power controller

+

» P| —»

Lock-up Governor

2]

m

Figure 4.16: Block diagram of the speed control loop with the power controller added.

The estimated output power of each generator P.g; and P.go is the output power
which the generators are set to supply according their droop characteristic. For control
od the DC-link voltage, the control structure and settings in section 4.1.4 are applied.
As the drooping slope of the generators are equal and Vs > Vp1, equation 4.10 can be
applied to calculate P.g1 and P.go given in equation 4.18 and 4.19. This calculation
requires also that the total load power P, is measured.

1 Vo2 — Vi

Pestl = Ptot - 5 25 (418)
_ 1 Vo2 — Vou
Pesiz2 = Piot + 5T % (4.19)

Regarding the design of the power controller, which is a PI-controller, the integral
time constant of the governor must be considered. The integral time coefficient T; , of
the power controller, is found to appropriate when 7; , is at least the double of that of
single-voltage controller. This causes the integral effect to end at T%D The control gain,
K, is set unity.
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A possible drawback of adding the power controller is that it may cause more accel-
eration of the diesel engine and distort optimal speed reference, which is bad for the fuel
consumption. To reduce the contribution of the power controller, T3, can be increased.
Control parameters with the power controller applied, have been set according to table
4.4. The structure and parameters of the voltage exciter controller are the same as in
section 4.1.4.

| Tu=25pu | T, =20 | K,, =1

Table 4.4: Control parameters for when power control of diesel engine is added. Other
parameters are the same as in section 4.1.4.

4.1.9 Performance test with power control of diesel engine

With power controller added in the diesel engine, the load is allowed to increase faster
than in section 4.1.4. Smoothing filter coefficient of the load is in this case set to 1.5s.
The power flow depicted in figure 4.17 also shows more even operation of the generator
sets. The output of the power controllers which are added to the speed reference, is shown
in figure 4.19. This contribution is never above 4+0.02 pu and approaches zero when the
load increases. The engine speeds, depicted in figure 4.18, can be seen to have an even
acceleration. The voltage peak that arises when the load drops, raises from 885V to
1280.5 V and lasts approximately for 1.6 s. The reason for this slightly lower voltage peak
than in section 4.1.4, may be that the power controllers immediately lower the speed
reference of the diesel engine when the load change occurs.

Power flow
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1=
:
o 1r 1
o
s ]
v

0 10 20 30 40 50 60

Tima lel

Figure 4.17: Power flow with power controller added to the diesel engine.
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Figure 4.18: Engine speed with power controller added to the diesel engine
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Figure 4.20: Grid voltage with power controller added to the diesel engine.
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4.2 Battery and diesel generator sets operating to-
gether

4.2.1 Droop control

This control configuration will use droop control of the battery and the generator sets to
control the DC-link voltage. The droop controller of the generator sets in this section,
will be the same as in section 4.1.4. For the battery, it is desirable that it is not loaded
during steady state operation [12]. For the drooping characteristics of the battery, the idle
voltage reference needs to be moved towards the reference voltage causing zero output
power. This voltage point is the resulting voltage level of the generator set with the
highest idle reference voltage V. In figure 4.21 the operation principles of this control
configuration is illustrated for a situation when the load is decreased from a level p; to
p2. Initially in this figure, the idle voltage reference of the battery Vj pq+ is set to ve and
it supplies zero power. At the load change to ps, the droop characteristic of the battery
will cause the battery to absorb the power ppq:. As Vj per moves towards vs, the amount
of power the battery absorbs is decreasing towards zero.

VDC
A
Battery droop Generator
~~ T
o _L =L ve
T~ A
Vn,bur T~ -~ _ \V1 /I\ A
Power absorbed by battery \‘\mL_\\
imedeatly after load change =
y » Load
Poat — =  ( p: —— p:

Bat

Figure 4.21: Graphical illustration of battery droop control for a battery and generator
operating together.

Figure 4.22 shows the implemented block diagram of the battery droop controller.
The low-pass filter with the time coefficient Ty, is used to regulate the rate of which
Vo,bat Will move towards Vpe. The larger Tyq: is, the slower will V{ 14+ be equal Vpe and
the battery will be more employed. The slope of the battery droop is set by deltapqs-
Vinaz and Vi, is set according to keep the DC-link voltage within acceptable ranges.
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max * Voltage controller ®
y VDC Pl lbur
DC.n
min
, 1 VDC
B g TowS+1

Low-pass filter

Figure 4.22: Block diagram battery droop controller

The selection of dp,; is intrinsic for the instant power exchanged between the battery
and the DC-link. From figure 4.21 it can be understood that the smaller d5,; is, the higher
share of power will be taken by the battery at load changes. The share of power between
the battery and generator sets at a sudden load change P;,:, can be obtained by solving
the equation set below (see appendix section B.2)

*Pgenlél - Pgen262 = VOl - VOQ (420)
Pgen252 - PBat(Sbat = Vo2 — ‘/O,bat (421)
Pgenl + Pgen2 + Poat = Piot (422)

Equation 4.20-4.22 cannot precisely be applied to predict the resultant power share
of a load change, as distortion of the DC-link voltage and delays will impact. However,
it may give knowledge on how the battery will respond to load changes. For the applied
Opat = 0.05 pu this is an example: initially the load is 1.33 pu and the battery supplies zero
power implying Vp pet = Voo. If the battery then raises instantaneously to 2 pu equation
4.20-4.21 will result in a instant battery power of 0.3 pu.

When the battery is employed, the dynamic response of the power system will become
distinctively improved and fast transient action of the generators is not necessary. Re-
garding selection of T, and Ty;, most even operation of the generator sets is obtained if
Ty; is increased compared to in section 4.1.4 and Tpa; < Ty;. It is also important to notice
that as the battery power proceed towards zero, a load change will be experienced by the
generator sets. Hence, if Tjq¢ is too small, and battery power reduces too fast, operation
of the generators sets may be instable. Control parameters for the battery droop control
parameters are given in table 4.5.

Obat = 0.05pu | Thar =5 | Tui =8 | Vinaw = 1.06pu | Vinin = 880V | Vinao = 985V

Table 4.5: Control parameters for droop control of battery and generator sets. Other
parameters are the same as in section 4.1.4.
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4.2.2 Performance test battery droop control

When the battery is added in the power system, the power is allowed to raise faster and
the filtering time-coefficient of the load is set 1.5s. When the powers of the battery
and the generators sets crosses after 3 s in figure 4.23, more uneven power supply of the
generators appears. More voltage ripple appears when the battery power crosses the
zero after 12 s. When the load drops to zero, the over-voltage raises from 890 to 1100 V'
and lasts for approximately 0.1s (figure 4.24). This is significantly lower than without
the battery where voltage levels reached almost 1300 V. The power the battery absorbs
reaches 1.1 pu which is tolerable for the battery for a short time (see section 3.4).
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Figure 4.23: Performance test of droop control of battery and two generator sets: power

flow

DC-link voltage
1150 T

1100 - 1

1050 q

Voltage [V]
© © 8
o (2] o
o o o

©
a
o

©
o
o

o
(93]
N
o
N
w

20 25 30 35 40
Time [s]

Figure 4.24: Performance test of droop control of battery and two generator sets: DC-
link voltage
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4.2.3 Master slave operation battery and generator sets

In this last control strategy, the DC-link voltage is controlled by the battery, while the
diesel generators receive a reference power. This is called master-slave operation. The
control structure of the battery will be the same as designed in section 3.4.2 with the
nominal DC-link-voltage of 930 V' as reference. The field-voltage controllers in the diesel
generators will be regulated with the received power reference as control signal. As
the DC-link voltage will be kept constant, the power to the generator is translated to a
current reference. With equal share of power between the generators, the current reference
becomes

I* ]Dload

(4.23)

The maximal current in terms of maximum output torque of the diesel engine can be
written as

— Tm,maac (4 24)

I*
DC,max
Vbe

Figure 4.25 shows the block diagram of the current control loop. The low-pass filter
with time coefficient will be used to limit current reference to the generator for more
steady operation.

DC,max

\
\

* 1 v IC ]
e — 711 O His) | —t(s) ~£<(s) =

MS

Figure 4.25: Block diagram of current control of the generator sets

The control loop of the field voltage controller must therefore be redefined. As the DC-
link voltage is kept constant by the battery, the transfer function from output terminal
voltage to the output DC-current, the transfer function £ “p< (s) for each generator may be
investigated. This transfer-function can be framed as follows (see appendix section B.1
for derivation)

Reopr.Cs+1
Ipc (3) = 3\/5 Rrx+RcpL (4 25)
Vg m s28cpLCly | RoprBetly 4 ’
Ry+RcpL CRr+RcpL

In this transfer function time coefficients of the denominator equals t; and t5. Ropr,C =
15ms. A PlI-controller is applied to the control loop. This control case is similar to the
DC-link voltage controller in section 4.1.4, and modulus optimum is applied. Hence, T;
cancels out T),. The value of K, has been reduced to avoid instability issues between
the generators and the battery. The derivate effect in the numerator of equation 4.25,
may be the reason for that as. Reduced stability performance using master-slave is also
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Figure 4.26: Bode diagram of current-control loop for the generator sets. Bandwidt :
3.79rad/s. PM : 168°

mentioned in [5]. The bode-plot of the control loop with applied control parameters is
shown in 4.26.

Regarding the selection of Th;s and Ty;, experimental testing has shown that Th;g <
1s and Ty; significantly lower than Th;g for better operation of the generator sets. Table
4.6 summarizes control parameters for the master-slave configuration.

K, =10 | T, =755 | Tys =2 | Tui =10 |

Table 4.6: Control parameters for the master-slave configuration

4.2.4 Performance test master slave

Since the generator sets are implemented with the same settings and supply the same
amount of power, their waveforms in figure 4.27 are also identically. The oscillations
in the generator wave-form occurring after 15s would have been larger with higher K,
in the current controller. Compared to the battery droop controller, the implemented
configuration gives slower response of the generator sets causing the battery to be more
stressed. When the load drops to zero, the battery nearly supplies 2 pu. In figure 4.28,
the DC-link voltage can be seen stable regulated at the nominal value of 930 V. The over-
voltage raises to 1100V, which is a lower skip than with the battery droop controller.
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Figure 4.27: Performance test master slave configuration: power flow. The wave-form
of the generator sets is identically.
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Figure 4.28: Performance test master slave configuration: DC-link voltage
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4.3 Overall evaluation of control structures

The variable speed operation of generator sets is a factor that causes the power system
to be more sensitive to instability. In this sense, increasing Ty; sufficiently, in order to
lower the bandwidth of the speed control loop, is a key to stable operation. Moreover,
is the generators in the dual operation highly exposed to each other. Instability in one
generator affects the other.

The single voltage control-loop displays good voltage-response and stable power-flow of
the generator set. However, this control-structure has low bandwidth. A controller of
higher bandwidth would be desired to limit over-voltage at drop out of load. Compared
with employment of battery, the resulting over-voltage is considerably higher. An exciter-
system with lower 7., would have allowed higher bandwidth since wig9 would be higher.

The cascaded control-scheme is designed with distinctively higher bandwidth of the inner-
loop than of the single voltage-controller. This is necessary in order to obtain decent
bandwidth of the outer-loop. Simulation results showed that this structure is highly in-
stable. Also when the speed is fixed, there are steady oscillations in output power. It
may be that the higher bandwidth of the inner controller is not tolerable in the situation
of the dual operation of the generators. A known issue is also that the derivative effect
may gain up disturbances. In this context, effects of the commutation process should
be more deeply investigated as this causes steady variations in generator inductances. It
could therefore be of interest to check the performance of the inner-loop controller for a
power system without diode-bridge.

The power controller added in the speed controller in section 4.1.8, proved to allow faster
load changes as well as it yields more stable output-power of the generators. The rea-
son for this improvement, might be explained by the torque characteristic of the diesel
engines. When the engine speed of the generators are different and below 0.8 pu, the max-
imum torque of the engines also are different according to equation 3.26. This results in
different acceleration and maximum output power of diesel engines, which is reflected in
oscillations in output power. By adding the power controller, differences in rate of change
in engine speeds are even out. This theory is supported, by the oscillations appearing in
figure 4.7 in the load change from 0.66 to 1.33 pu when speed is below 0.8 pu. In the load
change from 1.33 pu to 2 pu, when speed is above 0.8 pu, acceleration in engine speed as
well as output power proceeds steadily. Besides improved dynamic response with respect
to load changes, the power controller can be useful if it allows the size of capacitor in the
DC-link to be reduced. Strategies for improved stability and reduction of the capacitor
in the DC-link of a HPS is an addressed topic in [26, p. 77].

When the battery is introduced in the power system, the ability to supply transient load
is improved as well as more stable power waveform of the generator sets are obtained.
This is due to the high bandwidth of the battery-controller. Of the two implemented load-
sharing strategies, the battery droop-controller has more parameters to tune compared
to the master-slave configuration. This makes the battery droop-controller more intricate
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to implement. Instead of a dynamic droop controller, a constant droop-controller equal
to that of the generators could be designed. In this case, equation 4.20 - 4.22 easily can
be used to obtain a reasonable power share between battery and generator sets. The
battery-droop controller might be more redundant if the battery is tripping. With the
master-slave configuration, it will in this case be no control of the DC-link voltage. As
will be seen in the next chapter, master-slave has the advantage that output power of the
generator set can be set to a specific level.
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5 | Simulation of a driving pro-
file - evaluation of fuel con-
sumption

A driving profile for the power system is set up based on the dimensioning load profile
in section 3.1.1. The load point from 200 to 450 s are used and fitted into a adequate
simulation time of 45 s which makes the water slightly "rougher'. The driving profile is
simulated with five different control cases where the generator sets either are operating
alone or with the battery. Definition and settings of each control case is listed below:

Case 1 Generator set operating alone with fixed maximum speed. Droop control struc-
ture of generator set with settings equal to section 4.1.4.

Case 2 Generator set operating alone. Droop control structure of generator set. Control
settings equal to section 4.1.4.

Case 3 Generator set operating alone. Power controller added to diesel engine. Settings
equal to section 4.1.8.

Case 4 Generator set and battery operating together. Droop controller of battery. Ty =
10 and Tg,¢ = 6.25. Other settings are equal to section 4.2.1.

Case 5 Generator set and battery operating together. Master-slave control structure.
Generator sets are adjusted to supply a power of 0.82 pu which approximately is the
operating point at which generator sets display highest efficiency. Other settings
are equal to section 4.2.3.

The aim of the simulations is to illustrate applications of controller structures and
moreover to estimate the fuel consumption of diesel. Based on estimated fuel consump-
tion, feasibility of each case, with reference to the fixed speed operation in case 1, will be
assessed.

To obtain an expression of fuel consumption the, implemented script for calculation of
SFOC will be used. The total mean SFOC including both generators is calculated by

[y SFOCyepi(t) + SFOC ep(t)dt
2

SFOC = (5.1)

The diesel weight in gram/liter is assumed for marine diesel oil to 855 [gr/1] [59]. The
mean diesel consumption per hour is then obtained by
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SEOC [gr/kWh] - Py [kW]
855 [gr/I]

When the generators set are operating alone, P,,q is the time averaged load which
is calculated to 1131.4kW (1.4pu) for the driving profile. When the battery is added,
the generator sets will supply FPyu.4 in addition to the losses in battery and in the battery
converter. The mean battery conversion losses are calculated in 5.3. In the simulation
cases with battery, the generator set will actually not supply the average load. However,
as battery must be charged and discharged, the generator set must on an average basis
supply the average load. A more correct way to asses fuel consumption would therefore
be to simulate a total charge/discharge cycle of the battery with equal state of charge in
the beginning and the end. With a plug-in configuration of the battery, the generator set
would not needed to supply the average load.

Mean diesel consumption [l/h] = (5.2)

t .
Pyt — P |dt
P = Ju b~ P (5.3
The term [Py, — Pi%| denotes the absolute value between the battery power and the
power into the converter from the DC-link side. To estimate the daily fuel consumption

costs, the marine diesel oil price is assumed 7.94NOK/I, hence

Fuel costs [INOK /day] = Mean diesel consumption [l/h] - T.94[NOK/I] - 24h  (5.4)

For each simulation case, generator speed and the power flow showing power from
battery, generator set and load (driving profile) will be depicted.
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5.1 Simulation Case 1 - fixed speed operation

Power flow
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Figure 5.1: Case 1: Power flow
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Figure 5.2: Case 1: engine speed of generator sets. The speed does not deviate much
from the reference at 1pu at load changes
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5.2 Simulation Case 2 - variable speed

Power flow
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Figure 5.3: Case 2: power flow
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Figure 5.4: Case 2: speed of generator sets. The load increase after 25s, causes a speed
drop and unbalance in the power supply between the generators.
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5.3 Simulation Case 3 - variable speed and power con-
troller added to diesel engine

Power flow
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Figure 5.5: Case 3: power flow. The power waveforms of the generator can be seen to
proceed slightly more smoothly when the power controller is added to the diesel engine.
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Figure 5.6: Case 3: speed of generator sets.
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5.4

Simulation results Case 4 - droop control with
generator set and battery
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Figure 5.8: Case J: speed of generator sets.

60



Simulation of a driving profile - evaluation of fuel consumption

5.5 Simulation results Case 5 - generator sets and bat-

tery operating together with master-slave control
structure
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Figure 5.9: Case 5: power flow. Since both generator set supply the same load, the
waveforms of the generator sets are identical.
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Figure 5.10: Case 5: speed of generator sets. Due to a large Ty in the diesel engine
the speed is very slowly proceeding towards a steady value
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5.6 Assessment of fuel consumption

For a better understanding of how SFOC varies during the simulation, the SFOC-waveforms
have been plotted together as depicted in figure 5.11. It can be seen from this figure that
for Case 1, the SFOC is generally higher. When generator sets supply less power, the
SFOC rapidly increases. Case 2 and Case 3 have almost identical waveforms. In table
5.1, calculations and consequences of fuel consumption are summarized.

SFOC all cases

230 T
—~Case 1
225 |—Case2
——Case 3

—Case 4

220

SFOC [gr/kWh]

Time [s]

Figure 5.11: Waveworm of SFOC for all cases plotted together

Case 1 | Case 2 | Case 3 | Case 4 | Case 5

Mean battery + converter losses [kW] 0.501 3.5
Mean SFOC [gr/kWh] 211.9 | 201.9 | 201.55 | 199.75 | 196.7
Mean Diesel consumption [liter/hour] | 280.3 | 266.71 | 266.6 | 264.34 | 260.99
Fuel costs [NOK/day] 53415 | 50894 | 50806 | 50374 | 49734

Table 5.1: Summary of calculations from simulated cases.

From the daily fuel costs in table 5.1, yearly fuel savings of each case with respect to
fixed in Case 1, is calculated in table 5.2

Fuel cost saving per year with respect to fixed speed

Case 2 Case 3 Case 4 Case 5
92 0165 NOK /year | 95 2285 NOK /year | 1 109 965 NOK/year | 1 343 565 NOK /year

Table 5.2: Yearly fuel savings for Case 2-Case 5 with respect to fixed speed operation in
Case 1

Assuming the battery back has a cost of 3000000 NOK (actual prices of the Corvus
battery were not available), payback time of the battery can be calculated based on the
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daily fuel cost savings. Table 5.3, shows payback time of battery bank for Case 4 and
Case 5 with respect to fixed speed - Case 1 and variable speed - Case 2.

Payback time battery
Case 4 Case 5
Fixed speed - Case 1 2.7 years | 2.23 years

Variable speed - Case 2 | 15.8 years | 7.08 years

Table 5.3: The table shows the payback time of the battery as simulated in Case 4 and
Case 5 with respect to simulations without battery in Case 1 and Case 2.

5.7 Overall evaluation of fuel consumption

Estimations of fuel consumption from the particular driving profile simulated in this chap-
ter, confirm that variable speed operation has potential to yield intrinsic fuel and cost
savings over time. This presupposes that the load profile is of varying character, as low
load causes rapidly raise of SFOC at fixed speed operation.

Comparing Case 2 and Case 3, fuel consumption in Case 3 are slightly lower than in
Case 2 according to table 5.1. This small difference may be a causality for the particular
driving profile, but with the power controller added, fuel can potentially be reduced as
this control structure provides faster dynamic. That is, the optimal speed reference will
be tracked faster. However, the contribution from the power controller, is not tuned in
order to give optimal speed. Hence, this additional contribution to the speed reference,
may distort the optimal speed reference. As the driving profile in the simulations has been
made more steep than in reality, the power controller will most likely not be necessary.
The regular speed controller will in that sense have sufficient dynamic. If stability issues
between the generator should occur or more extreme load changes were subjected to the
generator sets, power controller of the engine speed could be considered.

When the battery is added in Case 4 and Case 5, the strength of the hybrid power
system is illustrated as the load subjected to the generator sets becomes more steady.
The master-slave configuration in Case 5, has the advantage that load supplied by gen-
erator sets easily can be adjusted to yield minimum fuel consumption. However, this
operation causes more stress on the battery. In figure 5.9 it can be seen that the battery
power nearly reaches —1pu. When the generator sets supply a mean average load as in
Case 4, the battery stress will be reduced. With this operation of the generator sets,
the battery bank could be dimensioned with lower power ratings, as the generator sets
contribute in supplying load fluctuations. In the end of the simulation when the load falls
below 1 pu, SFOC in Case 4 rapidly increases. If load would stabilize at this low level, it
would be natural to have only one generator operating together with the battery. Also,
if the battery would be fully charged, one generator should be turned off.
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Considering payback time of the battery bank, it will according to table 5.3, within
few years bring return compared to fixed speed operation. Compared to a variable speed
operation, economic profit is not guaranteed. For Case 4 and Case 5 the payback time is
15.8 and 7.08 years respectively. Depending on how much stress is exerted on the battery,
the battery bank might then be substituted before payback time is reached.

A significant weakness of the model used to calculate SFOC of generator set, is that
it does not account for transient operation in the diesel engine. Load fluctuation and
speed variations, is as mentioned in section 2.2, is a source of increased SFOC as well
as maintenance of the diesel engine. The validity of the fuel consumption data pre-
sented in this section is therefore, only valid in a steady state operation. In this review,
the profit of installing a battery bank may be even more significant due to more stable
power supplied by the generator sets. The rate of change at which the engine speed can
be allowed to vary should also be discussed in this context. Concerning the oscillating
torque-characteristic of the synchronous generators due to the commutation in the diode
bridge, it would be interesting to investigate whether these oscillations have an impact
on the fuel consumption.
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6 | Conclusion

In this master thesis, dimensioning and construction of a DC-grid hybrid power system,
with battery and variable speed disesel generators, is thoroughly outlined through simula-
tion models in Matlab/Simulink. Operation of the generator sets alone and together with
the battery is investigated. Both cases are addressed with respect to control structures
and fuel consumption.

For operation of generator sets alone, two different exciter-voltage control structures with
droop control of generator sets are designed. By using a single PI-controller to control
the DC-link voltage, stable power-waveforms of generator sets as well as good voltage
response in the DC-link is obtained. The second exciter-voltage controller is modeled as
a cascaded controller, controlling the terminal and DC-link voltage. Since, the inner-loop
would yield low bandwidth using Pl-controller, a PID-controller is considered. In the
outer-loop a PI-controller is used. This control structure results in oscillations in the
output power of the generator sets.

A main factor to obtain stability with variable speed operation, is feeding the speed refer-
ence to the speed controller with distinctively lower bandwidth than the voltage controller.
This, slows down transient response of the generator sets. By a proposed power-controller
added to the speed-controller, load is allowed to increase faster and more stable output
power of the generator sets is obtained.

For operation of generator sets and battery together, two control strategies for the load
share between generator sets and battery are designed. By using droop control of bat-
tery and generator sets, it is shown how the battery droop controller can be designed in
order to yield zero battery power in steady state. The second strategy is a master-slave
configuration where the battery keeps the DC-link voltage steady. This strategy has the
advantage that the generator sets easily can be set to supply optimal power.

The fuel consumption of diesel engines are estimated by a SFOC-model which is based
on stationary operation with respect to engine speed and engine load. With generator
sets operating alone, this SFOC-model predict large fuel savings for operation on variable
speed. The same is proved when battery is added, which also is confirmed by existing
hybrid power systems. Comparing the operation modes, generator sets operating alone
with variable and operation with battery, the advantage in terms of fuel savings is not
obvious. However, as the SFOC-models used does not account for transient operation of
the diesel engine, it remains as an uncertainty to which extend the battery is profitable
compared to alone-operation of generator set with variable speed.
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Conclusion

6.1 Further work

The hybrid power system with associated control structures developed in this thesis com-
prises a framework which can be applied to further investigation and improvements of
control structures as well as in analysis of fuel consumption.

Regarding voltage controllers of generator sets, it should be intended to develop volt-
age controllers that are faster and reduce over-voltage as a consequence of load drop-out.
In this regard, better understanding of generator sets with respect to effects of commu-
tation in the diode bridge can be addressed.

It is of highly interest to develop better models for estimation of fuel consumption in
diesel engines, which also takes transient operation into consideration. In combination
with a decay-model of Li-ion batteries, an accurate estimation of fuel consumption will
comprise a powerful tool to assess the feasibility of the hybrid system. Concerning eval-
uation of SFOC in this thesis, through cases with and without battery, the feasibility of
the following operation modes would be of interest to investigate more:

e Most feasible operation with battery, fixed optimal load or average load supplied
by generator sets.

e Most feasible operation of using battery versus generator sets operating alone with
variable speed.

e When generator sets are operating alone, the most feasible operation of variable
speed versus fixed speed.
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A | System modeling

A.1 Parameters diesel generator

Parameters synchronous generator

Pyenn = 800kW Vi, =690V  f,=50Hz p=6

R, =0.0026pu Ry =0.00058pu Rp =0.015pu  Rg = 0.0151pu

Ly =137 pu L, =0.773pu Ly =13762pu  Lp = 1.3076 pu

Lo=0712pu L, =0107Tpu  Leg=1.2720pu  La, = 0.6660 pu

L1 =0.13pu Ly =0.15pu

Table A.1: Parameters of the synchronous generator

Parameters diesel engine
Puin =880kW  n, =1000rpm J., =424kgm?> N =6
C, =0.01289 K,=1 H=0.26s

Table A.2: Parameters of the diesel engine
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A.2 Per-unit calculation of synchronous generator

Equation A.1-A.5 show the base value calculation used for the per-unit model of the
synchronous machine. Regarding the input of the field voltage, it is normalized with
respect to nominal field voltage so that a 1 input produces a 1pu stator voltage at no
load [33].

Vbase = VLL,n, (Al)
Pyen n\/§
Ibase = gV, (AQ)
LL
Virn
Z ase — : .
’ Pyenn (4-3)
Wel,base = 27Tfn (A4)
Zpase
Lpase = =2 (A.5)
Whase

ii
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A.3 Developed Simulink models
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Figure A.2: Simulink model of the diesel engine
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Figure A.3: Simulink model of the battery converter
function E = SFOC(p,w)
2#codegen
coff=[19.1 164.9 19.54;14.76 172.23 6£.92;9.62 189.84 -14.33;5.5 215.68 -51.5;1.8 23 matrix of support poir
if (we=1)

E=fuel (coff(1,1),c0ff(1,2),c0fE (1,3),p);
elseif (wel & w>=0.9)
yl=fuel (coff(1,1),coff(1,2),C0ff(1,3),D);
yO=fuel (coff(2,1),coff(2,2),cofE(2,3),D);
E=interPo(v0,v1,0.9,1,w);
elseif (w<0.9 & w>=0.%)
yl=fuel (coff(2,1),coff (2,2),coff(2,3),D);
yO=fuel (coff (3,1),coff (3,2),cofE(3,3),D);
E=interPo(y0,¥1,0.8,0.9,w):
elseif (w<0.8 & w>=0.7)
vl=fuel (coff(3,1),coff(3,2),cofE(3,3),p):
yO=fuel (coff (4,1),coff (4,2),coff (4,3),)
E=interPo(y0,v1,0.7,0.8,w):

elseif (w<0.7 & w>=0.86)
vl=fuel (coff(4,1),coff (4,2),coff (4,3),p);
y0=fuel (coff(5,1),cofEf(5,2),cofE(5,3),B):
E=interPo(v0,v1,0.6,0.7,w);

elseif (w<0.6)
E=fuel (coff(5,1),coff(5,2),coff(5,3),p):

Figure A.4: Matlab script for calculation of SFOC

function y=fuel(c0,a,b,p)

y=cO+a*p+b*p"2;

function IP = interPo(y0,vl,x0,x1,x)
IP=y0+ (y1-y0) * ( (x-x0)/ (x1-x0)):

Figure A.5: Support functions to calculation of SFOC
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A.4 Model verification

Figure A.6 - A.9 depict general waveforms of the synchronous generator in steady state.
Due to the diode bridge, these waveforms distinct from conventional operation of a syn-
chronous generator in an AC-grid. Simulations are performed with one generator online

and load at 1 pu.
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Figure A.6: Output power of generator
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Figure A.7: Phase to ground voltage of generator
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Figure A.8: Phase-currents of generator
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Field current
1.68 T T T

1.58 . . | . . | |
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Time [s]

Figure A.9: Field current of generator

A.5 Tuning criteria of PI-controllers

In this thesis, several controllers are designed using PI-controllers. All the PI-controllers
which are referred to, are one the form given in equation A.7. This section, briefly will
explain two tuning criteria which often can be applied in many of the control cases in
this thesis. These two strategies are called modulus optimum and symmetrical optimum.
Which can be seen throughout this thesis, the designed controllers are not necessary tuned
precisely with the design criteria of modulus and symmetric optimum. Rather control
parameters are adapted to the actual system through simulations with these criteria used
as a basis. Reference for tuning with modulus optimum and symmetrical optimum is
provided from [56, p. 103].

1+TZS

(A7)

A.5.1 Modulus optimum

Modulus optimum is applied for control cases with open-loop transfer function given in
equation A.8. In this transfer function all the small time-constants are equated into a
first-order function and summed up into Tsy.,. 13 is the dominant time constant and is
distinctively larger than Ty, .

14 Tis 1 1
H, =K - K . A8
or(s) = Ky—p 1+ Towm 1+ Tys (4.8)
The design criteria of modulus optimum yield
Ty
T, =1T; K,=——7— A9
' " 2K Toum (4.9)

By setting T; = T3 the following closed loop transfer function of equation A.8 is
obtained

1

(Gege)s® + mpe s+ 1

Herp(s) = (A.10)

Vi
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With K, = ﬁ inserted in equation A.10, the closed loop transfer function
reduces to ]

H = Al

cr(s) T2 7 aToums + 1 (A.11)

A.5.2 Symmetrical optimum

The second tuning criteria, symmetrical optimum, is applied to systems containing an
integrator as shown in equation A.12. As for modulus optimum, 77 denotes the dominant
time constant and T, the sum of all minor time constants.

1+T;s 1 1
T;s 14+ Toyms Tis

The design criteria of symmetrical optimum are given in equation A.13. The term (S
can be adapted according to desired physical response.

Hopr(s) = Kp (A.12)

T

K =— A1l
P 2K Teum /B (A.13)

T; = ﬁTsum
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B | Derivation of mathemati-

B.

cal expressions

1 Transfer-functions DC-grid

The transfer-functions of ‘%c(s) and %(s) will be calculated in this section. For this
purpose the equivalent circuit of the DC-grid is expressed in the s-plane as shown in figure

B.1

SLk Rk
R e
+
] 1|
C_Dv;{s]ﬁ E—— Verid <~ RepL

Figure B.1: Equivalent DC-circuit of generator set defined in the s-plane

From the equivalent circuit the impedance Z¢og is defined as

1 Repr

Zcr = Cs||Repr, = = B.1
R || PL Cs + RclpL RCPLCS +1 ( )
The total impedance Z;,; becomes
Ziot = Ry + Ly + Zcr (B.2)
Rcpr
=R L — B.3
kS k+RC’PLCS+1 (B.3)
_ (RCPLCSJrl)(RkJrSLk)JrRCPL (B 4)
RoprC +1 '
= s*(ReprLiC) + s(Repr Ry + L) + R, + Repr (B.5)
ReprCs+1 :
RoprCLy ReprRie+L
_ s> RijL‘?CPE +s Cclv:i{;iﬁ;—PLk +1 (B 6)
a RoprCs+1 .
Riy+RcprL

From the expressions of Zgrc and Zy, ‘%C(s) is obtained by voltatage dividing.
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Z
Voo = vt - ZRC (B.?)
tot

RceprCs+1
VDC (S) o 3\/5 Rr+RcpL . RCPL (B 8)

- R CL R Ri+Ly .

) T g2ificprLCLik cprL it L R Os+1
t S RetBcprL +s CRr+RcpL +1 CPL +
Rcpr

_ 3\/§ Rcpr+Rg (B 9)

m g2BcpLCLy + gChkRoprtLi 41 ’

Rcopr+Rg Rcopr+Rg

The expression of If}’—tc(s) is obtained by the terminal voltage divided by the total
impedance.

V2

. ve(s)>

’LDC(S) = Ttﬂ- (BlO)
(o}

. R Cs+1

iy _ 3v2 fitfiors (B.11)

- R CL R Ri+Ly :
Ve mos? R:flecpch +s C%jegrléchk +1

B.2 Expressions droop-control
The power share of power units by using droop controller is derived in this section. First
the power share of between two generator sets operating alone is derived. Next, the power

share of two generator sets with the battery is derived.

For the two generator sets and the battery, the droop function respectively yields

Vie = Vor — 01Pgem (B.12)
VD*C = ‘/02 - 62Pgen2 (B13)
VD*C = ‘/U,bat - 5bathat (B14)

Two generator sets alone

When two generator sets are operating, the total power supplied to the DC-link is

Piot = Pgenl + Pgen2 (B15)

As the reference voltage to each generator will be equal equation B.12 and B.13 can
be set equal

V];C = Vo1 — 61Pgen1 = Vo2 — 52Pgen2 (B16)
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From equation B.15, the power of generator set 2 can be expressed in terms of generator
set 1

Pgen2 = Ptat - Pgenl (B17)
Inserting equation B.17 into B.16 yields

‘/01 - 61 (Ptot - Pgen2) = VOQ - 52Pgen2 (B18)
Rearranging yields
Pyen2(02 + 61) = Voo — Vo1 + 01 Piot (B.19)
Vo2 — Vo1 + 61 Piot
Pns = B.20
gen2 d2 + 1 ( )

From the calculation of Pyen2, Pyen1 can be obtained by

Pgenl = Piot — Pgen2 (B21)

Two generator sets and battery

As the reference voltage for each power unit is the same, equation B.12- B.14, can be
applied to set up the following expression

VOl - 51Pgen1 = %2 - 62Pgen2 (B22)
V02 - 52Pgen2 = VO,bat - 5batpbat (B23)

The power balance between the battery and generator sets becomes

Piot = Pgenl + PgenQ + Ppat (B24)

Rearranging equation B.22-B.24 with respect to the the variables Pyepi1, Pyen2 and
Pyqt on the left side and the constants Vo1, Vo2, Vo pat and Pyt on the right side, equation
B.25-B.27 can be obtained. These three equations comprises an equations set, that can
be resolved in a matrix set up.

_Pgenl(Sl - PgenQ(sQ = Vo1 — Vo2 (B25)
Pyen262 — Patdyat = Vo2 — Vobat (B.26)
Pgenl + PgenQ + Ppat = Piot (B27)
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