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ABSTRACT

Modeling and Control of DiesetHydrokinetic Microgrids

Mohammadhossein Ashourianjadani, Ph.D.

Concordia University, 2018

A large number of decentralized communities in Canada and particularly in Québec rely on
diesel power generation. The cost of electricity and environmental concerns suggest that
hydrokinetic energy is a potentiarfpower generation. Hydrokinetic energy conversion systems
(HKECSSs) are clean, reliable alternatives, and more beneficial than other renewable energy
sources and conventional hydropower generation. However, due to the stochastic nature of river
speed andvariable load pattemof decentralized communities, the use of a hybrid diesel
hydrokinetic (BHK) microgrid systenhas advantage# large or medium penetration leves
a negative effect on the shaetrm (transient) and lorgrm (steadystate) perfanance of such a
hybrid system if the HKECS is controlled based on conventional control sshdre
conventional control scheme of the HKECS is the maximumepgwint tracking (MPPT)In
the longterm conditions, the diesel generator set (genset) caatepat a reducekbad where
the role of the HKECS is to reduce the electrical load on the diesel genset (light loadihg). In
shortterm, the frequency of the microgrdnvary due tahevariable nature of water speed and
load patters. This canleadto power quality problems lika high rate of change of frequency or
power, frequency fluctuations, etc. Moreover, these problems are magnified in $¢ssadge
HK microgrids where a conventional energy storage system is not available to mitigate power as
well as frequency deviations by controlling active power. Therefore, developing sophisticated
control strategies for the HKECS to mitiggpeoblemsas mentioned abovere necessary.
Another challenging issue is a hardwaragheloop (HIL) platform for tsting and developing a

D-HK microgrid.



A dispatchable power controller for a fixgitch crossflow turbinebased HKECSperating
in the low rotational speed (stall) region is presentethis thesis It delivers a given power
requested by an operator pided that the water speed is high enough. If not, it delivers as much
as possible, operating with an MPPT algorithm while meeting the basic operating limits (i.e.,
generator voltage and rotor speed, rated power, and maximum water speed), shutting down
aubmatically if necessaryA supervisory control scheme providesraoothtransition between
modes of operatioras the water speed and reference power from the operator vary. The
performance of the proposed dispatchable power controller and supervison} atgdrithm is

verified experimentally with an electromechanibaked hydrokinetic turbine (HKT) emulator.

The permanent magnet synchronous generator (PMSG) is preferred in small HKECSs. So, a
convertefbased PMSG emulator as a testbed for designinglyzang, and testing of the
generator6s power electronic i nt eswichweblageand it
source converter (VSC) is used as a power amplifier to mimicdoémaviourof the PMSG
supplying linear and nelnear loads. Technad challenges of the PMSG emulator are

considered, and proper solutions are suggested.

Finally, an active power sharing control strategy for a stelegge DHK microgrid with
medium and high penetration of hydrokinetic power to mitigate: 1) the effetheofgrid
frequency fluctuatiomlue to instantaneous variation in the water speed/load, and 2) light loading
operation of the diesel engine is proposed. A supplementary control loop that includes virtual
inertia and frequency droop control is added todbeventional control system of HKECS in
order to provide load power sharing and frequency support control. The proposed strategy is
experimentally verified with diesel engine and HKT emulators controlled via a dASPACE® rapid
control prototyping system. Theansient and steaestate performance of the system including

grid frequency and power balancing control @resented
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Chapter 1. Introduction

This chaptepresentshe backgroundinformation ondiesethydrokinetic microgrid systems
Advantages and disadrtages of such systefmavebeen discussedeading to the definition of
the research goal and research objectives. The chaféshes with presentingthe new

contributiors and the structuref thePh.D. thesis.

1.1 Background

Historically, before the devepment ofelectrical grids electricity was produced near the
locations where it was requirddl]. Presently there are still many remote communities in the
world which do not have access to a main power grid due to geograyhigsbor economic
issues. Many of these small decentralized communigls on electricity froman electrical
generatodriven by a diesel engindhis autonomous power generation system is reliable, well
establishedrelatively efficient and highly degndable[2]. In Quebec, there arommunities
with a permanent settlement that do not have access to the main powandri@y on local
diesel generation for the productioslectricity. Figure 1.1 shows the distribution of these
communities throughout five regior{8]. Of these comunities20 rely on the localdiesel

generabr set(diesel gensefpr electrical power

The cost of tesel fuel, fué transportationand maintenance and operation are the main
weaknesses of gensets. At this time, some remote communities in the north of Quebec pay
around 0.80 $/kWh for electricity whereas the price in Montreal is around 0.06 §4&\Wh
Furthermore, this source of power has significant adverse impacts on the environment due to
CO; emissiong4], [5].
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Figurel.1 Remote communities in QuebE.

Because of the issues mentioned above, renewable energy sources (such as wind, solar, and
hydro) offer clean and reliable options for remote comities. Low negative environment
effects, sustainability, and cestfectiveness are some benefits provided by these energy sources.
On the other hand, due to the stochastic nature of these renewable resources and the variable load
charactristics of remoé communities, the use af hybrid diesel generatoenewable energy

system isusually indispensableSeveral renewable energy technologies are candidates for
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remote community applications. Rivédrydrokinetic power is one of the most interesting
alternaties. Kinetic power which can be captured from flowing water in ribasa higher

power densitythan the betteknown renewable alternatives such as solar and wind pi@jer
Tablel.1 shows that the power density of river current per square meter is higher than solar and
wind sourceq7]. Furthermore, it produces electricity without the requirement of constructing
dams and the associated infrastructure whempared to conventional hydropower generation.

Unlike other renewable sources, power generation during winter is a real chienge

Tablel.1 Relativepower density of river currecbmpared with the wind and solar source

Energy source River current Wind Solar

Velocity(m/s) 1 2 3 13 Peak at noon

Power density

052 | 1.74 4.12 1.37 x 1.0
(KW/m?)

In Canadahydrokinetic power is still in th@recommercialization anéxperimental stage.
Qu®becbs potenti al hydr okineti c [9.0lheeekpected e st i
cost of electricity generated by a hydrokinetic turbiserojected to be around 0.15 $/k\Vj#j,
including the initial cost, the mounting hardware cost,dperating and maintenance cobhis
is cheaper thathe power supplied by genset that costs about 0.80 $/kwéuding fué and
initial expense§3], [4].

Figure 1.2 shows the two most common smsdlale (1-100 kW) hydrokinetic turbines
(HKTs); axial flow and crosfiow HKTs. Talde 1.2 lists some advantages and disadvantages of
both crosslow and axialflow turbines[8], [10], [11]. This reseach work focuses on the fixed

pitch crossflow HKTs in which rotor blades of tHdKT are fixed at a pitclangle.
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Figurel.2 Two most common smaticale HKTs

Tale 1.2 Turbine configurations for hydrokinetic application; advantages and disadva[8hd#8],

[11].
cor?;ilgl?rlggons Advantages Disadvantages
Self-starting capability. 1 High generator coupling
Axial -flow 1 Optimum performance at higher cost.
(Horizontal axis) rotor speed. T Ducts cannobe easily useo
Active controlby bladepitching. for apoating purpose.
Less generator coupling costs 1 lessefficient than axial
compared to horizontal axis turbine flow turbines
1 Allows to have flexible farm
Crossflow architectures
1 Operating under kdirectional water
flow and shallow channel.




1.2 The Potential of DieselHydrokinetic Micr ogrid

A diesethydrokinetic (DHK) microgrid consists of at least one hydrokinetic energy
conversion system (HKECS) and one diesel generator set (diesel gensetyHkhenidrogrid
can[12]

1 Reduce C@emissions and fossil fuebonsumption,

T | mprove power gquality of the electrical gr
operation,
Provide power to meet the customer load,

Obtain the benefits of using multiple distributed electrical resources (DERS).

A D-HK microgrid can contain seval subsystems as shownHigure1.3. In this microgrid,
both the HKECS andhe diesel genset supply the load demand. The diesel genset usually
regul ates the syst e ni@sandvtieel HKEBGHeworks rilkk a fnegatigeu e n c y
electrical load. A dump load used to dissipate the excess power generated by generators and to
maintainthe power balance of the grid. An energy storage system may be necessary to enhance
energy usage, to avoid wasting power in dump loads, and to allow generators to operate at
maximum efficiency. The classification and sizing of components of sttybrid system
depend on several factors such as the availability of hydrokinetic p@mer minimum,
maximum and average available powerkW, the pattern of theidsel genset loadinghe
pattern of load demaneétc It should be mentioned that the selectiothefcomponent$or such
a smaliscale microgrid dependm its own particula requirements and design constraintshsuc

as power qualityavailibility, system reliability simplicity of maintanence, et¢14].
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1.2.1 Characteristics of the DHK Microgrid

In this Section, a brief overview ahe technical features of IBIK microgrids are explained.
The power vs. water speed curve of an HKECS is similar to that of d emergy conversion
system (WECS). In fact, many of the power topologies and control techniques used for WECSs
can be extended for HKEC$K5], [16].

The output power of an HKT is a function of thebe of the water speed of a riét. Water
speed depends on several factors such as the channed@rtes, river channel profile, climate
conditions (i.e.snow melting, rainfall, etc.), the HKT placement (imounting arangement,
augmentation channel, etc.), eftt0]. Speed of the water in a river has seasonalfterrg and
turbulence/shosterm variationg17], [18]. Figure 1.4 showsa shoritime water speed profilior
a sample rive[19]. The Water speed measured along the Winnipeg river, Manitoba at a constant
depth, approximately 1.5 .nThe average water speed was measured to be 2.45 niisa wit
standard deviation of 0.67 m/s. Moreover, hydrokinetic power is directly proportional to the
density of water. The water density depends on climate conditions and varies from freshwater to
seawatef10]. In general, the hydkinetic power trends are difficult to farast particularly for
the shortterm trends. Water speed in a river usually changes between 1m/s afd@m/s
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Figurel.4 Water speed measured along the Winnipeg river, Manitoba at a cons
depth, approximately 1.5 fi9].

Remote community load patterns exhibit sitertn and longerm trends. They depend on
several factors such as the season and environmental conditions and the local economy.
However, they are relatively simple to foreca
knowledge of load patterns, a suitable electrical generator can beeddieqrovide a proper

power supply12].

The gensetanoperate either continuolysor intermittentlyin the microgrid [14], [21], [22],
[23]. In the latter case the gensetworks for short periods, e.ga few hours at a timesupplying
electric power. Integration ofthe HKECS power into an existy dieselpowered microgrid is
however, not straightforward due to tariable nature of the water speed. While under
moderate and high penetration of the HKECS power, the HKECS may be able to supply a
the demanded powesuddenvariationsin the water speed or demand need ititermittent
(standby gensetto step inrapidly to guarantee continuity of supply. The simplest way to
integratethe HKECS with the gensatithout the risk of loss of load, Earallel operation of the
HKECS with the gensetrunningcontinuously In this mode of operation, the HKECS acts like a
negative load, thudecreasinghe average loadfdhe diesel engin€lhe diesel genseesponds
quickly to electrical load variations to regulate frequency and voltage of the gndthin an

acceptable rang@his thesis focus on the continuous operabbthe genset.



Energy storage systemplay an important role tensure continuity of supply a microgrid.

In the microgrid, théntegration of a storage unit can

1 reduceshortterm fluctuations in the hydrokinetic power and/or consumer flmad
improvament of the grid power quality (shedrm storage),
1 reduce start/stop cycles of the genset and fuel consumption (short to ntediustorage),

1 balance hydrokinetic power or local load surplosig¢-term storage]12], [24].

Energy storage units can be categorized by overall erwagpcity energy density per mass,
average service lifetime, costtc Batteries, flywheels, and hydrostatic storage are some storage
systemsThe dorage system is one tiie moreexpensive pastof the hybrid system and need a
sophisticated control scheme. Therefore, they require a careful examination of the benefits and
drawbacks. Storagess systemhas lower implementation cosand less complexity [12]. A

storageless DHK microgrid is assumed in this research work.

1.2.2 Power Control Considerations for HKECS

Similar to the wind turbine (WT), an HKTanoperateat fixed speedor variable speefb],
[25]. Typically, the generator of a fixed speed turbine is directly connected to the grid and runs at
a rotor speed whicls set by the grid frequencin inductiongener#or is usually selected for
the fixedspeedapplications. Th system ses a welestablished technology which is simple,
inexpensiveand reliable. However, despit¢he advantages, limited power contrdpwer
efficiency, torque pulsations due to power fluctuations, poger quality problems in the small
scalemicrogrid aresome drawbacks of this scheif#]. Use of a variable speed turbine can
mitigate some of these problems.

In a variable speed scheme, the turbine rotor speed can be adjusted as a function of water
speed. The torque and speedittde | ect r i c al gener at or operétiagn ge s O
point varies. The turbine usually worksthe maximum power point tracking (MPPT) mode or
constantpowe mode (CPM) for operain above the rated water speed. The power control can
be obtaind by blade pitch control and generator speed cbnRiich regulated control is
however not possible fanost HKTs. This is the case for the créigsv turbines considered in
this research which have ngitchable bladeg6], [10]. For the HKECS witha permanent
magnet synchronous generator (PMSG), a genesater converter unit(connecting the

generator to a generic DC hus usually responsible for the generator torque or speed control. In
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this cae, the power regulation, stanp, and shutdown mechanisms mhbst carriedout with
generator speed contrf@7]. Besidesfor low-speed applicationshe gearboxwhich is used to
stepup the shaft speed of the turbiman beeliminated by using a PMSG with a large number
of polesThis topology is more complicated than the fixed sgepdlogydue to thaequirement

of power electronic converter asdphisticateadontrol scheme.

1.3 Technicallssues inSmall-Scale StoragelL ess DHK Microgrid

A low level of hydrokinetic power penetration can be hantfedonventionaldiesel genset
control systemMedium or largelevels of hydrokinetic power penetration camave negative
impacts on the shoeterm (transient) and loRgerm (steadystate) performance of the smatlale
storageless D-HK microgrid due to the stochastic nature of water speed and variable load
patterns The conventional control scheme of the HKECS is the maximum power point tracking
(MPPT) control.

In longterm conditons, under moderate and high penetration of the HKE@®,diesel
gensefcan operate a poor efficiency where the role of the HKECS is to reduce the electrical
load on the diesaensef(light loading)[28]. The fuel consumpan of typical diesel engines at
no-load is about at 280% of the full load value and increases linearly Watiding Moreover,
diesel engine manufacturers recommend a minimum load of approximately 40% of rated output
to maintain high fuel efficiency, tavoid wet stackinggtc.[29], [30]. Considering the minimum
loading of the diesel engine, one option is the HKE€ 8peratean MPPT mode and the power
flow of the system balanced by the genset &mddump load. Another option is the dump load
off, and the HKEG and the diesel genset regulate their output powers to balance the load
demand as well as mitigate minimum load operating effattthe diesel engine. In both cases,
the diesel genset usuallyregulates the system frequency and voltage. The -fited
hydrokinetic turbinegeneratorcan regulate its output power according to the turbine power
coefficientin the lowspeed (stall) regionbélow MPPT point) or higispeed region (above
MPPT point). However, power generation in the stall region is a real challenge and require
sophisticated control stratégs since this regiois open loopundable.A review ofpower control
strategies forfixed-pitched wind/ hydrokinetic turbines the gall region availablein the

literaturearepresentedn Chapter 2 and Chapter 3



For shortterm conditions, the way of balanciriige power systenin the short operational
time (i.e. several seconds) is primarily due to the stochastic nature of the water speesl and th
variable load characteristic®uring this time,the frequency of the grid may varyhis can lead
to power quality problemge.g. high rate of change of frequency or power, frequency
fluctuations, etd.in each rotating machine especially for the syanbus generator of the diesel
genset whichs directly connectedo the grid. There is an interest to provide the capability of
contributing to the gridds fr equgeneratgr wihwappor t
relatively high moment of inerti@ar the inertia constant (Hyan release and absorb kinetic
energy (KE) stored in its rotating parts (e.g. blades, generator shaft, etc.) during the frequency
disturbanceFor examplefor a 50 kW HKT,the equivalent moment of inertia ofabout 8407
kg.n? andthe inertia constant is arouBd for the shaft speedf 6 rad/s.An inertia constant of 3
secondsndicatesthat thekinetic energy stored in the rotating pacansupply the nominal load
during 3 secondf31], [32]. Indeed, the key issue here is how to control the turparerator
system so as to make good use of this resourcdrdquency supporbf the microgrid.A
literaturereview of power and frequency support contfof the dieselhybrid microgrid systems
arepresented ilChapter 2 an€hapter 5.

Another challenging issue is a hardwareheloop (HIL) platform for testing and developing
a D-HK microgrid. This can allow complex dynamic hybrid systembdaorrectly emulateuh
a simpek, repeatable, and economical way. Furthermore, this emuglatdre used to evaluate
new control schemeslThere are two types of generator emulator: electromechdrasad
emulator and convertdrased emulatof33], [34]. A literature review of both emulatoere

given in Chapter 3 an@hapter.

1.4 Contributions

The main objective of this work is to develop aesigndifferent active power control
strategies for a smadicale storagéess DHK microgrid. These can help mitigat®ncerns about
the shorterm andlong-term technical issues as mentionedha previous SectionDesigning
and prototyping an electromechanical and power electronic conbaded hardwarm-the
loop emulator for He diesel genset and HKEC&e other objectives of thisvork. The

contributions of this thesis are as follows:
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1 Design and implementation of an electromechanicddlased DHK microgrid emulator

An electromechanicdbased DHK microgrid emulator is implemead. This emulatoiis used to
experimentallyvalidate and demonstratéhe proposed control strategies in a laboratmgle

setting where the operation of a real HKT ardiesel engine is unfeasible.

1 Development of a supervisory power control strategy foa fixed-pitch PMSG-based

HKT operating in the stall region

A new dispatchable power controller for a fixgiich HKT with PMSG followed by a diode
rectifier and a boost DOC converter is presented. A supervisory controller along with a
cascaded outer powand inner diode rectifier voltage loop control system is proposed to obtain
smooth transition between power regulation and MPPT modes.

1 Development ofpower and frequencgy support control for a storageless DHK

microgrid
An active power sharing contrailrategy for a storagkess DHK microgrid with medium and
high penetration of hydrokinetic power to mitigate: 1) the effect of the grid frequency fluctuation
due to instantaneous variation in the water speed/load, and 2) light loading operation okthe dies
engine is proposed. A supplementary control loop that includes virtual inertia and frequency
droop control is added to the conventional control system of HKECS in order to provide load

power sharing and frequency support control.
1 Development of a conveer -based PMSG emulator as a testbed for renewable energy
experiments

A converterbased PMSG emulator astestbed for designing, analysing, and testing of the
generatord6s power =electronic i nt eswiclawkagea n d
source converter is used apower amplifier to mimic the behaviour of the PMSG supplying

linear and nonlinear loads.
This research studesultedn the following technicapublications and presentations:
Journals

1 M. Ashourianjozdani, L. A. C. Lopes afd Pillay, "Power Electronic ConveriBased PMSG
Emulator: A Testbed for Renewable Energy ExperimentSEE Transactions on Industry

Applications 2018 (Accepted
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1 M. Ashourianjozdani, L. A. C. Lopes and P. Pill&gupervisory Power Control fddispatctable
Fixed-Pitch PMSGBased Hydrokinetic Energy Conversion Systemider reviewsubmittedto
IEEE Transaction on Industrial Applications

1 M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Power and Frequency Support Control for a
Storageless DieseHydrokinetic Microgrid,” preparedor submittingto IEEE Transaction on

Sustainable Energy
Conferences

1 M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Convetased PMSG Emulator: A
Testbet for Renewable Energy Experiments", IEEE International @mte on Electric
Machines and Drive Conference (IEMDC), Miami, 2017.

1 M. Ashourianjozdani, L. A. C. Lopes and P. PillapoWwerSharing Control Strategy for aNo-
Storage HydrokineticDiesel System in anlsolated AC Mini-Grid", |IEEE International
Conference Power and Energy Society General Meeting (PESZigton 2016.

1 M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Pov@mtrol Strategy for Fixed-Pitch
PMSGBased Hydrokinetic Turbine', IEEE International ConferencenoPower Electronics,
Drives and Energy Systems (PEDES), Trivandrum, 2016

1 M. Ashourianjozdani, L. A. C. Lopes and P. PillayA"LaboratoryBased HydrokinetiDiesel
Energy Conversion System Emulator ", 7th International Conference on Integration of Blenewa
and Distributed Energy ResourddRED), Niagara Falls2016.(Poster Presentation)

1 M. Ashourianjozdani, L. A. C. Lopes and P. Pillayy Hybrid HydrokineticDiesel Energy
Conversion System for Remote Application€EE International Conference Power and Energy
Society General Meeting (PESGM)enver 2015. (Poster Presentation)

1.5 Thesis outline

Thisthesisis organizeds follows.
Chapter 1 discusses the research area and some related works. It presents a review of
chaaderistics of a DHK microgrid. The alvantages rad disadvantages of such systeme

highlighted. Someechnical issue®f this system are discussebhis chapter ends ith the

contributions othe research worknd the structure of the thesis

Chapter 2 presents the mathematical models of the main componeatofageless hybrid

hydrokineticdiesel system. Some advantages ahsldvantageof three common power
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converter topologiesised forthe HKECS are discusseate discussed. Some simulations are

conducted to validate the performance of models.

Chapter 3 proposes a supervisory power control for a dispatchable-fixed PMSGbased
HKECS, operating in the stall region. The performance of the proposed control algorithm is

verified experimentally wittan electromechanicéased HKT emulator.

Chapter 4 proposes a convertblased PMSG emulator. The design procedure and
implementation of the emulataare discussed.The accuracy of the proposed emulator is
investigatedfor the fundamental and low order \ame harmonicsTechnical challenges are

considered, and proper solutions are suggested.

Chapter 5 proposes a hew powsharing control strategy for a stordgesD-HK microgrid
to provide seady-state and transient frequency support control and impfreveperation of the
diesel engine under light loading conditions. The proposed strategy is experimentally verified

with an electromechanicélased HKT and diesel engine emulator.

Chapter 6 concludes the worknd suggests some recommendations and fututeswor

1.6 Summary

This chapter has provided a discussion of the research area and some related works. A review
of the characteristics of a stora¢ess DHK microgrid has been presented. Advantages and
disadvantages of such microghdvebeen highlighted. Theesearch targets and objectives have
been defined. The contributions of the researshwell as list of publications haveeen

presented. The chapter endghwthe structure of the thesis
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Chapter 2. Theory, Modeling and Design Considerations of Diesel
Hydrokinetic Microgrid

This chapter presents a theoretical backgrddor the diesehydrokinetic(D-HK) microgrid.
The steadystate and dynamic models of the HKECS and diesel genset are developed. The most
recent works releant to this subject are explored. Some techl issues related to control and
operatin of the HKECS and diesel gersate explainedSmulation results are presented to

showthe performanceof the system using Matl&tSimulink.

2.1 Structure and Operation of HKECS

Figure2.1 shows a block diagramf the HKECS structure. The kinetic energy of the flowing
water is transfeed toelectrical energy through KT and an electrical generator. The power
electronic interfaces (PEIs) control the output powf the generator ardkliver the electrical
power to the electrical grid or local loadhe PElsconvertvariable voltage andariable
frequencyinput to afixed voltage andixed frequencyoutput To explain the HKECS behavior,
some principles are extracted from the WECS bseaof many shared similarities in their

physical principles.

Kinetic Energy

of Water Flow Rotational Energy

. Hydrokinetic turbine Electrical generator
Flowing water

= [Plow 7 ©

Variable water speed Electrical Energy
Variable voltage
Variable frequency
Power grid/load Pmm?r electronics
IH : interface
Electrical Energy
Fixed voltage
Fixed frequency

Figure2.1 Block diagram of thedKECSstructure
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2.1.1 Hydrokinetic Turbine (HKT)

The ptal power capturethy an HKT depends on the density, cresectional areagube of the
waterspeehnd tur bine coef yci e ngeneratddibea fiped pilehr HK&E nd t |

are described bjs5]:
0 ™06 _ 0 (2.2)
o U s
T 00 _ U 2.2)

whereA is crosssectional areaf the turbine is the densityf water,0 is the speedf water,

1 is the turbine shaft spedmbtor speed)0 i s t he turbi ne piensyeand coef y
0 is the turbine torque coefficenthe factorC, indicatesthat the HKT can only capture a

portion of the total available kinetic power tife flowing water because of losses involved.

Power and torque coefficiertare a nonlinear functioof the tip speed ratiq ), which is defined

by:

—_ (2.3)

whereR is the radius of the turbind@he power and torque coefficisnfor the fixedpitch cross

flow HKT considered inttis workcan be given bj27]:

(2.4)

) = (2.5)

where® are constant values.

Figure 2.2 (a) showsd ando versus_ for the selected fixegitch crossflow HKT. The

and corresponding tip speed ratio () are around 0.31 and 2.1, respectively. The maximum
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value of 0

HKT for a given water speed care bbeduced to a desired value by decreasing the power
coefficientd . This can be done by operating at either below or aboveFigure2.2 (b) shows
the calculated output power of BKT at different water speeds amdtor speedslt can be

observe that the maximum power dhe turbine across different water speeds follote

is around 0.16 at

p& ¢ According toequation(2.1), the output power of the

maximum power point tracking (MPPT) curve.

0.4
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Figure2.2 (a)6 and0 versus_curves; (b) HKT power versus turbine shaft spged at different
water speeds)

(b)
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2.1.2 Drivetrain System

The ptal HKT power can be transmittdd the PMSG by a drivetrain systefihe term
fAdrivetraird systemfor the HKECSmainlyinvolves allrotating parts between the turbine and the
generator including thelKT rotor blades and shafthe gearbox with both lv-speed and high
speed shafts, thgenerator shaft, and coupling shafts which contweotshaftstogether at their
ends[28]. The gearbox is used to increase the low speed of the HKT to the high speed of the
PMSG.The drivetraincan bemodeledwith different methods depending on the purpose of the
study The HKECS drivetrainis commonlymodeledas a lumpé singlemass modebr a two
mass mode]28], [33]. In the lumped singlenass modelthe drivetrain components are lumped
together and work as a single rotating massglecting the geaox lossesand inertia, and the
flexibility of the coupling shaftdhe dynamicequation ofthe singlemass drivetrain referred to

the turbine sidean begiven by

Q Y Yy 0 (2.6)
Q0 0 0 0
wherey, 6, and”Y are the total system inertithe total system friction damping, atite

generator electromeahical torque reflectetb the turbine side of the gédmx, respectively
“Y and] can be related tthe generator electromechanical torife = andthe generator

rotor speed] by the gearbox witlagearratio "Qdp, asgiven by

Qo — e 2.7)
vand 0 can becalculatedoy
0 QU 0 (2.8)
0 Q0o 0 (2.9)
where0 and 0  are the moment of inertia of the generator anduhgne andd and

0 is the fricion damping of the generator and the turbine, respectively.
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When considering the flexibility of the coupling shaftse drivetrain can be moael as a two

mass drivetrain. The twmass drivetrain dynamic model is given in Appendix B.

2.1.3 Electrical Generatar, PMSG

The PMSG is @ attractive optionfor the smalscale fixedpitch hydrokinetic systems
compared to other electrical generators such as induction geng8&pra PMSGwith large
number of polesan eliminate theéequirement of the gearbox and operatth a high-power
density. A PMSGO6s output voltage and frequen
speed. So, it requires a power electronic converter to link the PMSG to the electrical load or the
grid.

Figure 2.3 showsthe equivalent circuit of the PMSG dhaxis andg-axis framegq37]. The

following equationsepresenthe dynamic models of the PMSG

aQ p Y 0
- — —Q —NQ 2.10
Qo 0 v 0 0 M2 ( )
qQ Py Yo 0 o P ‘
Qo 0" 3§ o 1§ Nl (211)
Q Y Y 0
Qo 0 0 0 (212
PwgYpn
I sd Ld R-*‘ i sq L q R.S‘
O —AANA—
Ved P a)ﬁl L(l i sq <_-|> Vs q P a)g L(/im' <_l_>
o, O

(@) (b)

Figure2.3 Equivalent circuit of the PMSG idraxis andg-axis frames.
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whereb andu are the stator voltage¥) and"Q arethe stator currents, and0 are the
equivalent inductances of stator windingsdopframe, respectivelyY is the stator resistance,
1 is the generator mechanical rotor speed, is the flux linkage produced Ithe permanent
magnets, and is the number of polpairs.”Y is the mechanical input torque which is equal to
"Y TQ for asinglemass driveain. 0 and 6 are the system moment of inertia and
damping of the generator, respectively.

Theelectromagnetic torqus equal to:
Y panr Q 0 0 Q0 (2.13

For constant flux operation whéR equals to zero, the electromagnetic torque is equal to
Y pay  Qh Y 0 Q (2.14)

whereKr is the generator torque constant.

2.1.4 Control Strategies for Fixed-Pitch HKT

Figure 2.4 shows thepower coefficient versus rotor speed at a constant water speed for a
fixed-pitch HKT. The turbine can work in either the lspeed (stall) region (section I), the
MPPT point or the higispeed region (section lII).

CPA

MPPT

Section 1 Section 11

N
4

Om

Figure2.4 the power coefficientd versus rotor speed for a constant water speed ).
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Low-speed (stall) region:in this region,the output power of the HKT varies between zero
and the maximum availableower, while its rotor speed changes from zero to MPPT speed
Since the turbine rotor speed can be zero, one can implement the shutdown procedure in this
region.For a fixedpitch HKT, the shutdown procedure includes reducing the shaft speed to zero
by contolling generator speed, and then applying riechanicabraking system at zero rotor
speedlt is highly recommended to stop the rotor turbine when the water speed is very high to
avoid electrical and mechanical problef28]. However, direct power control in this region
requires a sophisticated control schemeeause of the inheremistability characteristics of the
HKT [27], [38]. From nominal water speed to theaximumwater speedcut-off speed),the
output power mudbelimitedto the rated value of the HKBn operation modealled a constant
power mode (CPM)The transition between the MPPT and the CPM at rated water speed is
important. During this transition, theator speedshouldbe limited to the rated level to keep
centrifugal forces below values tolerated by the r{26t. However, based on the application of
HKT turbine in the power system, the selection of operating paeasnstich as the nominal

water speed and the eoff water speed can change during the design procga@ile

MPPT point: the MPPT algorithmextracts maximunpower from the HKT In MPPT
operation, thegenerator speed controlleegulatesthe rotor speed] so that the turbine
rotates at the optimaip speedratio for various water speed§he rotor turbine speed changes
linearly with the waterspeed through the MPPT operatidgsually, if the MPPT isused, it
begins fromthe cutin water speed and finishes at the rateder speed as shown kiigure 2.2
(b). The cutin speed is the speed at whithe turbine and generator begiatating and

generating power.

Table 2.1 givesa summary of som®#PPT algorithmsavailablein the literature[40], [41],
[42]. The MPPT methods can loadly classifiednto searching algotims, optimal curve
characteristic techniques, and the combination of searching and optimal curve methods.
Advantages and disadvantages of each method are mentiomabl@®.1. In this research, an
optimal curve characteristic method suctpawer signal feedback (PF®&)ll be used because of
its simple and satisfactorgteadystate and dynamic performance. This method can later be
improved to take advantage of the combora of searching and optimal curve characteristics
algorithms.A diode rectifier followed byDC-DC converters (boost type) or active rectsiare
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the most commopower convertestructures suggested in the literature to implement the MPPT

procedure fothe PMSG speed control

Table2.1 A summary of some MPPT algorithms used in the HKEC

MPPT
Features
Methods
Advantages:
Searching 1 Does not require any prior knowledge of the system characteristics
method such as 1 Can be ilplemented without using water speed sensor
hill climbing Disadvantages:
searching  Its performancsignificantly deteriorateunder rapidly changef water
(HCS) speed.

1 The speed of convergence and the efficiency of the MiRpEndeds othe
perturbation step size

 Oscillations are annavoidablen the HCS control.

Optimal curve | Advantages:

characteristics | q Very fast and efficient
methods such | ¢ Satisfactorysteadystate and dynamic characteristics

as power signal | ¢ A _priori system specific knoledgeis required.

feedback (PSF),| .
Disadvantages:
tip speed ratio
(TSR), etc. 1 The nonconstant efficiencies of the generatmnverter subsystems can

result in the deviation of the actual optimum points from the stored data

9 Cannot be used together with variaplech control or stall region control

Advantages:

Combination of | § Fast tracking capability under high rate of chaob@ater speed conditions
searchingand | § Does not require any prior knowledge of the system characteristics

optimal curve { Water speetheasurement is not require

characteristics Disadvantages:

1 Require a complex control procedure
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High-speed region:in this region,the output power of the HKT can change from the MPPT
value to zero, while the rotational speed operates above the MPPT speed. During very low power
operation, the tutibe rotor speed is much higher than the MPPT speed, which may lead to the
problem of oveispeed27] during high water speeds. The PMSG/turbine must work below the
rated value of the rotor speed. However, some control stragstsn the literature regarding
the operation of the turbine in this reqgipt8], [44], [45]. The rated value of the generator rotor
speed is increased when the operatd the HKT in the higkspeed region is desirable. In this
region, the turbine operates at a deloading (DL) mode by decreasing turbine power efficiency,
obtained with the help of generator power/torque cor¥é]. The HKECS an contribute to
frequency support contr@ind active power sharingf the microgrid by addingpower reserves
obtained fronthe deloaded turbine and the stored kinetic energy in the rotatinggénts grid
during a disturbance, e.g., a sudden load obdggoring losseskigure 2.5 shows the HKECS
power flow while increasing the load power and the HKT working in section Il. The load
power increase should trigger a speed reduction to increase the HKT jpoweand decrease
stored mechanical powed at the same time. Therefore, the load power increase is
compensated by releasing the stored kinetic energy and converting to electrical energy. The DL
percentage should be determined based on prevailing water speed and the maximum allowable
limit of the generator rotor spe¢db]. Furthermore, it is important to use an appropriate control
strategy to control rotor speed so that sufficient stored power is injectetientacrarid.

dw

Enech = J(HE

P HKT

Y P,r Popysc DClink Py

[4)]

P

cap

Figure2.5 HKECS power flow during deceleration when HKT works in section I
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2.1.5 HKECS Power Electronic Interfaces

A PMSG is commonly connected to a load/gitidougha power electronic interface (PEI),
which usually includes a generawide and a gd/load-side converterThe generateside and
grid-side converter are connected baalback through a Ddink capacitor. Control strategies of
the gridside and the generateide can be developed based on HKECS and grid requirements.
Figure 2.6 shows three most common generaiole configurations that can be used with the
PMSG in low voltage (LV) operations where voltages are below 1J86) A 2-level voltage
source inverter (2IVSI) is selected for the grside converter. A review of these configurations

used in the literaturis given in following sections.

Generator- Braking i o
side converter pegistor ter Grid-side converter

Filter )
B Transformer PC(

DC

VSI

i

6-switch converter (Active rectifier) Diode rectifier-boost converter Diode rectifier

_|>_IJ
_|>}
._D}
4{>%
N
o

Option | Option 11 Option 1

Figure2.6 Different generateside converter topologies

2.1.5.1 Option I: 6-switch converter and 2LVSI

In this option, a &witch convertefactive rectifierJand a 2LVSI are connected through the BC
link capacitor. The PMSG can operate wathariable rotor speed and power factor control by
using the eswitch converter adhe gneratosside converter. Thisonverter usually controls the

torque (or speed) of the PMSG by controllidgiframe currents/Q and’Q). In this case, the
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torque (or speed) of the PMSG is controlled \iidh while 'Q can be kept at zeld7]. Figure

2.7 shows the schematigagiram of the PMSG controller based on theaétch converter in the
dgframe. The current feedback signals are converted fibmto dg-frame using the Park
transformation and passed through the controllers to generate the required control signals. Then,
control signals are converted frahg to abcframe and delivered to thmulse width modulation
(PWM) inverter[37]. Park transformation and its inverse are given in AppeBdi&klthough the
six-switch converter makes the contsmheme more complicated and sensitive than the simple
structures such as the diode rectifier, it proviadsll-scalecontrol for the PMSG. Moreover, the
harmonic distortion developed in the output current of the generator is lowethéndiode
rectifier structures. Also, the generator losses can be minimized by optimal controdedxise
statorcurrent[48]. Another benefit of this topology Isi-directional operation, which can help
starting up the turbine systg@i].

Jk ¥ i
- B ] Ya .
e d P dg | v, | PWM
to
- ] * | Inverter
Isq f':;\) r ‘F‘_: _ abe Vv,
+] P g position
= Sensor
T , =
—| @n(Lelsa + g decoupling O (== Onjech)
_ - terms -
o> Omliq ;
Isdl abc
to
Isq| dq

Dy 1

L B

Figure2.7 PMSG controller irdg-frame[37].

The gridside converteis controlledso as to transfer the available ik power into the
grid. The controller can be designed to operate as a cwwefrblled voltage source inverter
(CC-VSI) or voltagecontrolled voltage source inverter (MWCSI) [49]. The CGVSI servesto

control theactive and reactive pav generatetb the grid based on desirable poviectorwhile
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VC-VSI makes desirable outpuoltage and frequencwt the load siddor a standalone

operation.

Figure 2.8 shows the schematic diagram of théeel CGVSI and its electronic interface. It
essentiallyinvolves two cascaded control loop#\n internal current loop isesponsible for
regulatingthe inverter output current armh externalDC-link voltage loop (or powesflow
controller) is usedo balance the power flow intthe intermediate DC buf$0]. The output
current of the inverter and grid voltage &nansferredrom theabcframe to thedg-frame using
the Park transformatn and a phasecked loop (PLL) controllef51]. The PLL provides an

estimation of the grid frequency and phase angle from the grid voltage

Primary
Source
‘FEiA‘ Vbe- ink
DC-link |y [ PC'm*
dq PCC
E Vi L[: R[: l V ..
Qﬂ }
4 e y
abc 9] Vo.abe

2 @#{Measuremem um’t’
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q flL ¢

Current controller . Power controller
oq (DC-link voltage and
reactive power controller)

!
n 73 ‘
d, re N P
| - | | 77
| : [l g
: 1! I
o |
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—(F Pl A ’ ‘L| - ) : Qgr.id. ref
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Figure2.8 Schematic of C&/SI and its elegbnic interface
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The AGside dynamics of the GESI in the dgframe canbe givenby the following

eqguations.
aQ Y 0 0
— —Q nm — — 21
AO ) ! U @13
aQ Y ‘9 ‘9 0 0
A0 © 2 0T (219

where'Y and0 arethe resistance and inductance of the filter, respectively., 0 ), (0 ,
0 ), and (Q, Q) are the grid voltage, the output voltage of inverter, and the output current of

inverter inthedg-frame, respectively.

According toequation(2.15) and(2.16), the control block diagram of the inner current loops
of the CGVSI in thedg-frame is developed and shownhkigure2.9. In this figure, the closed

loop transferfunction of the current contrédop inthes-domain can be given as

o i Q 0Oi 0 i
Q ) Y O1 0O I (217
Inductive filter
Feedbaclk [N |
v
. controller e N —_ : P : .
1005,1'(;7”+ [ | lod
- — |
[ |
| Decoupling |
| feed-forwara |
A S |
loq,rqf + | la\q
| 4
controller |
I
Feedbaci e e e s e -

Figure2.9 control block diagram of internal current controlled VSémframe.
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O i is thetransfer functiorof the PWM inverteland it can be determined fhe s-domain

as

0 i — . (2.18)

where 0 is the gain of the PWM blocKY is the controller sampling time, ani is the
inverter delay. The current controll® i is a proportionalntegral (PI) type controllewhose
transfer function is given by

0

i

Oi v (2.19)

whereb and0 are the proportional and integral gains of the PI controller. The PI controller
gainsare designed so thaD i yields a unity DC gain and an adequate bandwidth with a

rejection of highfrequency disturbances. Setting andv to 0 7+ and'Y Tt , respectively,

then,”O i canbeapproximate as the firstorder transfer functiofb0]

0O i (2.20)

wheret is the timeconstant othe current controller} represents the bandwidth of the current
control loop and is a design choice. Here, the bandwidth of the current control loomsedesi
onetenth of the inverter switching frequen&€y . The current controller parameters are designed
for a 1.2 kHz bandwidth anda 73° phase marginThe Bode plot othe operloop and closed
loop of the inner current contrale shown irFigure2.10. From the closetbop plot, the gain a
frequency of 0.1 Hz (low frequency) is 0 dB with a phas@°cdind the bandwidth (3 dB below
its magnitude at DC) is about 1.2 kH
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Bode Diagram
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Figure 2.10 Bode plot for closedobop and opettoop cuurent controlle’VSI parametersY
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The output active and reactive power of the inverteigiframe carbe given a$s0]

. . N
0 -0 Q v Q
C
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C

(2.21)

(2.22)

To obtain a decoupled active and reactive power control scheme of tSIC&he d-axis

voltage v
grid voltage magnitudgo g and the resultamfaxis voltaged

of (2.21) and(2.22) can be simplified as
0 °g 5Q
C SON]

0 %% Q
c@%
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is aligned with the grid voltage as shownFigure2.11. Therefore0

Is equalto

is equal to zero. So, the equation

(2.23)

(2.24)



From(2.24), theg-axis current referceQ  is obtained as

6 .
Qr @ —0 (2.25)
PBINS

where0 ; is the reactive power reference, which can béwsetro, a negative Wae, and a
positive value for unity power factor operation, leading power factor operation, and lagging
power factor operation, respectively. The generated active poweprigsentedy the d-axis
current referenc& , . It is produced by &I controller for the D€ink voltage control.The
controller (DGlink controller) is chosen to have slower response than the inner current control
loop. The controller gains were selected using MATLAB control system toolbox in order to
obtain a zero stely-state error to a step reference signal and desired bandwidth and phase
margin.Here, a bandwidth of 100 Hz and 7@iase margims selected to provide a good BC

link voltage regulation. The controller gaiae given in AppendiA.

_ d-axis
b-axis 4 (synchronous frame)
A/ S
Y I .'\;Q =
§-axis J
i _QO
¢ L >
0 .

& o d-AXIS

(stationary frame)

C-axis
Figure2.11 Space vector diagram GZSI control scheme

The control task of the generatgside and grieside convertermay also change based on their
application. In[52], the function of the gemnatorside converter is to regulate the MGk

voltage while theyrid-side converter controls the active and reactive panyectedinto the grid,
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independently. This method of contrsl suitable for the direct dritrain multipole PMSG to
damp the taional osdlations actively in the drivieain whenever the system gets excited, i.e.,

during water speed fluctuations.

1 Synchronous reference frame PLL

Figure 2.12 shows the block diagram of the PLL system implemented based onptiase
synchronous reference frame (SHBJ]. It provides an accurate frequency and phase angle
estimation of the grid voltage. The basic concept of tRE&-BLL is explained in53]. For a
balanced threphase system when the PLL is locked, dkaxis voltage decreases to zero. When
the PLL is not locked, thg-axis voltage is not zero and it has a small error. So, a elospd
control system using a Pl controller is applied ondkexis voltage to remove steadtate error

and then to lock the PLIQis the frequency feedforward which is set at the nominal frequency,
e.g. 60 HzFigure2.13 shows the performance of the PLL under both a phase jumf ain@0an
increment step change of the grid frequeiym 60 Hz to 59 Hz at 0.6 s. The applied
proportional and integral gains of the Pl controller were 2500 and 3200, respectively. It is shown
that the locked\C voltage and estimated voltage phase angle are able to follow grid voltage and

phase angle withi2 ms. Also, the grid frequency is estimated within 6 ms.

Nominal
frequency o
Voa —» abc 2]1'
Vob — 1 / S _e"‘
v()C —
dq(} Vogq. ref =0

Figure2.12 Block diagram of three phase SIREL.
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Figure 2.13 Simulation results of SRPLL performance under both a phase jump df & a stef
change ofrequency from 60 Hz to 59 Hz. (a) the grid voltagaleframe, (b) the phase angletbke
grid voltage, (c) input ideal and locked grid voltage, and (d) the grid and estimated frequency.
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2.1.5.2 Option II: diode rectifier, DGDC converter (boost type) and 2SI

Compared tdhe 6-switch converter and the 2USlI, this topology is simpler, cheaper and its
control strategy has the benefits of lower parameter sensitivity and lower swilcbseg{54].
However, harmonic distortion ihaing both low andhigh switchingfrequency harmonics is
developed in the output current of the generator. They cause power losses in the generator.
Moreover, it ismpossibleto obtain the optimal current control such as-dmésimization control
and flik-weakening control for the PMS{21]. It increases the output voltage thie diode
rectifier to a higher level which is appropriate for the \épkration Therefore, this topology
improves the performance of the HKECS, especially during low water spBeelsgridside
converter can work to control thjectedactive and reactive powarto the grid, or to regulate
the output voltage and frequencgt the load side of a staadbne operationas explained in

previous section.

For the PMSG connected to ade rectifer, the pgoshase equations in balanced steatiye

operation ar¢37]

w O "OY B0 (2.26)
0 0] (2.27)

. R ¢
Y O Oh ¥ El/lcn _ (228
0 Yo (2.29)

where'Y, 0, O, wh'Q _ hand] are the stator resistee, the stator inductance, the back
electromotive force (backMF), the generator terminal voltage, the generator line current, the
flux linkage produced by the permanent magnets, the generator electrical speed of rotor, and the
generator mechanical sgkef rotor, respectively is the number of pole pairsh andv are
the torque constant and the bd&EMF constant, respectivelyd and Y are the

generator output power and the electromechanical torque, respectively.

Neglecting the power kses, the average values of the output voltage, current and power of

the diode rectifier in steaestate conditions are approximatly given by
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ol
9. (2.30)

0 (2.31)

on0 0 ®h (2.32)

C

0 ®w O
From equation(2.26), (2.27), and(2.30) w can be deducted as

ol oV .
o1 XPov B0 (2:33)

From equaton (2.33) , it is possible toobtain an approximation forw as a function of
generator rotor speeds and water speétisng the parameters listed in Appendl the
theoktical relationship between output voltagé the diode rectifer andthe generator rotor
speedor various water speeds is obtained ahdwn inFigure2.14. Thereone can observe that

thew 1 relationship is approximadiglinear and can be expreskas
W 01 (2.39)

where0 is the voltage constanEquation(2.34) helps to implenent a simple control scheme
andto avoid the generator speed meament [55]. With this method, the shaft speed of the
PMSG/HKT can be regulated by adjusting the value of This can be realized using the PWM

DC-DC boost converter.
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Figure2.14 w vs. PMSG rotor speéd across various water speeds

1 Averaged model of the boost converter

The simplified circuit and nonlinear averaged model of the boost converter are shown in
Figure2.15 (a) and (b)56]. The dynamics of the idealized boost converter can be described by
the following equations:

a0 p

2 P or 2.3
50§ ol Qul (2.395
QD p, ol

Fos 2l 72 (2:39)

where0 ,"Q, 0, 0, and Care the input voltagethe input current, the output voltage, the
input inductor anadhe output capacitor of the DOC boast converter, and overbars denote
average valued p 'Q, whereQis theduty cycle. Fromequation(2.15) and (2.16), if the
output voltage is regulated byetlyridside converter at a given value, the input voltage as well

as input current of the boost converter can be controlled through a feedback systénol.
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Figure2.15a) Simplified circui of the boost converter, b) nonlinear averaged model of the bo

converter.

Figure 2.16 shows simulation results of the HKECS when a PMSG is connected to a three
phase grid through a diode rectifier, a IDC boost converter and a 2{Sl. The input
mechanical torque of the PMSG is set-B#5 N.m. The grid is 120 V 4L and 60 Hz. The
function of the 2LVSI is to regulate the D@nk voltage at 280 V while it regulates the output
reactive power of the HKECH at 0 VAR (unity power factor). Other simulation
parameters are given in Appendix A step change from 0.5 to 0.6 at 20 s is applied to the duty
cycle of the boost convertdfigure2.16 (a) shows the ingt voltaged and the output voltage
® of the boost converter. One can see that is regulated at 280 W while is
changed from 140 V to 111 V according to the duty cycle changealecreases with imeasing
the duty cycle and vice versBhe HKECS output active and reactive power are shoviigare
2.16(b). One can see that tigenerated active power is changed with duty cycle variation while
the HKECS is cotrolled to operate at unity power factor. The fundamental waveforms of
HKECS output current and grid voltage are also shoviigare2.16(c).
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Figure2.16 Simulation results of the power electronics interface performance of the HKECS perforn

for an increase step change from 0.5 to 0.6 in duty cycle of the boost converter. a) output voltage «

rectifier and DGlink voltage b) output@ive and reactive power of the HKECS, c) output current an
voltage of the HKECS

2.1.5.3 Option Ill, diode rectifier + 2L-VSI

In this configuration, a Ddink capacitor links the diode rectifier and -S| as shown in
Figure2.6. This structure is simpler, cheaper and more reliable than-¢ietéh converter and

2L-VSI [57]. The VSlcontrols theHKECS active and reactive power. In this way, the speed of
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the PMSG can be controlled by theverter output current/power. However, the magnitude of
the DClink voltage changes widely, which can lead to overvoltage, with potential damage to the
equipment, and undefltage with a loss of power control by the inverter.[68], [59], and

[60], a breaking resistor or controllable DC load (CDCL) is suggested for assisting with the
regulation of the D@ink voltage for overvoltage and active power curtailment (AHG)obtain

the DCIlink voltage regulationwith the CDCL, sizing of braking resistor and capacitor is an
important issue. The minimum DIk voltage should be selected to be more than grid line
voltage magnitude to operate theverter properly. The Ddink voltage decreases when the
equivalent resistance reduces. Sizing the capacitor depends -inkD@ltage ripple, voltage

recovery time, and other factors.

Furthemore, theoutput voltage of the diode rectifier becomes relatil@ly during low water
speeds. As mentioned earlier, the DIk voltage must be higher than the grid Hiivee voltage
magnitude. One alternative solution can be that the VSI absorbs reactive power from the grid to
deal with this limitatior{61]. Figure2.17 shows the VSI vectadiagramunder unit power factor
(UPF) and leading power factor (LPF) operation. Neglecting losses, for the constant output
active power, the output voltage of the inverter can be lower than the grid voltage when the
inverterworks at the LPFHowever, some issues such as the -cuerentof the converteand
synchronougenerator may limit this application. Another solution is using a gearbox. This helps
to increase the shafpsed as well as Ddink voltage. Hbwever the mainteance problem of the
gearbox introduces another issue. Similar to the option IlI, high harmonic distortion develops in
the output current of the generator due to the diode rectifier. It may tmadmgissues,

efficiency reduction, and torque ripple in tAMSG.
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Figure2.17 VSI vector diagram founit power factor (UPF) and leading power factor (LPF) operat

2.2 Diesel Generator Set

Figure2.18 shows the dieselampset model. It includes five main components: a diesel engine
as a prime mover, a coupling shaft, an electrical generator i.e. a synchronous generator, a speed
governor, and automatic voltagegulator(AVR) [22]. The mathematal model of the genset

subsystems areedcribed in following sections.
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Figure2.18 Diesel genset model
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2.2.1 Diesel Engine and Coupling Shaft

The mathematicainodel of the diesel engine consists of three main elements: fuel injection
gain,fuel injectiondelay, and the inertia of rotating parts includihgengine and flywhedBB4],

[62]. The fuel injection gain and delay model dendescribeds

Y Y& Q (2.37)

where”Y is theengine mechanicdbrque and’Y is a nonlinearfunction of the diesel engine
fuelling rate, @ . T is deadtime of the diesel engine which depends on theengine

characteristics. The shaft dynamic of tHesel engine torque and the generatocan be

represented bthe mathematical equations similarequation(2.6).

2.2.2 Electrical Generator

The genset is usually equipped with a wound rotor synchronous generator. It can be modeled
in thedg-frame based omodel1.0 of IEEE Std. 1112002[63], [34]. This model includes the
dynamics of the field and stator circuits. The model equations are

(o] o 1o U 0 OO0 238
AO ¥ 1 0 0 AC '
(0] Y 0 0 0 0 0
[910) Y v 0 9Q
—_ - Q - =
A 0 0 0 AO (2.40

wherev ,0 andQ, "Q are the stator voltage and currents in dqdframe, respectivelyY
and0 are the stator resistance and inductaicas the field excitation circuit inductance and
0 is the mutual inductance between field circuidl dned-axis of the statorb and"Qrepresent

the excitation circuit voltage and current, andis the electrical angular speed of the generator.

1 is synchronized with thgeneratoshaft speed (mechanical) as
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1 ~ (2.41)

wherer) is the number of pole paiand™Q is theelectrical frequency of the generator.

The active power, eetive power, electromagnetic torque generated by tmehsonous

generator based on the-frame parameters are given[&a6]

- o
0 c L Q U Q (242
- 0. . ..
v E v Q v Q (2.43
» 0 o, . 00

T & (2.44)

2.2.3 Speed Governor

The speed governadjusts , as well ag , after load turbulence on the diesel gengtet

can operate either in an isochronous control mode or a droop speed control mode. In the

isochronous mode, will return to a reference speed set point after a load change. With the

droop regulation, the droop control provides a referegpmedfor the governor control as a
function of the diesel genset output powWed]. The reference generatehaft speedan be

calculatedas
T F T R G (2.45)

wherg  ,0 andd are the ndoad generatoshaft speedrad/s), the diesel genset output

power (W), and the droop gaimaf{sW), respectively. Wh isochronous regulation, the droop
gainis disabled@ =0),and] j is setto a constant value.g, 188.49 rad/s (or 60 Hz for 4

poles machine).

Figure2.19 (a) illustrates the speed governoodk diagram. The governor speed structure is a

PI controller with feedback of the actual shaft speed. The PI controller is designed to eliminate
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the steadystate error between the actual generator shaft speed and reference generator shaft
speed, and to obin a fast dynamic response. The actual generator §tedtican be estimated

from the generator output voltage based on the [BblLas discusseih previous Section

2.2.4 Automatic Voltage Regulator (AVR)

The excitation system redates the output voltage of the synchronous generator. It includes
an electronic AVR and an exciter circuit. The VAR adjusts the synchronous generator terminal
voltage by regulating the excitation level of thenchronougienerator. It isnodelledbased a
IEEE Std. 412.5. It includes a thyristoased rectifier controlled by a closkap PI controller
as shown irFigure 2.19 (b). Regarding the dynamics of thectifier, it can be represented as a

first- order transfer function witime-constantt , and a linear gaiiQ

Speed governor |
(droop control) :

Pl

(42
i controller

e e e e e e e e

(b)
Figure2.19 The nodel of(a) speed governor, (b) AVR
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Figure 2.20 shows simulation results of an isochronous controlled diesel genset which is
connected to a thrgghase load. The initial value of the load is 1.25 kW and thengasato 2
kW at 20s. The ndoad geaerator shaft speed is selected 88.49 rad/s (60 Hz) while the droop
gain value is zero. Other parameters of the diesel genset are given in AppeRigiiré2.20 (a)
shows hat the generator frequency (or speed) is returned to its reference value (60 Hz) after the
load change, regardless of the output power of the diesel genset. The output power, current and

voltage of the diesel genset are showRigure2.20 (b), (c), and (d), respectively.

Figure2.21 shows simulation results for the diesel genset and load change similar to the previous
test, while the diesel genset operates based on the droop control méue.droop mode, the
no-load generator shaft speed and the droop gain value are selected 194.77 rad/s (62 Hz) and
0.0005 rad/sW, respectivelifigure2.21 (a) shows the generator frequency performance before
and after the load changdt can seethat the steadgtate value of the generator frequency
changes with the diesel genset output power based on eq(fatbn Figure2.21 (b), (c), and

(d) show the output power, output current and voltagbetitesel genset, respectively.
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Figure 2.20 Isochronous mode operation of die: Figure 2.21 Droop mode operation of dies
genset; (a) frequency, (b) output active powey, genset; (a) frequency, (b) output active power,
output phase voltage, and (d) output current.  output phase voltage, and (d) output current.

2.3 Summary

This chapter presented thbeoretical background and mohgl of the storagéess DHK
microgrid. The power tracking control challenges in the HKECS have been discussed. The
operationof the HKT in both low and higkpeed regions have been compared. The HKEADS
dispatch its output power in the lespeed regiorfrom the maximum available power to zero.
Moreover, the shutdown procedure is achieved in this region. However, an instability problem
appears due to the inherent characteristics of the HKT. The HKDbeaeloaded in the high
speed region where the power reserve is obtained from the stored kinetic ienestational
parts of the HKECSHowever, the deading percentage and the control strategy to control the
rotor speed so thagufficient stored powercan be injected into the grid, are some of the
challenges.
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Some advantages and disadvantages of ttwaeentionalpower convertetopologies have
been highlighted. A -8witch converter plus 2SI (backto-back converter) and diode rectifier
plus DGDC oonverter plus 2&VSL allow continuous power regulation from zero to the highest
turbine speed. The diode rectifier plus{IDC converter is simpler and cheaper thanGissvitch
converter. However, the problems of harmonic distortion and power lossegjeni@tor arise.
The diode rectifier plus 2SI can operate at both maximum power tracking and-speed
operation. Moreover, in order to achieve active power curtailment and reguldiekD@ltage,
a controllable DC load can be connected at theliDiC of this topology. However, the sizing of
the controllable DC load should be considered. Some simulations have shown and discussed in

order to investigate characteristics and some features of the skesad@HK microgrid.
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Chapter 3. Supervisory Power Control for a Dispatchable FixedPitch
PMSG-Based Hydrokinetic Energy Conversion System

This chapter presents a new dispatchable power controller for a-fiteld crossflow
hydrokinetic energy conversion system (HKECS) operating in the low rotational speed (stall
region. It delivers a given power requested bycgerator {0 provided that the water
speed is high enough. If not, it delivers as much as possible, operating with a maximum power
point tracking (MPPT) algorithm while meeting the bageting limits (i.e. generator voltage
and rotor speed, rated power and maximum water speed), shutting down automatically if
necessary. All this with smooth transitions between modes of operation and without sensing
neither water speed nor generator spe€he HKECS employs a permanent magnet synchronous
generator (PMSG), a diode rectifier and a boost-DC converter connected to a generic DC
bus. The control strategy is realized with a single variable, the duty cycle of the bo®t DC
converter. It emmys an inner diode rectifier output voltage loop and an outer HKECS power
control loop. The control system is designed and developed based on a linearized model of the
system. The performance of the proposed dispatchable power controller and supervisaty co
algorithm is verified experimentally with an electromechani@ded hydrokinetic turbine
(HKT) emulator.

3.1 Introduction

A hydrokinetic energy conversion system (HKECS) extracts kinetic energy from the running
water in a river or from tidal currents the sea. It produces electricity without dams and the
associated infrastructure required for the conventional hydropower genef8fiorMost
hydrokinetic turbines (HKTSs), such as the crliess, operate with a fixed pitch gfe. In order
to control the power absorbed from the water
controlled which can be done using a varisdpeed generator contrgb6], [67]. The
mechanical pwer absorbed by the HKT is then converted into electrical power what is usually
done with a permanent magnet synchronous generator (PMSG) and a power electronics
interface. A thregohase diode rectifier followed by a boost DT converter is very commors a
the figenerator si de i t00kWM eommercialoHKECS$68]. Mahteeé (1 Kk \
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phase 6witch voltage source converter (VSC) has also been considered for HK&G} Sk
can draw a less storted current from the PMSG and offers more control flexibility at the

expense of higher costs.

Usually, below rated water speead { ), the HKECS operates with a maximum power point
tracking (MPPT) algorithm. From ; to the cutoff water speed( ), the output power
should be limited to the rated value of the HKECS, while can be described as a constant power
mode (CPM), with the HKT operating in the low rotational speed (stall) region. For the
connection of the HKECS tan AC or DC grid, it is important that it can respond to a grid
di spatcherds request to regul at e [69].tTeiscpandoever pr
seen as a power regulation mode (PRM) in which the output pdveerdsbe controlled
anywhere between zero and the maximum power, as defined by the power vs. water speed curve
envelope. In addition, the system should shut down if the water speed exgeeds . This
can be done with mechanical brakes, but using the power electronics interface would be highly

desirable.

Operation of HKECSs and WECSs with MPPT and CPM, above rated water/wind speed,
have been discussed [h5], [70], [71], [72], [73], [74]. In themajority of the cases, a diode
rectifier followed by a boost DOC converter has been usé&drobust gain scheduled control
scheme for m HKT operating in MPPT and CPM with a single rotor speed control loop was
proposed if15]. In [70], operation in CPM in the dtaegion was accomplished with a cascaded
outer power and inner speed/voltage control scheme. Besides, a power control strategy to ensure
safe switching between MPPT and CPM at the rated water speed was prdsdiitdd a sdt-
stall method employing cascaded outer rotor speed (diode rectifier voltage) and inner current
controllers for operating the turbine in CPM duringhigind conditions is discussebh [72],
operation in CPM in the stall regids carried out based on a single speed/voltage control loop
and a boost DOC converter. I73] using a buck DEDC converter, a robust overall power
control strategy for operation in MPPT, speed limiting mode (SLM) and CPépdsted. This is
achieved with an adaptive controller used as a speed regulator in an outer power and inner
speed/voltage control loop. [74], also with a buck DEC converter, the smooth transition
between MPPT and CPM isbtained by a cascaded outer power, middle voltage and inner

current control scheme. However, in all these methods, a control scheme that allows HKECSs
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with a diode rectifier and DOC converter to operate anywhere within the envelope of the
power vs. watespeed has not been reported. Such a control scheme was achig/gdniith

the more sophisticated and costly thptese 6witch VSC using a cascaded inner current and
outer power control loop. Nonetheless, it did not disausupervisory control system that yields

an operator set reference power, provided that the water speed is high enough, or the maximum
possible otherwise. It should also automatically adjust to water speed variations, delivering when
possible the requesd power, with seamless transitions, while respecting generator voltage and
rotor speed as well as water speed limits.

In this chapter, such a supervisory control system is developaa KKECS with a PMSG
based fixeepitch HKT. A diode rectifier followd by a boost DEDC converter is selected as a
generatoiside converter. It is realized with a cascaded inner speed/voltage and outer power
control loop.

3.2 Description of HKT Operating Conditions

Figure 3.1 shows he conventional envelope of the output power dfiiT (0 ) as a
function of the water speed (). From cutin (0 ; ) to 0  , the water speed at which the
generator rotor speed reaches its rated value, the ditiérdes in the MPPT mode. From
to rated water speed (; ), the generator speed should be limited to its rated value, what can be
described as a speed limiting mode (SLNhe SLM can be ignoredrom the envelope with
increasing the ratkvalue of generator rotor speed in some application when the operation of the
HKT in the high speed region is desirable. Fnorp to the cutoff water speedU( j ), the
output power is limited to the rated value of the HKvhile can be described as a constant
power mode (CPM). The system should shutdown if the water speed ekcgeds . Unlike
this conventional approach, where a valu@ ofmplies a single value af  , the HKT should
be able taregulate its output power to a given reference value anywhere between zero and the
maximum value of th®  vs.0 envelope. This can be achieved with a power control scheme
at the stall region called power regulation mode (PRM). In ordech@ee safe and seamless
transition between operating modes, a supervisory power control system is required. Such a

supervisory control system is discussed in details in Se8#on
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Figure3.1 HKT output power(0 ) vs. water speed cur(® ).

Figure3.2 shows the schematic diagram of the HKECS considered in this chapter. It consists
of a fixedpitch HKT including a gear box, a PMSG connected tdiode rectifier, a boost DC
DC converter and a generic DC bus. The latter represents either an autonomous DC microgrid,
with loads and energy storage system (ESS), or the DC side of an inverter for interfacing the
HKT to an AC grid. It is assumed thaiet DC bus is regulated by the DC microgrid or gredl
inverter. The boost DOC converter is used to step up the voltage level to a suitable value for
the generic DC bus but mostly to control the output power of the HKECS. The control unit
consists of a&ascaded outer power and inner output diode rectifier voltage (rotor speed) control
loop and a supervisory control system as discussed in details next Section. The input signal

provided by an operator is a reference output poweg, ( ) that ca be used for shedown if

set to zero. The required feedback signals are the output voltageafd current’Q ) of the
diode rectifier. No measurements of water nor generator rotor speeds are required. The main
parameters of the HKECS codered in thischapterare shown in the AppendiX.
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Figure3.2 Schematic diagram of the HKECS.

The output power and torque of a fixpdich crossflow type HKT were introduced in the

Section2.1.1. According toequation(2.1), the output power of the KT, for a given water

speed, can be reduced by decreasing the power coefficiehhis can be done by operating at

either below or above the tip speed ratio for maxindum( _

) -

power below the.  region is desirable since it can prevent high rotor spgddsHowever, it

Re

gul ating

requires a more sophisticated control strategy since this region is open loop yd&iblais

subject will be discussein next Section.

3.2.1 MPPT Operation

As shown inFigure 2.2, the HKT operates at maximum power tracking mode (MPPT) for

various water speeds when it operaeshe tip speed ratio for maximuin (_ ) . There are

several methods to control a HKECS and a WECS to operate in the MPPT[786hdé& 6].

Many require measurements of and/or]

interestingand simpleMPPT algorithm which does not require either one was propog88]in

Fromequation(2.1), the maximum power from the HKT can be written as follow:
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(VI ™" O j 0 (3.1
Substituteequation(2.3) into equation(3.1), 0 ‘ can be obtained as

wherel is a constant value gending on the HKT parameters and is given by

0 : (3.3)

Taking into account thab is proportional t , the reference voltage corpesmding to
0 . for any value ofb is obtained by substitutingquation(2.34) into equation(3.2),

resulting in

C

(3.4)

where* is the efficiency of the system amd isA N GONQO . 0 and‘ can be obtained
through offline tests or simulations on the HKT, generator, and diode red®&¢r Therefore,
in order to operate the HKT in the MPPT mode, can be measured and used to calculate a
reference value fow according toequation(3.4). The control loop foy is aralyzed and

designed imext Section

3.3 Design of the Controllers for Power and Speed/Voltage Regulation in the Stall Region

In order to design a control system for obtaining a desired performance in the low rotational
speed (stall) region, it is necessamyhave a model that represents the behaviour of the HKECS
at its various operating points. Due to the nonlinear nature of the HKECS, a linearized model of
the system is needed if one wishes to employ a linear proporirdgaegtatderivative (PID) type

cortroller [38], [77]. Since the electrical dynamics related to the stator of the PMSG, and power
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electronics interface is much faster than the electromechanical dynamics, the former can be

neglected.

Using a singlemass lumped model for the drivan of the HKECS and neglecting the

friction losses the torque equation of the HKT and PMSG is given by

.Q (3.5)
Y Y U——— '
Qo
where 0 and "Y are the total system inertia and the generator electromechanical torque

reflected to the turbine side of the geaxb

Using Taylor series expansion on equationfdf), (2.28), and(3.5) around one equilibrium
point (E.P.)defined by('O ,1 o ) and ignoring the higrder terms, the linearized small

signal dynamics of the system is given as

yy ¥y og?q ‘ (3.6)
Qo
where
Iy Ty y Ty i
m o v (3.7
wherefi0 i s t he theanratabbe wfth redgnefetoaretbe t he

derivative as a function of , andb , respectively, and can be calculated as

L | ™" oY w BT_O 0_ (3_8)
T -1 - _

Ty " 0 & T O .

R B 9

, and
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yo ovaYo, v 2L (3.10)

where— is the derivative as a function @ ,

Substiuting equation(3.7) and(3.10) into equation(3.6), and taking Laplacéynamic of the
system the linearized smatignal model of the HKECS showing how the rotor speetesar
with the average value of the output current of the diode rectifer dnd water speed () can
be expressed as

0
1 —— 0 | ,T, O i (311

whereUandb are parameters that change according to the sttathyoperating points.

As pointed out inSection 3.1, HKECSs are usually controlled with a cascaded inner
voltage/speed and an outer power loop. Mathematical models for these loopH as the

design of suitable (linear) Piype controllers are discussed in the following -Sdttions.

3.3.1 The Inner Speed/Voltage Loop

As mentioned before, besides stepping up the output voltage of the diode rectifier, the boost
DC-DC converter provides armgjle parameter control means for the HKECS. According to
equation(2.35), the relationship between the average output voltage and current 'O of
the diode rectifier and the duty cycld of the boost DEDC converter in the Laplace domain is

given as
W i DiICiI Qiwi (312

where'Q i p Qi andw i is the DGIlink voltage. Since the Ddink is assumed to be
regulated to a certain valuey i can be represented by constant valiie, Substituting
equation(2.34), (2.28), (2.32) and(3.12) into equation(3.11) and considering) i 0 , one

can obtain an equation that represents how the average value of the output voltage of the diode
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rectifier, which is proportional to the rotor speed, varies with the control variable of the boost
converter and the (uncontrollable) water speed
LULO 01

n 17 n I3 ] ~ ] 'Q i n 17 n ’ 3 [ l‘) i (313)
LU U] 1T v Qu LU D] | VLU

. N . .
wherev —0U . In order to design a controller for the voltage loop, one needs a transfer

function relating the duty cycle of the boost IDC converter taw , which can be obtained

from equation(3.13):

W i VERVV
— —_—— (3.14)
Q 1 Uu U] I VUL
Fromequation(3.14), the system poles can be calculate as
0 0 TOW L
- __ (3.15)
quo

Figure 3.3 shows the real part of the plant poles for theigutl.2 m/s) and cubut (3 m/s)
wattr speeds considering the typical range of

located in the righbalf-p | ane ( RHP) of the complex plane,
corresponds to the region where the slope oftherss. _curve (— i's positive. =S

corresponds t0 ;  as shown irFigure2.2 (a). Moreover, the most critical condition, at which
the poles of the plant present the largest positive real pattrtma) = 3 m/ s and & =
t he MPPT c¢ ondl t=2dnhevell partfahe plantpoles is negative.
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Figure3.3. The real part of plant poles vs. tip speed ratio at water dp2eds and3 m/s.

To stabilize the system dynamics in the stall region, the plant is compensated using a standard
PID controller and a uty feedback closetbop voltage control system. The voltage controller

transfer functionp i , is defined as

O i (3.16)

where0 ,0 andu are the proportional, integral and derivative gains, respectively. The voltage
controller gains were selected using MATLAB control system toolbox in order to obtain a zero
steady state error to a step reference signal, with a maximum overshoot of 15%seditidca

time of less than 0.2[38]. The controller is designed for the most critical operating point,

oa fi and_ T1@&). The values of the gains of the voltage controller are given in the Appendix
A. Figure 3.4 shows the root locus of the system with the designed controller. The -tbagped

poles have posve real parts, meaning that a stable system is ensured. To observe the behavior
of the designed controller in the tindemain, the step responses for different valuesanfd for

0 om/s andv p& m/s are shown irFigure 3.5. It is clear that the system presents

virtually the same response irrespective of the operating point @an tred0 vs._ curves.
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3.3.2 The Outer Power Loop

Theoutput power of the diode rectifieb ( ) can be regulated to a desirable reference value in
the stall region using an outer power control loop as shovagure3.6. The error between the

reference and meared powers passes through a power controller to produce a reference value
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for the inner voltage loop. For the design of this controller, one needs a relation that shows how
the actual power is affected by the output voltage of the diode rectifier. Binéethe product
of w and O, the latter being internal to the voltage loop, obtaining a transfer éuncti

analytically is not straigiforward.

One method that can be used to obtain an approximate transfer function b@tweec
is to apply a step variation in the reference voltage and observe the output[p8jvdn
principle, from the response of the measured power, one can obtain gain and time constants that
represent this relation. rAexperimental test, with the a@p described in Section 2.6, was
performed to determine the dynamic relation betwieerandc . The response af hwith the
power loop open, to a variation i from 80 V to 85 V, with U o m/s is shown irFigure
3.7. One can see that the output power first decreases, then increases before reaching a steady
state value higher than before. This indicates ammmmumphase system where the powe
loop has a RHP zero. The transfer function corresponding to the relation betiveeand o

can be approximated §&3]

[ O p "M
i p vi

(3.17)

g <

wherel , "Y, and"Y are the gain and time constants corresponding to the zero and pole locations.

The transfer function parameters identified fréingure 3.7 using MATLAB transfer function
estimation {fes) function are given in the Appendi. In order to obtain a zero steasiate
error to a step input, an integral controller was selected for the power control loop. It is

represented by

5 i — (3.19)

whereu s the integral gain.

0 was selected as 0.1, so as to also mitigate the impact of the RHP zero. The dynamic

response of the power loop to a step input variation is shoWwigime 3.8 for 0 p& m/s and

0 om/s at_ = 0.8. There one sees a relatively slow dynamic response, but this is not critical
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since the power reference value does not change frequently. The settling time farm/s and

0 p& m/s are around 5 s and 9 s, respectively.

Figure3.6 A cascaded inner voltage and outer power loop control block diagram of the systernr
operation in the stall region.

Figure3.70 openloop response to a variationd® from 80V to 85V withd o m/s.
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