ABSTRACT

MIRZAEE TESHNIZI, HESAMEDDIN. MediumVoltage DC Power Conversion and
Distribution for Efficient Electric Power Delivery in Shipboard and Mobile Mining
Application (Under the direction ddr. Subhashish Bhattacharya).

Medium-Voltage DC (MVDC) distribution and power conversion systems have become
more attractive in recent years due to advances in power electronic technology. It can be used
in a range of high power plications such as shipboard, electric propulsion in large multi
motor drives, and so on.

In this dissertation, first, the concept of a MVDC amplifier system for shipboard
application is proposed. The dc amplifier system must provide a mediliage dc ba with
the possibility of superposing a high bandwidth tivaeying signal and should be capable of
producing voltage excursions at a high skate. This is intended to facilitate the
development of new technologies, i.e., new high powerlinear loadsbased on power
electronics, in all electric ships as part of the newly proposed MVDC ship power system. To
achieve the required systemealddr act prioptised,
a highpower, linecommutated multpulse thyristobased fronend, which serves as the
main AGto-DC converter, is integrated with an IGBRsed DC active power filter (SDAF)
connected in series on Biilis. The system parameters and specifications for the MVDC
amplifier system are set forth, and the pragabsystem solution is validated through both
simulations and experimental results based on &V 400V laboratoryscale DC
amplifier testbed.

Second, hybrid frorénds have also shown great promise in increasing the existing state
of-the-art AC-to-DC power conversion in large mobile mining equipment such as shovels

and draglines. Hybrid frorgnd (HFE) converters based on hybrid topology of mature diode



/thyristor-bridge technology and IGBIbased, AC active power filters have shown a path
towards a sirpler, more efficient and more reliable system. In this hybrid circuit topology, a
12-pulse thyristotbased ACto-DC rectifier supports the main active power flow and an
IGBT-based active power filter, which shares the samelilkC is connected to point of
connection to power grid for reducing total harmonic distortion (THD) and for providing
partial VAR support. The system performance and control are validated through both steady
state and dynamic simulations. The modeling, design and digital controtieé power

fillker in a 12kVA, 208VAC, 450VDC laboratoryscale tesbed are presented.
Comprehensive experimental results are presented which prove the feasibility, demonstrate
different functionality, and show promising performance of the system in ¢ériotal
efficiency, THD and reactive power compensation.

Third, size and weight are critical constraints in any application where space is limited
such as in shipboard power system, mobile mining and so on. Thus, high switching
frequency and high poweredsity operation is required. Power semiconductor devices with
highvoltage, high frequency and higémperature operating capabilities are the enabling
technology for more efficient and compact power converglotomparative design study of
a high powemediumvoltage converter with a 6.5 kV -85BT/Si-PiN diode, a 6.5 kV Si
IGBT/SIC-JBS diode and a 10 kV SIIOSFET/SIGJBS diode is presented. It is shown
that the 6.5 kV SIGBT incorporating an anyarallel SiGIJBS diode, with its high
efficiency perfomance up to 5 kHz switching frequency, is a strong candidate forafige
power converters. The 10 kV SI@OSFET/SIGJBS diode remains an option for higher

switching frequency @0 kHz) high power converters
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Chapterl1 nt roducti on

1.1 MVDC Amplifier Work Motivation
In modern electric ships, there is demand for both energy and power. Traditionally, most

of the energy produced onboard a ship is be
Fortunately, the changes in propulsion system characteristics, such as &up aspk
acceleration, have been gradual and slow and thus, it has been possible to employ new
energy sources and technologies to supply this extra energy demand via conventional ship
electric power systerfi], [2]. But, with the ships becoming more and more electric and with

the nature of the electric loads on board suchssévplving from more energy denthng to

more power demandin@], [3], alternatives to the conventional ac power system are being

considered.

Navy is embarkingon the development of a MediuWoltage DC (MVDC) (6-8kV)
system in the Next Generation Integratenver System (NGIPS), as shownRigure 1, for
application on future surface ships and submarines as a means of providing better fuel
economy, architectural flexibility and electricity for high energy mission systems. The
MVDC sysem, as proposed in naw s NGI PS t echibpI[6p,gmll rr oadn
accoomodate increased system power cappaceity us

and weight considerations.

The MVDC system presents many advantages, like high frequency operation,

transformer size reduction, higher power density, and potentially hégfigency, however,



lack of design practices with respect to new fault detection and isolation techniques; the
establishment of design methods to ensure system stability under higHipemmoads; the
standardization of methods for controlling pricmovers and sharing load between power
generation modules; and the development of new grounding strategy remain important

technical challenges implementing the MVDC systeif@]-[8].

Figurel MVDC power system as the enabling technology for future §Bips

In order to assist in desking the new MVDC technologies and developing new design
practices, a test bed with sufficient experimental control capabilities is required. In particular,
a highly controllable medium voltage dc bus must be generated. This can be done with a
mediumvoltage dc power amplifier system. The dc amplifier system must provide a
mediumvoltage dc bus with the possibility of superposing a high bandwidthwangng

sigral and should be capable of producing voltage excursions at a highaséew



1.2 Hybrid Front -End Converter Work Motivation

Surprisingly, it has not been very long since AC drive systems have been developed for
almost a century old electrified mining indystMining apparatus, in particular excavation
machines are used for material removal in surface mining applications and are typically
classified as shovels, bucket wheel excavators, and draghigese 2 is a representative
diagram of the AC drive systems for muttiotor systems such as shovels or draglines in
mining industry. The objective of the mines is to achieve the movement of the highest
possible payload per ho while minimizing operating costs over the lifetime of the
machines. The AC drive system for mining applications could not have succeeded without
showing this improved performance factor which translates to a higher production rate

compared to the tradinal, wellpracticed DC alternativigl6]-[51].

Large mines are oftelocated in the areas with limited infrastructures. This fact means
commercial or grid connected power is not typically available and mostly it is generated at
site. Therefore, to comply with utility or esite generation plant requirements especially
with respect to harmonics, active freemd (AFE) rectifiers have been chosen as the
preferred froneends for mining converterfi6], [47], [51]. However, limited controller
performance capability of the AFEs and reliability requirements lead to increased number of
converters (can be more than 40 MAFEs in parallel) and overdesign of each converter

[51].

On the other hand, there are sites where the regenerative power cafambbaek to the

mining distribution system, like Pribbenow mine located in Colombia S.A. with the



generation capacity of 24M\[64].The practical solution currently is simply to dissipate the
excess energy into the resistive chopper banks to keep the DC link voltage of the AFEs
within the aceptable rangg46]-[50]. Figure 2 presents a representative example of load
cycles in two major motoring and regenerative regions of a typical operation window

showing a possibility to capture a large amount of regenerative energy.

Over-

voltage
3ph AC chopper I] R
Supply from ‘ — circuit
Substation I
DC Link _[_ = &

] Capacitor T ~y

(0] I .

E . ~Nn )

£ | — = &

)] . —

2 : —.

8 : v

= : AFE |

g E ’\J — :

g ———— .

o . .

2 s

o ° ° = &
° ° ° _.
[} [ - ’\J

Figure2 Circuit diagram of modern mobilaining equipmen{51].

Drive Power (p.u.)

’

Time(sec)

Figure3 Example of a typical mining load pitef showing major motoring and regenerative md&as.



To solve the issues posed by the peak power demand, improve the performance, and
enable smart energy utilzan and less dependency on fossil fuels, peak shaving strategy is
proposed in53]. The regenerated power produced by the excavator is stored in an energy
storagesystem and is used to reduce the peak demand of the drive system. Reduced peak
demand not only reduces the energy costs but also provides significant reduction in

investment as the power rating of the system components reduces.

Although the proposed ulitapacitor integrations have clear benefits to the system
especially in terms of grid side peak current shaving and energy management of the mine;
however, converter components rating of either electrical or mechanical parts, would not
change significantlyfor large mining machines. It can be shown that the benefits from
possible downsizing of components by utilizing ultracapacitor cannot be realized for a
dragline and even for the shovel considering the desired harmonic performance, number of

spare converts, weight and volume.

As a means of facilitating integration of supplementary ESS to mining electrical system,
Hybrid FrontEnd (HFE) techalogy has been introduced jB1]. The HFE is based on the
mature technology of mulpulse thyristoibridge and active power filter. The thyristor

bridge and active power filter share the saméuks. This topology has seatbenefits:

1 Potential reduction in the number of FEs by utilization of available high current

thyristors
1 Controlled DCbus voltage compatible for drives

M Controlled harmonic distortion as PCC of mine



1 Controlled reactive power at PCC of mine for Volt/Vappgart
1 Partial path for regenerative energy

1 Built-in pre-charge circuit if needed

1.3 Si- and SiC-based Converter Design Work Motivation

In recent years, the need for power semiconductor devices withvbigiye, high
frequency and higtemperature operatingapabilities have been growing fast, especially, in
military and power transmission/distribution applications, as the enabling technology for

more efficient and compact power converg®m.

In marine and shipboard military applications, size and weight are critical constraints in
the design of shipboard power system (SPS), and thus, high switching frequency and high
power density operation is requirggl. According to the office of naval research technology
roadmap[5], [6], the navy is embarking on the development of a medialtage dc
(MVDC) system of 68 kV voltage class in the next generation of integrated power system
for future surface ships and submasres a means of providing better fuel economy and
architectural flexibility for high energy mission systems. The MVDC system will
accommodate increased power capacity onboar

limited available space and weight coasits.

In the power transmission and distribution sectors, with the new smart grid application
enabling large integration of renewable and distributed energy resources, 60 Hz distribution

class transformers are envisioned to be replaced by more versatigact soliestatebased



transformers (SSTs)e 2 On the other hand, knowing that high power, high voltage
transformers are the single most valuable assetwept&ransmission grid, concerns about
enhancing the security of electricity in case of natural and-nmegte disasters in the 21st
century, has led to research and development of emerging technologies such-statsolid
transmi ssi on/ di dgransfdrnieu dnd active mobilke cubstation YAMER

[64]. These newechnologies have to meet all functional requirements of standard 60 Hz
transformers and, additionally, have to feature small size, weight and volume for

transportability and ease of installation.

High voltage power semiconductors are at the core of atygower, power electronic
conversion systeniThus, a comparative design study of high power semiconductor devices
in mediumvoltage converter applicatiols needed to evaluate different technologieth
respect to switching frequency capability, powessl@and efficiency. The outcome of this
design study provides a roadmap for high power application of each power semiconductor
technology, especially, with regard to switching frequency capability and physical thermal

limit.

1.4 Dissertation Outline

In chapter2, MVDC system architecture for shipboard application is studied. Tthen,
concept of a mediumoltage dc(MVDC) amplifier systembased on mukpulse thyristor
based rectifier integrated with series DC active fiseproposed. Thishaptersets forth lhe
set of parameters and specifications of the medialtage dc amplifier system and proposes

a specific circuit topology to achieve the required characterif&sign issues of a medium



voltage DC amplifier with a mulpulse thyristor bridge froréndare presented&simulatiors
along with experimentatesultsfor a laboratoryscaletestbed are presented teerify the
feasibility and to demonstrate highly dynamic performance of the proposed system

configuration.

In chapter 3, a hybrid frorend (HFE) onverter system for large mobile mining
machines is presented. The current stétthe-art system including both passive frantd
(diode or thyristorbased PFE) and active freabds (IGBTbased AFE) and supplementary
energy storage integration are pmeted. Steadgtate and dynamic performance investigation
and simulation of the proposed system is provided. Subsequently, design, modeling and

implementation results of a laboratesgale HFE tesbed are presented.

In chapter 4,a comparative desigstudy of high power threlevel neutralpoint
clamped (3ENPC) converter with 6.5 kV SIGBT/SI-PIN diode, 6.5 kV SIGBT/SiC-JBS
diode and 10 kV SIGMOSFET/SIGJIBS diode has been carried .o&juivalent circuit
model, switching characteristics and lossasweements for 100 A power device modudee
presented. Subsequently, a design methodology for the mediltage converters are
presented based on switching characteristic andogegfatingarea (SOA) of those devices.
Then, the developed power modut@dels are utilized to evaluate power loss and efficiency

of mediumvoltage converters:inally, chapter 5 presents the conclusion of the work.



ChapterMe di-Vonl t age DC Ampl i fier
Shipboard Application

2.1 Introduction

In a modern navy warship there is derd for both energy and power. Most of the
energy onsuch shipis supplied to the propulsion system. Fortunately, the changes on the
requirements of the propulsion systems, i.e. top speed and acceleration, have been gradual
and thus, it has been possible ¢mploy new energy sources and technologies being
constrained to the limited ship space to cope with such condition even under traditional ship
electric power systenfl], [2]. This is has not been the case tfug power requirements and
there has been contious radical shift on this franThe number of electric powenission
loads and weapons such as electromagnetic launchers, rail and laser guns are increasing
radically requiring enormous amount of power rather than en@&igynd therefore, there
remains the challenge of how to keep up wit|
limited available spacé&igure4 compares electripower requirements of a line cruiser and a

modern electric warship.

The obvious solution to this problem is to increase the ship power density. In the first
attempt to tackle this issue, Integrated Power System (IPS) was proposed meaning a shared
electricpower generation for all types of ship electric Igdl This was in contrast to the
inefficient traditional approach of having dedicated generation for bofhulsion and ship

service loads.
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Figure4 Comparison of power requirements of a line cruiser and an electric navy wdiship

However, even the new IPS power system using conventional Médiliage AC
(MVAC) distribution system, which has been used for many years on navy ships, falls short
of answering these soaring power demands due to its bulky infrastructure besialyse of
huge high power 60-Hz threephase transformers. This limits the usability of MVAC system
for modern navy warfare ships which are geared toward more advanced electric type of loads
in future Considering the major issue of power density wittufe combtant ships, the Next
Generation Integrated Power system (NGIPS) roadmap, developed by the Electric Ship
Office (ESO) of Office of Naval Reaech (ONR), suggests the MeditMoltage DC
(MVDC) distribution as a viable solution to increase power density orshipe[5], [6].

Figure 5 shows the need for the MVDC power system as power density necuite

onboard naval warships keepnsiderably increasing for future combatant ships.
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Figure5 MVDC power system as thenabling technology for future combatant sHils

In comparison to a conventional AC systehg following advantages can be listed dor
MVDC system[5]:

1 High frequency operation and transformer size reduction

1 Simpler cabling and potential for reduced size and weight

1 Ease of paralleling generation units

1 High power trangdr capability based on the selected mecduaitage DC level

1 Better fault controllability with control

Although the MVDCpower distribution concept seeme be very attractive, there are
importantdesign issues and practical challenges that need to besseldina order for it to
become fully operational. Of special importance are the ddaesign practices and guides
with respect to fault detection and isolation techniques, the establishment of design methods

to ensure stability under highly ndinear lcads, the standardization of methods for

11



controlling prime movers sharing load between power generation modules, and the
development of new grounding strategies, remain important technical challenges in

implementing the MVDC systeis]-[8].

2.2 MVDC Power Systenfor Shipboard Application
An exampleof integratedMVDC power system wth both active (switching or non

linear) and passivdlinear) loads hanging from the D@us is shown inFigure 6. Active
loads consist a$witchingDC-to-AC variable speed drive (VSDs) for propulsion, £DC
converters for interfacing energy storage devices (ESDs), andstatedtransformer(SSTSs)
to adjust MVDGbus toproper DCandbr AC voltage level for ship service ardafitical
mission type ofloads. The mainfifront-end ( F Ecgonverterhighlightedin Figure 6 is a
mediumvoltage multi-MW, AC-to-DC converterwhich supports the D®us and need®
have high efficiencyperformanceand satisfactorjyharmonicdistortion profile on both AC
and DC sidesFor the purpose ofE realization two main convertetechnologies can be
considered: lincommutated fronends and forcedommutated fronends, studied

separately in what follows.
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2.2.1 Line-Commutated Front-Ends

The line-commutated FEsonsist ofeither multipulse diodeébridges or multipulse
thyristorbridges The switching aion in these convertersccursat 60-Hz line frequency;
and therefore, they have a venmgh efficiency performance. In thease ofmulti-pulse
thyristorbridge configuration, the switching pulses can be delayed in order to regulate the
DC output voltage. Howeveboth these converters produce intrinsermonis on the DE
side thatneeds to be dealt withkigure 7 shows ACripple component of Débus and its
corresponding harmonic frequency spectrum dR0kV DC, 5-MW, 6-pulse thyristor
bridge FE. As it can be seen, the voltageakto-peak ripple ampitude is 4 kV with

harmonics corresponding tam,6with n being a positive integemultiples of line frequency.
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The 20kV output DC voltage coesponds toms AC input voltage of 15.2 kV and firing

angle of 22°.
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Figure7 DC-sideac voltage ripple of a-MW, 6-pulse thyristofbridge producin@0 kV mediumvoltage dc
bus (a)and debus harmonic frequency spectrum at different loading condition (b).

2.2.2 Forced-Commutated Front-Ends
The forcecommutated fronends are threphase AGo-DC converters that are made of

high-voltage, fullycontrollable semiconductgrower switchesi thus, they arealled active
front-end (AFE) i like insulatedgate bipolar transistors (IGBTs) or insulateghte
commutated thyristors (IGCTs). To achieve the medwattage DClink for megawatt

(MW) power rangespowerdevices areeither connecteth series in a 2evel power circuit
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topology or are arranged in a muivel circuit topology. In eithe case,due to switching

loss consideratiorsemiconductod e vi cesd power | os stheltypenofl | i ng
cooling systemapplied switching fequencyfor silicon devicess practicallylimited to 1-2

kHz [9]. This, on the other handneans that the convertgynamicbandwidthis very limited

which further implies thathe MVDC-bus is more susceptible to rbnear load interactions

within the system.

In the MVDC system, power electronic building blocks (PEBBs) convert the dc power

to other levels of dc or aeoltage suited for the load0]. An example of suclsystem is

given in[11], and depictedin Figure 9, wherea 6-MW, 7.5kV MVDC systemis shown
consisting of a 3evel, neutralpointclamped (NPC) A&o-DC converter,serving as the
active frontend and dualactive bridge (DAB) D&o-DC convertersserving as PEBB#&or
converting the MVDC-bus to 1000V DC-bus for power distribution to lwer-voltage
downstream loadsMany of the PEBBs D@C and DGAC conversion units with tight
output voltage regulation are constant power loads (CPLs) which present negative
incremental impedance to the MVDC main A rectifier for certain voltage and
frequency rangeg12]. Furthermore, it is shown ifil3] that systems with CPLs which
undergo large signal transients might end up having oscillatory responses if proper
restrictions are not applied to the source impedance and AmPesDABs in Figure 8
constitute CPLs with tight out voltage regulation that could produce oscillatory disturbances
on the MVDGCbus in response to largggnal transients. Sampdeerarios of such disturbing,

and potentially disruptive, events are simulated for the systdangafe 8. The simulations

are carried outn MATLAB/Simulink for AFE switching frequency of 1080 Hz and the

15



simulation results for thtMVDC-bus voltage response t600-kW load stepup and step
down powerexcursionsare shown irFigure9. As it can be seenargesteadystatevoltage
ripples and severe transievltage overshootsexist, which without proper control actign
could disrupt and/or damage other sensitive &amt in the worstase scenariajltimately

cause theystemto shutdown.

Thus, it can be concludede MVDC-bus power quality problems are either of periodic
nature due to intrinsic harmonics caused by -tommutated FE technologies, or
transitory/oscillatory nature caused by Horear load interactions between the m&E and

PEBBs hanging from the MVD®us.

An approach to damp the oscillations is by installing passive filters on tHew©{14].
In this approach, the inertiaf DC-bus is drastically increased such that the AC ripple
component is decreased to the desired level and thbuSCemains stiff through different
loading conditions. While this approach is effectimed works for a range of system
configurations it is bulky and costly due high number of large and expensive-Vuifage
capacitors, and it is inefficient because it is not able to dynamically adapt to changing system
configuratiors andbr all loadng conditions.In [15], a stabilizing controller using a nonlinear
control method is used to make sure the-IDK remains stable under large signal CPL
transients. This is not a generic solution to the problem since &@p-DC converter
needs a special stabilizeand moreover, in a MW MVDC system, the rating of such

stabilizer would be largélhus there is a need forfeactionally-rated activedevice that can
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act as a deoupler or isolatosuch that these harmonios disturbances can be decoupled or

isolated from the system.
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Figure8 A 6-MW, 7.5-kV MVDC system consisting of al@vel active frortend and duahctive bridge (DAB)
DC-DC converters as active loadd].
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Figure9 MVDC-bus voltage dynamics under 5%/ step load changes (a), zoomed out voltage response for
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2.3 DC Active Filters

2.3.1lIintroduction
In this sectionmethods to decouple and isolate interactions and disturbances in MVDC

system are being studied. Basically, the methods fall into two categories: passive and active.
Passive approach is mainly about installing more capacitor banks Bxdss to make i

more robust during severe load power variations and/cfinear interactions with the front

end such thathe whole system remains stable under worst case and disturbances are kept
bounded and within acceptable limits. This approach works fine butheasetback of
changing system dynamics and requires more space therefore, offsets one major
objectives of acquiring higher power density and reducitast. Thus, the focus and effort in

this sectionwill be on active methods of filtering. These metha@an be applied on both-ac

and DGCside with respect to the main freahd rectifier. The A&ide active filtering
techniques have been thoroughilgited and \ery well known in literature. Howevgefor the
obvious reason of disturbances/interactionspbapg onthe DGside and also, rectifier
control systemtrying to decouple interaction on A@nd DGside, AGside filtering would

not be as effectivas DGside filtering. Tkerefore, the focus will be on D€ide active
methods also known as DC Active Power Filter (BERFs). In this context, an active
modulatoris either put in series, acting series dc active filter (SDAF), or in parallakting

as parallel dc active filter (PDAF)The DCAPF act®n the nediumvoltage DC-bus such

that it can controllably decouple any unwanted ripples and/or disturbanceSPBE<have

been applied to higholtage dc (HVDC)16]-[21] and magnet power suppligZ2]-[33], but

not to MVDC systems. Due to complete distinct nature of disturbances happening in MVDC
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system, thisectionlooks into design and control requirement of different-B€F methods
for such systms. The objective is to design the active filter with reasonable rating and size
such it will sustain the system under worst case interactions and load variations. Hybrid
approaches combining DEPFs with passive DC filtering networks a@kento optimize

the rating of dc active power filter system.

2.3.2Circuit Topologies
In a DCAPF,an active modulator acts on the Edlis such that it can controllably

decouple any unwanted ripples &rdlisturbances othe DGbus. The modulator can be put

in series acting aa controllable voltage sourcer in parallel acting as a controllable current
source. Theperational concept shown inFigure10in which theseries modulator is acting
asfiSeries DC Active Filter (SDAF), and the parallel modulator is acting a8Parallel DC

Active Filted (PDAF). The combination othese DCAPFswith passive filter leads to
different hybrid topologies that are shown kigure 11. A hybrid topology might be
preferred over a pure active filtering solution due tidveerformance and size reduction of
active elements in the modulator. On the other hand, the solution must be optimized such that

it will not increase the cost or total size of the integrated system of rectifier and filter.

Traditional DCAPFs use trarstor banks operating in the linear region and generate high
losses due to large voltage drop and high current applicE@®n Because of this, many
other topologes were proposed. Buhey can be classified in to two major categor&evies
DCAPFs[24], [25], [31]-[35], and Parallel DCAPFs[36], [37]. In parallel configuration,
DCAPF absorbgortion of loadcurrentripple supplied by the rectifier. The larger thpple

impedance of the load, the better the compensation result. Therefore, wirgadieelripple
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impedance oDCAPF is not large enough compared to the impedance of load, i.e. at high
load conditims, the ripple rejection antltering performance of PDAF deteriorates for a
given active filter ratindg35], [37]. In seriesconfiguration thoughhis is not the case. When

the DCAPF is put in series witload, it shares thripple voltage with load. Thug, ¢an be
controlled such that the ratio of the injected ripple idgmeeby SDAF is far greater than
load impedancethen practically independent of the load impedanuery small ripple
voltage is producedacross loadterminals [35]. A relative comparison of active filter
compensation performance is presenteligure12. As it can be seen, SDAF performance,
especially at controller gain of unity, is superior to PDAF independent of load, whereas
PDAF performance degrades with decreasing load. ThereS@AFs have better filtering
performance over the paralletonfiguration due to its injected impedance being

independently controllable regardless of load impedanep@é harmonic frequencies.
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+ G >
3ph AC Front-end X 1 _
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e |
Fy —_—
—‘ Non-
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Figure10 Series and parallel modulasoacting on MVDGbus to decouple/isolate ripples and disturbance
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2.4 Series DCActive Filter (SDAF) in MVDC System
For the MVDC systemntegrated withseries DC active power filter (SDAF), both

fiphasecontrolledr e c t i f i andfactivé froGténib ( ArécHfigrs are considereth
both cases a hybrid series dc active filtering solution is adopted. The reason as will be
demonstrated is that a hybrid filtering solution reduces active filter rating and resudttein b

filtering performance.

2.4.1 Active Front-End (AFE)-based MVDC Syséem
In the MVDC distribution systerwith AFE, such as the one shownkigurel3, there is

a main AGto-DC active frontend rectifier which supplies all the active |sathnging from

the DCbus. To ensure power quality on thé&-side, the fronend rectifier is a PWM
converter whichemulatesresistive behavior at its input terminal& ensure power quality

on the DGCside, a series dc active filter is integrated and amwted in series between FE
terminals and the load3he series dc active filtdnereis, as well,c al | ed @A Seri es

Injector (SAl)ddue to its main function of actilyeinjecting impedancgl1].
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Figurel3 MVDC system incorporatinGDAF/seriesactive injector (SAI)[11].
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I. Propcsed ®riesDC Active Filter Control $heme
The controller struture andits associated contrddlock diagrams for the SDAKs

provided in[11] and isshown inFigurel14. It consists of three major control loops in order to
perform the desired functions. The final goal is to produce a voltage ripple at the output
terminalsi secondary or D&ide - o f S éolipling transformer which is as close as
possible,in all its signal attributesto ripple componerst present athe output of theAFE
rectifier butwhich possess an opposite phase in order to cancel each oth&ctlueiingthis

goal, the final DGbus votage post SAI will besmooth and free of the disturbances that
would otherwise be there due & rectifier and activéoad nonlinear interactions. SDAF
consists of a H-bridge inverter, outputswitching ripplefilter, and an output transformer
which coupes it to theMVDC-bus. It is the reference voltage to the PWM modulator of
inverter whichdemands SDAFRo produce a specific ripple component at its output. Due to
hardwareémplementatiordimitations such as limited switching frequency, limited bandwidth,
improper switchingevents, deatime effect and so onnot all and every single harmonic
component is reproduced as it watended to It is the function of the control system to
consider all those practicdlardware limitationsand norridealities and in closedloop
feedbackcontrol fashion,generate a reference voltage signal to the PWM modulator such

thatseries active injection is made certain up to a specific frequency.

To accomplish th@forementionedjoal considering hardware limitationthe following

control actions araeededandareimplemented:
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a) DC Error Elimination
b) Harmonic Extraction

c) BandPass Damping

During transient loading conditionSDAF6 s o ut p u t cansuppontsstfarsitomy e r
DC voltage componentwhich can lead to both DC saturation and error at the output
terminals of the MVDC syem. DC saturation can forcé®8F to shutdown andthus,leave
the system prone to disturbascBC error isnevergood since imight disruptthe operation
of loadsthat arehanging from DGbus. Asit is shown inblock (a) inFigure 14, the injected
output voltage ripple is measured and dpass filtered LPF) with a cutoff frequency of 1

Hz in order to extract the DC component; then, it is compared against a zero reference
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voltage and the error igd to a Pl controller to make sure it is reguldtedero. The cubff

frequency of LPF4a)in Figurel4is set to 1Hz.

Block (b) inFigurel4shows the fAhar moniSDAFesx ta arcttn wlinl
structure. This blck is considered the most important block in ¢toatroller structure since
it is responsible for extracting the ripple component olAEE rectifierd sutput voltage and
for conditioning it foractive filter inverter. This provideSDAF/SAI with the abiity to
compensate for any oscillations resulting from the-lmear interaction of active loads
hanging from the D@us and the maiAFE rectifier. This isvery important since the
amplitude of such oscillationsight get high enough at high powers totdrb all the other
loads hanging from the same bus. The fashtrol loop in harmonic extraction univith
LPF1-(b) cutoff frequency set to Hz, extractsthewhole ripple and thenLPF2-(b) limits it
to 1 kHz which is 1/28 of active filteri n v e 2akelz swigching frequency. The inverter
effective bandwidth is 2.RHz which is actually 1/9 of the switching frequency. LPFHD)
cut-off frequency is chosen to be half the bandwidth suchittiemadesure that the inverter
is ableto exactlyreprodice those ripple components. This is due to the fact that even within
converter bandwidthbecausef deadtime effect, probablemproper switchingevents,and
other uncertaintiesthe inverter might not be able to perfectly reprmaluts commanded

referercevoltage

What remains between the harmonic extractiom i t 6 svi dbtamd an d i nve
bandwidth is to be actively damped such that it will not adversely interact with the rest of the

systemoperation Block (c) inFigurel4s hows tidpasébamapi ngo uni't
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responsible for performing thdunction. After extracting the rippleomponentfrom
measured output voltage SDAF throughsetting LPF1(c) cut-off to 1 Hz, LPF2(c) with a
cut-off frequency of 2kHz limits it to the bandwidth o&ctive filter inverter. Frequency

components up to kHz are taken out by subtractiig from extracted measured

ripple, and the remaining barghss signal iforced to zero through a PI controller as it can

be seen irrigure14.

Figure 15 shows different functions ofC3AF in the frequency domain. Férequencies
up to 1kHz, SDAF is performingactive filtering to cancel the ripplesut. For banepass
frequencies betweenkHz and 2.Z&Hz bandwidthof inverter, SDAFRs actively damping the
ripple frequenciesFinally, frequencies which are abovmmndwidthof inverterare pasivdy
filtered and damped by trepecial 4™-order inverter outpuswitching ripplefilter which is

elaborated in section for series actiMer design.

Figure16 shows the stady-state performance of the SDASBntroller. As it can be seen
in the last subplot, the injected voltage by SD&\sely follows the ripple voltage produced
by the AFE rectifier. Figure 17 shows thetransient performance of the SDABNtroller in
which case a sudden 500N active loadstepdown is applied As it can be seenthe
transienly injected voltageby SDAF accuratelyfollows the transient voltage resulted from

stepdownload change.
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Figure16 Steadystate performance of SDAdentroller[11].
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Transient performance of the SAI controller
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Figurel7 Transient performance &DAF controller[11].

Il. Series DC Activé-ilter Design
Figure13 showthe SDAF/SAlintegrated into the MVDC syem. Theseries active filter

design is derived by the worst case voltage rigpldbr disturbance that it should follow.
Since SADF is in series with the Ddink any ripple current forcibly passes through the
SDAF after being transferred to primary si@hEeC-side)of the series couplinggansformer. It

is the slewrate of this current that determines the critical output induct@DAF inverter.
Knowing the current slewrate, the DGbus voltagevalue of inverter, and the switching
frequency, the value of the indoc is chosen. A series of simulation® ararried and the
worstcase slewate is found to be 3/us. Therefore, the value of the output inductor is

chosen to be 20QuH. The DCbus voltage of the inverter and the turatio of the
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transformer are chosesuch that the BAF is able to follow voltage ripples and disturbances
of up to 3kV. That yields a transformer turnatio (N1:N2) of 1:4.5 and an inverter DBus
voltage of 650/. The couplingtransformer is designed to possess enougbagarsuch it can
normally operate undeatedDC current withoutbeing driven intcsaturation. The converter
switching frequency is chosen to beldz. This gives a maximum bandwidtBW) of 2.2
kHz which is slightly less than 1of converter switching frequend®8]. Any harmonics
that are produced at frequencies higher thiaa BW frequency experience phase and
amplitude erras; and consequently not only can it not effectively contribute to the
disturbancerejection but it might even exacerbate Since the converter activelpteracts
with the frontside AGto-DC rectifier and load side D@-DC conveters hanging from the
MVDC-bus if propercorrectivemeasure isiot taken, the PWM switching harmonics may
resonate with the rest of the systemmd thusinstead of smoothing out disturbances and
ripples, exacerbating them to further destabilize the system. The spoialet output filter
designed for théSDAF inverter has two major functionsto highly attenuate (> 30 dB)
switching ripple resulting from PWM andb attenuate and dgpen harmonic &quencies
that exit between theegulator bandwidth of the invertand its switching frequencligure

13 shows SDAF output filter topology aniigure 18 shows the magnitude and phase
frequencyresponse of the designed filtdrable 1 summarizeparameters of the designed

SDAF filter.
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Tablel SDAF parameters

Rated power (kVA) 20
Inverter DC-bus (V) 650
Switching Freq (kHz) 20
Turns ratio (N2/N1) 4.5
Transformer Primary leakage inductance (uh 0.3
Secondary leakage inductance
(uH) 10
Lf (uH) 200
Cf (uF) 10
Output filter LT (uH) 128
CT (nF) 500
Rd (ohm) 4
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lll. AFE-based MVDCSystenSimulation Results with SDAF
A MVDC system similar to the one iRigure 13 is being designed and simulated in

MATLAB /Simulink. From the main D®us, a number of highower DGto-DC converters
hangon that areated in the range of 190N to 1 MW. The AGto-DC rectifier and each
DC-to-DC converterutilize 1080 Hz and 2 kHz switching frequenciesspectively. The
output capacitorsf the AFE rectifier are kept to theninimum possiblevalue of 500 puF/ea.

To investigate the interaction of active loads with &€, a mediuravoltage system with
7.5kV DC-bus is being considered. A total ol8Ns of dual active bhdge (DAB) DGto-

DC converter loasl are being connected to the bGs. The system is initlg running at 3
MWs of active load when att 5sa 506kW step decrease Inad output power occurs. At t

= 6.8s the output power is restored to its origindiBV value in a stepwise manner. For the
SDAFto work, it is necessary to put a decoupling c#tpabetween the series active injector
and the active loads. Therefore, a 2Q@0decoupling capacitor is applied between SAIl and
active loadsFigure 19 ~ Figure 21 showthe simulation results for the 7&/ MVDC-bus
system As it can be seen, as a result of the load and source interactmrtyges of
disturbances, namebtealy-state and transient, are induced on theld§. The steadgtae
disturbances are formed asresult of load and source interactioand the transient
disturbancesra formed as a result of stégad changes in the systefigure 19 shows the
DC-bus voltagewith and without the SDARcting upon those disturbances to smooth them
out. As it can be seedn Figure 19, the DCGbus has become much smoother with regard to

theFigure19a.
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In Figure 20, the 500kW load stepdown transientcondition of MVDC system is
zoomed out with and without SDAF in operation. As it can be seen Figare 20a, the
MVDC-bus undergoes a 1.7 kV (~ 22%) voltage overshoot without SDAF, whereas the

overshoot is reduced to only 150 V (2%) with SDAF operatidfigare20b.

In Figure21, the 500-kW load stepup transientconditionof MVDC system is zoomed
out with and without SDAF in operation. As it can be seen frognre21a, the MVDGCbus
undergoes a 2.2 kV (~ 29%) voltage asreot without ®AF, whereas theindershoot is
reduced to only 240 V (3.2%yith SDAF in operation. Also, it can beobservedthat the
steadystate rippleamplitudeis reduced to less than 30peakto-peakascompared to the
500V when SDAFis notin operation. Actuallythe active damping function @DAF is
taking care of the transient conditions while the active filtering function is filtering out any

steadystate oscillations induced on the Mi@k.
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Figure19 MVDC bus voltage response to 50V step load changes withouDBF in operation (a) and with
SDAFin operation (b]J11].
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2.4.2 PhaseController Rectifier (PCR)-based MVDC System

I. The ProposedCircuit Topology
The proposedVDC power supply system main circuit is shownFigure 22 [39]. It

consists of four parts: 3aulse frontend rectifier,passivelow-pass LCKilter, transformer
coupled series DC active power filter, and l@dd Figure 22, the 12pulse thryistotbridge
comprises two pulse PCRsconnected irparallel at AGside and inseries at outpuDC-

side The passivéow-passfil ter, immediately after thyristebridge partidly filters out high
frequency ripple well beyond SDAF bandwidth. Then, SDAF gamovenearlyall of the
undesired ripples left after passive filtering. As it can be seen in the power circuit diagram,
SDAF deploys a special fourthrder output filter teeliminate switching frequency ripple and
damp out unwanted harmonic frequencies betvagive filter effective bandwidth andhe
switching frequency. The primary sid@C-side) of the seriesdc coupling transformer is
connectedo active filter output fiter and the secondaside (DGside)is connected in series

with the MVDC-bus The SDAF has the same paramgtey given inTablel.

12-pulse
Thyristor bridge
front-end rectifier — rail

Figure22 Proposed MVDC power supply integrated with series dc active faggr

1
1 L
i Output filter o= ! g
| i

" s

T fou=20KHz

‘C:]_;L Series DC Active ! |
Filter (SDAF) ~— I -

Passive filter
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Il. Series DC Coupling Transformer (SDQT
The seriedDC coupling transforme(SDCT), as it 8 shown inFigure 22, is the most

crucial elemenin the system since it couplédse DCAPF to thaMVVDC-bus The secondary
side (DC-side) of the transformes alwaysin series withpositive DCrail and carries full

load currentat all time This transformer has two main functiof#}]: reactor toDC load
current and transformer to DCARXC ripple injection. FromDC circuit point of view, the
transformer acts as a reactor, with magnetizing inductanaeferred to the secondary side,
in series withDC-link. In this case, enough agap should be inbduced to thenagneticcore
such that the reactor does not saturate even under EEavgad currents.From the AC
ripple filtering point of view, the transformereeds large magnetizing inductancehte
perfect coupling withpositive DC rail such thafC ripple injectionis done perfectlyoy
active filter. That,on the other handequires thair gapintroduced to the core to be small.
Therefore, the reactor and transformemniction requirementsimpose contradictory
constraintson the value of magnetiry inductance. It should be also noted that the
equivalent series reactanceSICT affects theDC time constants d1VDC system Since a
fastDC dynamic resporesis desired ilMVDC systemsthe value of magnetizing inductance
should be limited to a valughich defines the maximum permis&lC timeconstant othe
system Fromthatanalysisthe value of magnetizing inductance can be used in designing the
transformer. The introduction of agap to transformer core increases the DCAPF rating and
deterioates its active filtering performanc&hoseare demonstrated iRkigure 23 which
shows the change iDC voltage ripple as per increase in magnetizing current viihem

rating is held constandndin Figure24 which shows the filter kVA rating versu3C voltage
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ripple when magnetizing current is held const@&nmore thorough investigation of SDCT

parameters impact of SDAF rating follows in thetsec2.4.3.

T I
. APF Size = 50 kVA 1.15

=
NA
]

~

©

/U.b/
¥03

Vdc ripple
(kV peakto-peak)

© o o o
o N MO O B

10 20 30 40 50

o

Magnetizing Current (%)

Figure23 AC magnetizing current v&C voltage ripple.
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Figure24 SDAF kVA rating versus DC voltage ripple.
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lll. PCR-based MVDCSimulation Resultswith SDAF
The steadystate simulation resultd§ ® CR-based MVDC system integrated with SDAF

are presented here. The gaalto verify the operation and filtering performanceSBAF
assuming th&DCT not to suffer fromany DC bias/saturation problenfA system similar to
the circuit shownn Figure22 is designednd simulated iMATLAB /Simulink. The system
parameters are given ifable 2. Figure 25 shows the MVDC-bus voltagebefore and after
SDAF operationand Figure 26 shows bad current ACripple componentDC-bus voltage
AC ripple harmonic profile analysis is provided Tiable 3. As it can be seera total AC
ripple compensation of 91% achieved while the {2harmonic component is compensated
more than 98%Figure27 shows magnified\C ripple voltageafteroutput of passive filteof
PCRtogetherwith the injectedAC voltage fromSDAF. As is can be seeSDAF injected
voltage across D®usis almost perfectly tracking the ripple voltaggn the other handhis
means thathe injectedimpedance ratias really high ork (SDAF controller gain) isvery

close to oneThat is shown ifFigure28.

Table2 Simulated PCFbased MVDC gstem parameters

3ph ACvoltage Vs-In kVrms 5.25
odeatieor v [y W |7s
Lp mH 15
Output passive filter Cr uF 3.44
Rp mq 66
N2/N1 - 45
DC Active Power Filter DC bus \VJ 450
fow kHz 20
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Table2 Continued

| DC load(resistive) 2 MW (375 |

0.37
Time (s)

30

20

10

Iripple (A)

-10

|
|
|
|
|
|

-20

-30

0.35 0.36 0.37 0.38
Time (s)

0.39

Figure26 DC load current AC ripple component before and after SDAF oper@&jn
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Table3 MVDC voltageripple harmonic profilew/o and w/SDAF

Load ripple voltage harmonics spectrum
kV
APF (DC) (RO/E) CMPF
h th h h h
KV) 12" | 24" | 36" | 48" |60
w/o - 159 (0.51]0.21 |0.12 | 0.07 | 16 -
w/ ' 0.03 | 0.04 | 0.01 |0.05 [0.04 |24 |91
60
40
/Vinjected
(green)
20
=
%% 0
>'C
-20 \

%”» | Vripple |
0Ty (blue)
-60 ;

0.401 0.4015 0.402 0.4025 0.403 0.4035 0.404
Time (s)

Figure27 AC voltage ripple after passive filter in P&Rsed MVDC system and injected Aipple by SDAF

[39].
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Figure28 SDAF injected impedance ratiwith respect to load impedance at different characteristic harmonic
frequencieg39].

2.4.3 Factors Influencing Active Filter Sizing
The study herenainly focugson some of the importargarameters affecting the rating

and performance of active filter. These parameters can be intermakasjpect tcseries
active filter system, i.e. invertelapameters, coupling transformetic, or externalas inline
transformer leakage reactance to frend rectifier. The parametric search will done in

steadystate modeThe goal is taunderstandiow thoseset of parametelaffect SDAF rating.

|. Series Coupling Transformer
Series coupling transforméer the most crucial element in the system sinceliplesthe

dc active filter to the MVD&bus As it was aforementioned, the transformer design is
challenging since requirements for perfect active filter injection and for high DC saturation
tolerance contradict each othédevertheless, the transformer design needs to incorporate air

gap for it to be able to be put in series with MVAD(s. The seriescoupling transformer
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internal parameteris shown inFigure 29. The transformehas three main parametefs:
magnetizingnductance (Lm)2) winding resistances andactances (R11, R2,L2); and3)

winding turns ratio (N2/N1).

] R1 2 R2
(E_m_: mm—i:l—%)
mf o]
Trl
[ D)
wib w2b

Figure29 Transformer model considered for steatigteSDAF rating study.

SDAF parameters are as givenTable 1. The transformer parameters are-peitized

according to the following base values:

Sbhasdrans = Sbase = 7.5MVA
Vb-pri = 650V

Vb-sec = 2925/

Z1-base = 0.05§ -> Lb1=150uH
Z2-base = 1.14 -> Lb2 = 3mH

= =2 A4 A
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2.4.3.1.2 Effect of Magnetizingl nductance (Lm)
To study the impact of the magnetizing inductance on the rating and performance, the

following transformer parameters are assumed tocobstant:

T N2/N1=45

T R1 (2%) = 0.00112 q
1 L1(2%)=3uH

1 R2(2%) = 0.0228 q

1 L2(2%)= 60.4 uH

Comparative analysis of impact of different magnetizing inductance values on the series
dc active filter rating and performance are presentedaiple 4and Table 5 It can be
observed that higher values of inductance reduce the rating oftthe flter. In addition,
compensation factor (CMPF) and ripple factor (RF) improves with higher inductance as
shown. We define these performance factors &k @d (22). The results of the analysis

are demonstrated Figure30 andFigure31.

ouvuv'® - ZpT Tt (2-1)
W
W

yop  — Zp T (2-2)
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Table4 Effect of magnetizing inductance on actfileer rating and performance faum = 0.3pu, 100% rated
load (a), and 10% rated load (b).

Lm LOAD APF Vripple -pk Vapf-seepk CMPF RF
(p.u.) (% rating " i + i (%) (%)
rated) (kVA)
10 65 2300 | 2300 500 500 18 20.5
100 17 430 1270 400 560 29.5 5.5
3000 3000
2000 2000
03 % 1000 /WWWVW - 1000 R ]
(45UH) % Odfw/ o™ o "mewf"v é 0 J/ S “me“
-1000 / / - -1000 MY/ y
-2000 < -2000
-3000 -3000
0.104 0.1045 0.105 136%25(3) 0.106 0.1065 0.107 0.401 0.4015 0.402 TQ.402(5) 0.403 0.4035 0.404
(a) (b)

Table5 Effect of magnetizing inductance on actfileer rating and performance fium = 30pu, 100% rated
load (a), and 10% rated load (b).

Lm LOAD APF Vripple -pk Vapf-secpk CMPF RF
(p.u.) (% rating " - " - (%) (%)
rated) (kVA) ! !
10 25 3150 | 2750 2950 2650 94 2.1
100 25 2860 | 2900 2900 2800 98 0.6
3000 \\ 3000
2000 i 2000
30 / 1000

@0 | =" | TN

R T ERANIVARN NN

=] S N

Vripple (v)
Vripple (v)

-3000 -3000
0.104 0.1045 0.105 0.1055 0.106 0.1065 0.107 0.401 0.4015 0.402 0.4025 0.403 0.4035 0.404
Time (s) Time (s)
(@) (b)
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Figure30 Series dc active filter rating vs. magnetizing inductance for 10% and 100% rated load current
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Figure31 Medium-voltage dc bus ripple factor whagnetizing inductance for 10% and 100% rated load
current
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2.4.3.1.4 Effect of Winding Resistance and.eakagel nductances (R1.1, R2,L2)
In this study the magnetizing inductance and turns ratio are assumed to be constant at

Lm =1 p.u. (150 uH) and N2/N1 = 4.5. The effect of leakage resistance and inductance is
presented inTable 6. It can be observed that although the active power filter rating has

increased, the filtering performance does not change very much.

Table6 Effect of leakage resistance and inductance on seriastide filter rating

Lm (p.u.) LOAD | APFrating | R&L | CMPF (%) RF

% rated) = (KVA) (%) (%)
10 110 2 155
1 (150uH) 40 16.3
100 44 2 4.5
40 4

2.4.3.1.5 Effect of Turns Ratio (N2/N1)
In this case Lm is assumed to be constant at 1(p50 uH) and the resistance and

leakage inductances to be each 2¥%e effect of transformer turns ratio on actieer rating

and performnceis shown inTable 7for N2/N1 = 4.5 Table 8 shows the effect of
transformer turns ration active filter rating and performance when N2/N1 = 10. Here, it is
interesting to observe that with a low magnetizing inductance value, increasing turns ratio
greatly improves active filter compensation but does not change the active filter rating. The

results of the analysis are demonstrateligure 32andFigure 33
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Table7 Effect of transformer turns ratimn activefilter rating and performance f&2/N1 = 4.5 100% rated

load (a), and 10% rated load (b).

N2/ LOAD APF rating CMPF (%) RF
N1 (% rated) (kVA) (%)
10 110 42.5 155
100 44 64.4 4.5
3000 3000
2000 / 2000
_ 1000 "W e ,‘.‘W _ 1000 , -
2 G = / N S
4.5 § 0 ,N/ k ey - / ié 0 ‘J‘ \N/’f\“\ \
> 1000 (r/ N% V § ‘V'M flJ > 1000 "// %N“‘w, ﬂ/
o] I A
-2000 \\/ -2000
-3000 -3000
0.104 0.1045 0.105 19.105(5) 0.106 0.1065 0.107 0.401 0.4015 0.402 12;]22(?) 0.403 0.4035 0.404
(a) (b)

Table8 Effect of transformer turns ratio on activldt rating and performance foi2/N1 = 1Q 100% rated

load (a), and 10% rated load (b).

0.104 0.1045 0.105 0.1055 0.106 0.1065 0.107

Time (s)

(@)

N2/ LOAD APF rating (kVA) CMPF (%) RF
N1 (% rated) (%)
10 114 93.4 2.2
100 114 98.7 0.4
3000 BN\ 3000
2000 \ 2000 /\
10 ;g_/_ lOO: // lLLy\ g 100: / \
? o // \\ /N || / \/
-2000 ) -2000
»3000‘ \/ -3000

0.401 0.4015 0.402 0.4025 0.403 0.4035 0.404

Time (s)

(b)




APF Rating {kVA)
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18
16
14
12
10

[ N = ) I s ]

- M5l
= - ==10%
I ~-100%
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Figure32 Seies dc active filter rating versuisrns ratio
—10%
s —8-100%

N2/N1

Figure33 Series dactive filter ripple factor versusirns ratio
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Il. Input Line Transformer Leakage BactancgXs)
This parametricsearch is carried out over a 7.5 MVA, 5 kV MVDC system with regard

to input linetransformerreactance in order to determine the rating of SDAF under \wasst

firing angle andlifferentresistiveloading conditions. As it is known, the Bside AC ripple

of a thyristorbridge rectifier is an increasing function of firing angle. For regular system
operation, the angle is in the range of2ZBbdegrees, not having very drastic B@e ripple

and not demanding very large input reactive power. Moreover, the normal operating angle is
chosen as such in order to accommodate for both AC line voltage sags and swells. Since
voltage swell disturbance increase the-8i@e ripple and demandsrfmore compensation

effort by SDAF, a worstase input phase voltage swell of 30% is considered over the period
of simulation. That disturbance requires a
voltage constant at 5 kV. Having a firing angledob e, t wo extr eme -cases
side reactance are considered: 1% and 10% of base value. The point here is thasittee AC
reactance value changes the stete of AC ripple voltage on the D§ide. The larger the

input reactance, the smaller theltage ripple slewate; thus, the smaller the current ripple
slewrate becomes. The smaller the slate, the better the SDAF inverter is able to
compensate for the thyristbridge output voltage ripple. The system schematic is similar to

Figure22 except that the frorénd is a 6ulse thyristotbridge. The SDAF parameters are:
9 Transformer turns ratio (N2/N1) = 6
1 DC-link voltage = 700 V

1 Switching frequency = 7 kHz
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2.4.3.111.1 Xs = 1% (60 uH)

In this casgthe slewrate is found to b&7 A/jus which gives a theoretical limit of 41H

on the output filter inductor of thE8DAF inverter. AC-side thregphase power quantities are

listed inTable9; SDAF power rating under two loading conditions are listeBaible10; and

AC ripple harmonic analysis of the \KDC-bus is presented ifiable 11. The harmonic

spectrum of AC ripple component of MVDC bus is showRigure34.

Table9 AC-side thregphase power quantities (Xs = 1%)

rated Ue-
Sin I:)in Qin THDi Ht
load APF PF firin
(5MW) (MVA) | (MW) | (MVar) % gnglg)
10% w/o 0.78 0.55 0.455 | 0.705 | 43.35 45.1
with 0.752 0.5 0.5 0.665 | 35.41 45.2
100% w/o 0.776 0.546 0.459 | 0.704 42.7 45
with 0.743 0.505 0.497 0.678 | 31.64 447
Table10 SDAF power rating (Xs = 1%)
Iiitaec(lj (V :zl]fm s) (§;|e$ Vrms (V) Vpeak (V) Irms (A) Ipeak (A)
(5MW) | (kVA) (kVA) | pri | sec | pri | sec | pri | sec| pri | Sec
10% 68 170 | 317(1902| 630| 3780| 216| 36 | 790 | 131.7
100% 142 500 260 1560| 395| 2370| 550| 91.7| 1720| 245.7
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Tablel1 AC ripple harmonic analysis of MVD®8us (Xs = 1%)

rated Harmonics
load | APF| DC | 6" | 12" | 18" | 24" | 30" | 36" | 42" | 48" (f,j('f) C('\O/'A)F)’F
(5MW) M | &) | (%) | (%) | (% | (%) | ()| (%) | (%)
w/o 34.92| 16.92| 11.22| 8.39| 6.71| 5.59| 4.79| 4.19| 31.2 -
10%
with 12.67| 8.66 | 7.78 | 7.37| 7.12| 6.92| 6.62| 6.04| 18 43
5000
100% w/o 34.88| 16.82| 11.06| 8.19| 6.46| 5.3 | 4.46| 3.82| 30.4 -
0
with 858 | 3.69 | 226 |1.56|1.16| 0.9 | 0.73| 0.61| 7.3 76.6
Vdc harmonic analysis - 10% load Vdc harmonic analysis - 100% load

35 15

m wjo APF

‘! i i W with APF
3 S SEE

6 12 18 24 30 36 42 48

=] = w/o APF
10 - L W with APF
= == ,.-. l ' ‘i.._ '
0 £ = = = == == == == 5
6 12 18 24 30 36 42 48

Harmonic order (h)

RRENARNENERRRRNRNANE)

Harmonic % with respect to DC
~
o

Harmonic % with respect to DC
~
o

Harmonic order (h)

Figure34 AC ripple harmonic spectrum of MVDC bus (Xs = 1%).

2.4.3.111.2 Xs = 10% (600 pH)
In this caseit is found that the slewate of the output ripple curreninder maximum

output loading of MW and maximum AGside phase voltage swell of 30% 2.2 Ajus.
This slewrate dictatesa maximum filter inductor of 30QuH. AC-side thregphase power

guantites are listed iTable12; SDAF power rating under two loading conditions are listed
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in Table13; and AC ripple harmonic analysis of the MVEXDs is presented ifiable 14.

The harmonic spectrum of AC ripple component of MVDC bus is showigimre 35.

Tablel12 AC-side thregohase power quantities (Xs = 10%)

rated s P Q Ue-
load APF " " " PF THD; % | (firing
(5MW) (MVA) (MW) (MVar) angle)
10% w/o 0.776 0.545 0.46 0.704 42.71 45
0 with 0.744 | 0509 | 0.493 | 0684 | 31.88 | 449
100% w/o 7.61 5.27 4.82 0.692 36.74 43.5
0 with 7.38 5.03 5 0.682 28.71 42.5
Table13 SDAF power rating (Xs = 10%)
rated Sims Speak VALY, L (A lpeak (A
load (Vimdrmg) | (Vplp) Vims (V) peak(V) ms (A) peak()
(5MW) | (kVA) | (KVA) | Pri| sec | pri | sec| pri | sec| pri | Sec
10% 28 100 213| 1278| 370| 2220| 126.5| 21 | 345| 57.5
100% 25 120 219| 1314| 455| 2730| 111 | 18.5|280| 46.66
Table14 AC ripple harmonic analysis of MVD®8us (Xs = 10%)
Rated Harmonics
load | APF| DC | 6™ | 12" | 18" | 24" | 30" | 36™ | 42" | 48" ('3/5 C('})’/LF)’F
(5MW) M | () | (%) [ () | (%) | (%) | (%) | (%) | (%)
10% w/o 34.86| 16.81| 11.06| 8.19| 6.46| 5.3 | 4.46| 3.82| 31 -
° with 5000 6.01| 44 3.26 |2.46|1.87|1.43|1.11|0.88| 6.75| 782
100% w/o 30.29| 10.84| 5.15 | 2.76| 1.56| 0.88| 0.48| 0.23| 30.1 -
° with 1.32 | 054 | 0.27 | 0.14| 0.06| 0.01| 0.02| 0.04| 1.18 96
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Vdc harmonic analysis - 10% load Vdc harmonic analysis - 100% load
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Figure35 AC ripple harmonic spectrum of MVDC bus (Xs = 10%).

As it can beseen from the results for input reactance (Xs) of 1% SIAF rms and
repetitive peak power requirementgreasesconsiderably while the ripple compensation
performance has degraded. In this caseSBAF is only compensating for 76.6% apple
whenrated power is deliverew load Furthermore, the lovoad performace of the active
filter has gotten worse. It has reduced from 78%, in casd®uf input inductangeo only
43% in case of 1% reactanoks the harmonic analysis dig MVDC-bus suggests, under
low-load condition, the higher order harmonics are not only compensatedr® also
boosted when the SDAF aperated in series with the BI{Dk. As the above results suggest
for the case of 10% input reactance Xs, as the raie@pis delivered to the load, tEOAF
is able to compensate for as much as 96% of the riggpiéent with only 120kVA of
repetitive peak apparent power. The compensation @D degrades tonly 78% as the

output load power is dropped to 10% ofrased value.
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lll. Effect of Switching Frequency
In previous sectiorparametric search over two differeAC-side line reactancesvith

different output loading conditions was carried out #&ndas shownthat not only with a
higher value of input inductandbe MVDC-busvoltage ripple slewate reducedyut it also
reduces as the output load increa3dsis the larger the input inductance and load current,
the smaller the voltage ripple sleate becomes and the better 8i@AF inverter is able to
compasate fo the thyristorbridge output voltage ripple with its limited bandwidth. The
current regulator bandwidth of the inverter is approximately one tenth of the swgitchin
frequency. Considering thekHz switching frequency of the inverter in the previsestio,

this will give rise to a current regulator bandwidtharound 72(Hz. Thatmeans that the
PWM inverter is able to synthesize output voltage harmonics up to this frequey (12
without introducing any phase or amplitude error. This is very importaiitt shows how
much the SDAF can effectively compensate for the output voltage ripple. Assuming a
constat switching frequency, the situatigets worse as the amplitude for higher frequency
harmonics of the output ripple increasaadthus, the inverteis not able to compensate for
all of them. This will not only affect the effective (rmsipple compensatigrbut it will also
reflect itself moran terms of peak ripple compensation and peak ripple stress GDIAE.

This suggests that to get a bettempensation the switching frequency has to be increased
and hence the current regulator bandwidthherefore, the new frequendy set t020 kHz
giving an effective current regulator bandwidth of 2.16 kHz which enableSE#d to
compensate effectively up to"3&armonic of the output voltage rippligure36 andFigure

37 show the result for Xs of 10% when the switching frequency is set to 20 kHz and when
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the load is set to 10% and 100% of rated value, respectivaye 15 presented detailed DC
voltage harmonics analysis amdble 16 provides detailed active filter power rating analysis

as load is varied.

Thyristor output voltage ripple vs. APF secondary voltage Thyristor output witage ripple vs. APF secondary woltage
4000
— Viny-ripple — Viny-ripple
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g w g 0
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Figure36 PCR (thyristosbridge)output voltage ripple (blue) and SDAF injected voltage (green) for Xs = 10%
and 10% rated loadhen fsw = 20 kHZa) and same quantities zoomed out (b).

Thyristor output woltage ripple vs. APF secondary voltage Thyristor output oltage ripple vs. APF secondary voltage
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Figure37 PCR (thyristotbridge)output voltage ripple (blue) and SDAF injected voltage (green) for Xs = 10%
and 100% rated loadhen fsw = 20 kHZa) and same quantities zoomed out (b).
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Table15DC voltage harmonics at Xs10% andsw= 20kHz

Load DC voltage harmonic analy$is=10% ands, = 20kHz
rated Harmonics
load | APF|[ DC | 6" | 12" | 18" | 24" | 30" | 36" | 429 | 48" F(f/': CMPF
(5MW) v | @) | @ | ) | o) | 6| @ | )| @ | P
10% w/o 34.81| 16.91| 11.24| 859 | 6.77| 5.72| 4.98| 4.44| 30.5 -
with 5000 0.57 | 054 | 0.25 | 0.88| 0.76| 0.83| 0.87| 0.86| 2.6 | 0.915
100% w/o 31.03| 13.57| 7.21 | 3.93|1.47| 0.39| 1.46| 2.3 | 30.1 -
with 0.28 | 0.16 | 0.02 | 0.07| 0.03| 0.02| 0.03| 0.06 | 0.37| 0.986

Tablel16 SDAFrating at Xs= 10% andisw = 20kHz

SDAF power rating with (N2/N1) = 4.5 transformer ratio & Bx@s = 650V
rated load Vims (V Vpeak(V [rms (A I A
(5Mw) Speak(vpl p) (kVA) S( ) peak( ) S( ) peak( )
pri sec | pri sec | pri | sec| pri | Sec
10% 48 342 | 1539| 710 | 3195| 12 | 2.67| 67.6| 15
100% 40 294 | 1323| 690 | 3105| 17 | 3.77| 57 | 12.7

IV. Effect of Circuit Topology
In previous sections, except for rating impact analysis of series coupling transformer,

only a fApureo seri esas $h@vn akigure M, evasfadoptedéhe t op ol
studies carried out above suggest that wiglimit in the current regulator bandwidttue to

practical switching frequencyimitation, enhancedand desired filteringperformancecan

only be achieved byleployinga yiirido seri es DC ac,as shewnfini | t er
Figure 11, in which the highfrequencycontent ofoutput rippleis filtered outby a passive

filter and only the lowfrequency content of output ripple is filtered out by SDATiIs is

shown as damped passive filtertopology circuitdiagram ofFigure 22. A secondorder,
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damped lowpassLCR filter is used for this purpos&he passive filter will attenuate the high
frequency componentsf ripple, ashighlightedin Table 15, such that the overall hybrid
active filter system requires less kVA rating to provide the sdewredfiltering and
damping functionsThe passive filter paramegefor this studyare chosen as below:

1 Lf=2mH

1 Cf=30uF

f Rf=16q (in series with capacitor)

The passive filtemagnitude and phadeequency responseare shown irFFigure 38.
Thyristor output voltageafter output passive filteare showrFigure 38 for 10% and 100%
of total load. It shows that the SDAF ripple tracking performance is very good
comparatively In fact, he SDAF compensatiorvaries between 96.6 99% forthe loading
conditions.The peak apparent power rating of the filter in this hybrid approastes tde
only onefifth (25 kVA) as compared tthe previous systenT.he switching frequency is 20

kHz as before..

Bode Diagram
£

Phase

Figure38 PCR output passive filter magnitude and phase frequency response.
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Output of the passive filter and APF secondary voltage Output of the passive fiter and APF secondary woltage
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Figure39 PCR output voltage ripple (blue) after passive filter and hybrid SDAF series injected voltage (green)
for Xs = 10% and 10% of load (a) and 100% of load (b).

2.5 MVDC Amplifier System
FIl orida State Universityos Ce n-CAPB) hdso r Ad

established a unique poweardwarein-the-loop (PHIL) experimental facility which allows
electrical power hardware to be connected to and interact with a virtual power system. At the
core of the facility is a redlme computer simulator capable of simtirhg electrical power
systems networks and consakith typically 5@ time steps. In addition, CAPS operates a 5
MW rated bidirectional power converter system as a large signal amplifier at AC voltages up
to 4.16 kV and DC voltages up to 1 kV. Due to tigh switching frequency of the IGBT
based converter (effectively 10 kHz) the bandwidth of the amplifier is in the range of around
1 kHz.The primary circuit is fd from the adjacent substation:

1 Input circuit voltage: 12.47 kV

1 Feed transformer rating: 3AVA, 5.4% impedance, Primary voltage 115 kV,

secondaryoltage 12.47 kV.
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2.5.1MVDC Amplifier R equirements
The desired basic requirements for the MVDC amplifier are summarizédhie 17.

The unit should be capable to support power flow in both directions. To achieve this
functionality at full power we can also consider mechanical reconfiguration of the converter.
It is envisioned that the MVDC amplifier will support tesgfi of numerous nouvelle
apparatus, both loads and sources, with varied voltage ratings. For this reason we will
consider the base rating of 5 MW at 5 kV with a voltage spectrum of 1.5 kV to 20 kV. The
converter transformer will have a 12.47 kV primaryngtiThe transformer secondary may
have corresponding taps for each operating voltage window. The proposed system shall
provide the best capability of amplifying the waveforms from CAPS Real Time Digital
Simulator (RTDS) with conventional converter topoksyi Single topology solutions as well

as hybrid topologies are solutions. The converter topology and the operating switching
frequency of the semiconductor devices in this application as well as the maximum switching
frequency considered possible underumsti power requirements (i.e. enhancing fidelity

while reducing power).

Tablel7 Desired basic requirements for the MVDC Amplifier

Quantity Value Unit | Comment
Not necessarily throughout the entire
DC output voltage range VDC |1 . 5é 20 kv range without mechanical
reconfiguration
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Tablel7 Continued

Polarity (voltage)

Positive and
negative

For both voltage polarities and
throughout the entire DC voltage range
two different operating conditions shall
be possible:

Ungrounded output
Grounding one of the two MVDC outpu
terminals in order to obtain plus or min
VDC with respect to ground

Short term voltage excursions | 2.0 pu 10
Nominal DC power (bi 5.0 MW |For VDC = (1.5620
directional)

. . Calculated from the nominal power at
gli?;]:[[?:rfl)c current (bi 1.0 kA VDC =5 kV. The current can be reducq

for VDC > 5 kV.

: . Corresponding to voltages between
Maximum overload current (4¢é1) kA (5620) KV for 1 s
Surge current 25 kA For 10 ms into a bolted fault

0.83

Current, (kA)

0.21

Voltage, (kV)

v

Figure40 MVDC amplifier continuous current requirements
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Figure41 Example of short term voltage excursions on shipboard MVDC application

2.5.2 Amplifier Operational C oncept
The purpose of the MVDC amplifier to produce a voltage waveform with a DC bias as it

is provided as a time varying signal reference by the CAPS real time simulator (RTDS). One
of the applications for the MVDC converter systésnto provide voltage waveforms of

A ar bi ghapa toyifferent types of loads. For example, such voltage waveforms may
contain a DC biaplus steady state nesinusoidal voltages or transient voltage excursions
(e.g. similar to voltagesteps with a higer slew rate). Typically, the RTDS will simulate a
MVDC power systenwith simulationtime steps as small as.ZTherefore, the voltage of

interest is generated withlmandwidth of DC to approximately 50 kHz. Consequently, the
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ideal amplifier should have eorresponding bandwidth. However, the cost for such a high
bandwidth is expected to be prohibitively high considering sthtee art power converters

in the desired power range of 5 WM. Therefore technical solutions for establishing a power
electronic baed amplifier system with a bandwidth between DC anedast |3 kHzFigure

42 illustratesthe decomposition of the amplifier output voltagetinto three componest
Component 1 includes the undesired, but unavoidable, voltage ripfle Waused by the
connection to the 60 Hz grid supply. Component 2 maps the reference voltage signals from
the simulator into the desired output voltage. The RTDS can providegasigltals with a
bandwidth between DC and approximately 3 kHz. The conventional part of the amplifier
output is the DC voltage @¢), which is defined by Werpc and the transfer function BE.
Additionally to the requested DC reference, the MVDC amplgistem must be capable of
providing arbitrary shaped voltage waveforms, which is defined deA¢ and the transfer
function TRac. Component 2 illustrates the dependencies of the transfer functions upon the
load characteristics. For example, the voltagple may be dependent upon the applied load

and the actual quantity of the DC reference voltage.

|. Steadystate Rerformance and bandwidth
All steadystate and dynamic requirements stated below are worst case. The system

should atleast meet theseequirements under all load conditiomable 18 defines the
maximal voltage ripple and DC amplification accuracy of the MVDC system, when only a
DC voltage is requedieand the system operates in steatiye.In addition,Figure43 shows
the required bandwidth of the MVDC system for AC reference signals. For example, a 2 kV

refererce on top of the DC voltage output should be reproduced up to a frequency of 500 Hz
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with a maximum amplitude error of 0.5% (10 V) and phase error of < 5 degrees. AC

references at higher frequencies can/will have lower amplitudes as defifigdrie43.

Component 3
load and ref voltage dependancies

Component 1
ripples caused by input voltage
Vripple
- -+ » LOAD
Component2 | |
voltage references | |
V ! Vac
REF-AC [MME=H TFuc
[
Iyl
| | |
! V
DC
| VREeF-DC 1 TFoc
I
[
1
| | ILoab

Figure42 Amplifier output voltage decomposition.

Table18DC voltage ripple and error

Total DC voltage ripple 10 | % Through entire DC output
[VRIPPLEPP|/|VDC|*100% ' 0 voltage range
Error of DC voltage component <05 | Through entire DC output
|VDC- VREFDC |/| VREFDC [*100% ' 0 voltage range
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Figure43 AC output voltage bandwidtspecification

[I. Dynamic Rerformance

Frequency (Hz)

10

For the dynamic performance of the MVDC amplifier, four main parameters are defined:

slew rate, rise and fall time, recovery from step load, and-tieed The rate at which the

DC voltage of the amplifier responds tst@p change in requested output voltage is called

the amplifier

s |

ew

r aFigered44amdrigurets fay illusteation of n

VI g ¢

parameters). The slew rate defines the ability of an amplifier to generate high voltage pulses

with sharp rising and falling edges, but is asbandwidth limiting factor for sineave or

arbitrary signals. The rise time is the difference between the time when the output signal

crosses the lower threshold (3% abovegiep reference) to the time when the signal crosses
the upper threshold (3%elow poststep reference) and stays within the defined 3 % band

(seeFigure44). Correspondingly, the fall time is the difference between the time e
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signal crosses the upper threshold (3% belowsfep reference) to the time when the signal
crosses the lower threshold (3% above stsp reference) and stays within the defined 3 %
band (sedrigure 45). The dead i me  (Figuife45) ia defined as the delay between a
commanded stephangeand the actual change of the output voltage. The desired dynamic

requirements for the MVDC amplifier are summarized@atle19.

3%/
d
\7;__________/7#2\*“:\_;_K____
S A — ___|.__ _—— —— |
/ N
Slewrate / ' ' 3%V
I VA
\«4/ [ IV
) ,/ | [
) | |
/ : : 3%V
V g I________!___"___V I
e — _____
! Trise

Figure44 MVDC Amplifier Stepup Dynamic Characteristic

pr: 3%,
Voot A e e
I\ Slew rate |
) LN/ '
) | i
I \/ | v
2 I \\ I
| : \ | 3%V
R Y NN . NN S | _L
Ve -~ g g ~p———
i >
' Tran 3%V

Figure45 MVDC Amplifier Stepdown Dynamic Characteristic
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Table19 MVDC Amplifier dynamic specifications

Dynamic Specifications

Rise time and fall time | 1.5 msec | Maximum requirement: 0.8u step
request

Slew rate 4.5 V / & s| Maximum requirement: 0.Bu step
request

Recovery time after 2.0 msec | Maximum requirement0.4 pu

step load load change request

Voltage excursion after] 0.15 Pu Maximum

step load

o Tdeadtime 0.2 ms

2.5.3 MVDC Amplifier Dynamic Study

|. System Architecture
A twelve-pulsephasecontrolled thyrsitor fronend rectifier with HybridSDAF (Hybrid

Series DC Active Filter) makes thetégrated MVDC amplifier system. The power stage of
the system is shown iRigure46 and the system control block diagram is showfigure

47. This is a case study of hybrid series active filtering solution and its impact on dynamic
performance of the system. This is mainly because the hybrid $epelogy gives a better
filtering solution for phaseontrolled thyristor bridge rectifier than pure SDAF. In this case,
not all the DClink harmonics should be taken care ofRI)AF but a portion of them and the
rest are being filtered out by a passfiter which comes mmediately after the thyristor
bridge, as shown iRigure47. The goal of the study is to see how different components in
the systemaffect the dynamic performance of MVDC amplifier and how well they compare

with the specification iTable19. The SDAFfilter has a switchingrequency of 2kHz and
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an effective bandwidth of 2.RHz and thus, the passive filter is basically filtering out

frequencies which are higher than the bandwidtBDAF.

deond
p=4
@A ]
Lone ehg
vm? (V=D

Vvdc_APF

Figure46 MVDC amplifier system power circuit.

12-pulse Hybrid Series DC-APF
Thyristor Bridge Series DC-APF
@
T L
(O—@8 P sl
Passive A
@ Filter _ D
3ph
60HZ
Dynamic
saturation
DC-APF
VRerF-AC Control
VRer-oc Angle Control
Unit

Figure47 Twelve-pulse frontend MVDC amplifier system block diagram
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ll. SystemParameters

The dynamic performance of the active filter can be affected by the following system

components:

1-

2-

Thyristor bridge lowpass filter:this filter insertsa certain amount of delay between

at the output of the thyristdiridge from the moment the firing angle is applied to

the converter. The LPF filter parameters are restricted to certain range of values
required by the filtering performance and thyristod@e predictable behavior. For

the thyristor bridge to behave predictably, the load that it sees @CHsede should

be dominantly inductive. This requires a minimum amount of inductance on-the dc
side and therefore, the capacitor and damping resisah@sen accordingly. Due to
filtering requirements, the filter resonant frequency can only be varied over a narrow
frequency band. In this case, it can vary from-2000Hz.

Angle control unit:angle control Pl controller affects the transient atehg-state

error but is limited by the voltagaoost ori buck rate limit and dynamic saturation
limits which vary according to the commanded referddCebus and load current
Voltageboost ori buck rate limit and quantizatioithis is the kind of limitatiorthat

is forced by the hardware which is firing the thyristors. The maximum rising and
falling edge rate considered for this worklgmsa nd it 6s quanti zed
frequency of2.5 kHz.

Dynamic saturation: the dynamic saturation helps to contavid hold the voltage
excursions within a certain predefined band around the commanded reference. This

is actually done by dynamically limiting the angle within a band around the reference
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value and it can be done in a symmetric or-spmmetric fashion. & the dynamic
saturation to work hand in hand with the rate limit and PI controller there is a need
for a good approximation of the actual
dc-side to be highly inductive, the average ddtage produced by théhyristor

bridge can be formulated in terms of the firing angle and from there, for a specific
DC-link reference voltage we can find the required arigtefiring thyristors The
nontaccuracy in the angle approximation arises when thénklcis not highy
inductive and second, when the input inductance is rather large. In this case since
there is a 10% of Xs at the inputside, then there is a certain dc voltage drop of the

nominal average dc voltage which should be taken care of in the firing angle

calculations:
, g ., ~. " , . . 4-1
W — Wi Al1O w J0 Y ¢Y 3O (4-1)
Therefore:
(4-2)

where in the above formulashs the resistance of input inductance angl i the
resi stance of a thyristor when itds ON.
lead to better steaetate response of the system.

System controllersthese consist of two major components. The first one is the ac
ripple extraction for th&DAF and the second on is the dc extraction for the Pl angle

control unit. These two contribute mostly to the transient performance of the system
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having set all the aforementioned parameters properly. Furthermore, it is seen that
setting the cubff frequency of the LPF associated with the dc extraction unit of Pl
angle controlle of the thyristofbridge to avalue which is preferably not above the
minimum harnonic frequency of the diink (in this case 366z but it may be some
other value depending on tepecific system of converters designed), the bandwidth
of the aeripple extraction unit of th&&DAF dominates the riseme and faltime
transient performance of the whole system. The bandwidth of thppde extraction

unit is actually how fast th8DAF is able to smooth the dmk assuming a certain
ratelimited increase or decrease in firing angle. An important point to note here is
that having a relatively high rate of change of angle, the bottleneck of the system
transient behavior turns out to baused by the active filter eference extraction

unit than any other component in the system. Other components in the system
contribute more to delay (deaithe) than significantly affecting the ridgene or falt

time of the system.

All the aforementioed parameters are summarized Tiable 20. According to the

simulation plan, the system first is given a reference voltage of 858@d is delivering a

power of 245kW then at t= 0.4s the reference voltage is risen to 580(.3pu increase)

with the system delivering a power of 5k/. At t = 0.7s the output power demanded by the

load is increased to 28W which is a 0.4pu increase in power. At 1s the referere

voltage is again dropped to 3500wvhich is equal to 0.pu decrease.
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Table20 MVDC amplifier system parameter set for dynamic performance study

Resonant frequency (Hz): 800
Thyristor bridge Bandwidth (kHz): 2
passive filter L (mH) 4
C (uF) 10
R (a) 40
Kp 0.02
P1 controller .
Ki 0.75
_ Rise (deg/sec) | 4000
Rate limiter
Angle control unit . Fall (deg/sec) | -4000
Dynamic Upper (%) 4
saturation Lower (%) 6
o ZOH with sampling frequency
Quantization of 2.5 kHz
Thyristor bridge DC extraction BW | 100
(Hz)
Systemcontrollers 80
APF aeripple extraction BW (Hz) 540

[ll. Simulation Results
The simulation results are shown for the two case of ARfipapte extraction bandwidth

of 80Hz and 240Hz. Figure48 shows the angle control unit performance when angle change
rate is limited to +4° deg/ms, quantization sampling frequency i&Hz5 andSDAF AC-

ripple extraction BW is 80Hz. Thengle rate limit and quantization model set practical limits

in the way these quantities would changéigure 49 shows the reference voltage that is
asked from théVDC amplifier to produce and the actual output of the system. Also showed
is the stepup and steglown dynamic performance of the MVE&DAF integrated system.

It is seen from the simulation results that having set a proper value for the angle rising and
falling rate limits and upper and lower bands of dynamic saturation, the limiting factor in

reaching a desired rise/fdime is the bandwidth of the aipple extraction unit oSDAF.
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With a bandwidth of 80Hz the rise/fdlme is almost 20ms but with am@width of 240Hz

the rise/falitime both are almost 10ms which is half the previous value. On the hand, we
cannot afford to arbitrarily increase the bandwidth of this module since it will adversely
affect the main job oSDAF which is canceling the rippdeand disturbances rather than
passing them through. This bandwidth is theoretically limited by the first dominant
harmonics frequency of the diak ripple which in this case is 360 Hz. The higher the
bandwidth of aaipple extraction unit, the higher pfe amplitude of the MVD@ink
becomes even with tf8DAF in operation.Table21 compares obtained dynamics with the

desired one.

Angle Control Unit Performance
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o
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| i \

Angle (deg)
[
o
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Actual angle from angle control unit i
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Angle Control Unit Performance Angle Control Unit Performance
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Figure48 Angle control unit performance f@DAF AC-ripple extraction bandwidth of 88z.
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Reference voltage and output voltage of the MVYDC amplifier

Voltage (V)
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Figure49 Reference voltage versus the output voltage of M\édplifier for SDAF AC-ripple extraction
bandwidth of 80 Hz.
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Figure50 Output voltage of MVDGamplifier for SDAF AC-ripple extraction bandwidth of 240 Hz.
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Table21 Comparison of MVDC amplifier system dynamic performance studies

ideal 80Hz* | 240Hz

Rise time | msec Maximum requirement: 0.8u

and fall 1.5 16 8 step request

time

Slewrate |V/ ¢ s Maximum requirement: 0.8u
4.5 0.093 | 0.186 step request

Recovery | msec Maximum

time after 2.0 13 8.5 requirement:0.4pu load

step load change request

Voltage Pu Maximum

excursion 015 |0.32 |0.32

after step

load

cpT d e { msec 0.2 4 5

time

"This is the bandwidth of the aipple extraction unit oSDAF.

2.6 Design Issues in MVDC Amplifier with a Multi -Pulse Thyristor
Bridge Front-End

As it was mentioned in dynamic performan@guirements, a high power medium
voltage dc amplifier system must have adequate bandwidth to reproduce the reference signal
[41]. Active frontends based on IGB3emiconductor technologies have limited converter
bandwidth due to limited switching frequency at high power and aresunt#d for the
application There is also a concern that in using IGBTSs, the allowable short circuit current
may not be high enough f@a robust system that has a significant or long duration short
circuits on the load. In contrast, phasmtrolled frontend rectifiers such as muliulse
thyristorbridges commutated at 50/6@z ac line frequency offer a viable solution to the

operationarequirements of MVDC amplifier system. They are based on mature and robust
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thyristor technology, which allows for a higher symmetrical short circuit current up to around
50kA peakFigure51 shows the MVDC amplifier power circuit diagram comprising a multi
pulse thyristor bridge frortnd and a series dc active filt&igure 22 shows the proposed

12-pulse system for the design study.

1247V, | 60HzBus ]

60 Hz Bus U,
AC Modulator/DC

eries Active Injector

I GRS

Coupling
Transformer

L et
e i I A |
i Positive E
T E ﬁ Output E
j Z ﬁ 6KV |
: | | =12KkV |
E : 24kV |
=" |
Ty | i | 1 ,
l : 4%1\#\_ Negstivei
i Qutput |
i Multi-pulse i
' Thyristor-based H
i Rectifier E

___________________________

Figure51 MVDC amplifier circuit diagram with muitpulse circuit topology40].

To meet the system dynamic requirements, the thyristor bridge response time is
considered critical. The output dc voltage response time of a-pulste thyristor rectifier is
determined by the firing pulse generatdynamics, and therefore it should be carefully

examined for the MVDC amplifier system. In this regard, a general purpegalde firing
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(gate delay) pulse generator board is characterized based onrtb®tHying circuit theory

[42]. Following are the important observations fronaracterizing the firing boaid3]:

2.6.1 Firing Angle ChangeDynamic
It is necessary to determine this dynamic as it directly influences the MVDC amplifier

dynamics. This is the transfer function from reference firing angle delay to the actual angle
delay applied to all thyristor&igure52 shows the block diagram of the angle delay transfer
functi on i i dte 2400jisc U200, 23.9us, 232us respectively, and kO i§':313s
The transfer functiof(s) step response and bode diagram are showkigure 53 and
Figure54. As it can be seen, the transfer function is approximately andaveped -

order system with 10% to 90% rise time of 4.09ms, 98% settling time of 8.58ms, and final
value reach time of 14ms. Th&dB bandwidth is 562 rad/sec. This is the fastest dynamic the
firing board can reach since decreasing the response time further would shorten the
mandatory 1820pus pulse width in thyristor gating pulse train more than the limit required for
reliable firing ofindividual thyristors. Referring tdable19, thefiring angle change dynamic

falls short of the desired dynamic spec of the amplifier.

ﬁ acmd delay

(s) = a - delay(s)

T (s

a

a cmd- ref (S)

Figure52 Block diagranof the firing angle controlletransfer function.
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Figure53 General purpose thyristor firing board angle delay step response.
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2.6.2 Firing Angle Inherent Sampling and Quantization
Another important observation of firing angle board is that there is an inherent sampling

and quantization of the firing angle. This is caused by the discrete pulses iti-puisd
thyristor rectifier circuit. For 12pulse rectifier, as ifrigure 22, during each period of the
input alternating line voltage, there are exactly 12 inst&mtm which the gate pulses of
thyristors could be delayeé&igure 55 shows the firing board stegpwn response to a step
change in delay angle from 87° to 57°. Axan be seen the angle changes isumiormly
sampled and changes in nlomear discrete steps. This intrinsic sampling of firing angle
together with the nofinear angle dynamic causes the angle to change in a stepwise fashion
and therefore, the avemagdc output voltage changes in a stepwise fashion. This will

adversely affect the rating of the active filter system.

12-pulse bridge firing angle reponse for 4V -> 5V

% 875

o OO N N
o o1 O O,
1 1 1 1

Firing angle (deg)

(6)]
(@) ]
I

58.558.058.357,757.757.8

a1
o
I

I
6]

0 5 10 15 20
Time (ms)

Figure55 12-pulse thyristor bridge angle response to a-s@pn angle change from 87° to 57°.
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2.6.3 Firing A ngle Change DeadTime

With the rectifier demanding a firing angl

number of the rectifier) instants that this could happen during each period of ac line voltage.
Therefore, there is a possible ddade between theeference command voltage and actual
angle change which only in the most favorable case is zero but otherwise in worst case for a

60Hz ac system could be:
m O — © 0 P& WApi

This way exceeds the 200us threshold limit setthe dynamic specifications and

therefore, the series dc active filter should compensate for that.

2.6.4 SeriesDC Active Filter in MVDC A mplifier
Considering all the benefits of a muftilse thyristor bridge frorgnd, the major

drawback with this froaend topology is the slow dynamics of the MVERTIS due to slow
dynamics of the firing angle in the muftulse thyristor rectifier. Knowing this limitation, the

only way to meet the target dynamics is by proper design and control of the series dc active
filter. In the previously proposed solutiofil], [41], the series dc activiiiter functioned

merely as a static ripple compensator rather than improving system dynHirthiese is no
control action by the series dc active filter, the filtered dc output voltage dynamic will only
be determined by firing angle dynamics. Sincefitieg angle changes much slower thae

target dynamic, the systeshynamicspecificationswill never besatisfied

The series dc active filter, as part of the amplifier system, will not only statically

compensate for the harmonic ripples on the dc huisalso dynamically provide for the
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di fference between amplifierdés target dynan
design of series active filter is driven Btatic volt-second (flux) injectionaccounting for

static ripple compensation, ardiynamic voksecond (flux) injectionaccounting for the

amplifier target ddous dynamic. The active filter controller is designed such that these two
functional requirements are well performed. The 7.5kVdc nominal voltage MVDC amplifier
system ofFigure22i s si mul ated in MATLAB/ Sivordeftime nk t o
response for the whole systeRigure56 shows the step command to the amplifierpifse

thyristor rectifier output before filtering, the Jiilse rectifier dc output dynamic, the MVDC

amplifier target dynamic, and the MVDC amplifier final output. The areavden the

MVDC amplifier target dynamic and the rectifier dc output dynamic represents the volt
second (flux) to be injected and has to be provided by series active filter. In order to design

the active filterthe maximum change in flup ¢ax for the time intervalty+ qats calculated

(wherety is firing angle change dedone andti is the first sampling period).

The active filter is coupled to the iok by an integralseries coupling transformer
shown in Figure 22. The active filter converter rating depends on both maximum flux
injection and transformer magnetic core characteristic. The transformer is designed to have a
linear core characteristic in the regiohoperation.Figure 57a andFigure 57b showflux-
current curveof the transformer for 1kV steyp from 4kV to 5kV and 1kV stegown from
5kV to 4kV, respectively. The flugurrent curves capture both the steathte and transnt
phenomena. The neclosing end is the start of the transient period trajectory before ending
in steadystate condition. The longer is the traversed trajectory, the higher the active filter

rating would be. As can be seen, the worst case flux injectomurs for a stegown
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dynamic and this is the determining factor for the filter rating. This fact is proved by
experimental resultgrigure 58 shows the required agg filter rating for 1kV stemown
command to achieve different time constants. It can be seen that a faster time response also

requires more active filter rating.

MVDC amplifier system responce to 15%order target dynamic of t = 500ns

“ AN A AL

5500

5000

4500

4000

DC-bus voltage (V)
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3000

— MVDC amplifier step command B
/ — 12-pulse thyristor rectifier output

|
2500 \
|

12-pulse rectifier dc output dynamic

2000 f { —— MVDC amplifier output 7
N e A Bt MVDC amplifier target dynamic
1500 : ‘ ‘ :
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Figure56 MVDC amplifier response to firsirder target dynamierquest wi t h U=5000s.
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2.7 MVDC Amplifier Laboratory-scale Testbed Solution

2.7.1 Proposed Laboratory-scale Testbed
In order to prove the concepts developedhis chapterfor both DC active filters and

MVDC amplifier system, develop controls, and consider real design consideratibs, a
kVA, 400Vdc laboratoryscaleMV DC amplifier testbedis developed Figure 59 shows
power circuit diagram and different components in-best. At the input, there is a sighase
D/D/Y transformer which supplies the rectifiefhe main supply rectifier is a jaulse
thyristor-bridge that is controlled through a BGiring boad and voltage regulator board.
The 12pulse bridge is comprised of twepgilse bridges itself with thyristors gachbridge
rated at 1800 V and 160 Ahe rectifier could produce a nominal DC voltage of 550 V at the
output for 3ph, 208V AC supply voltageAt the output of the rectifier a passive LCR filter
is utilized to filter high frequency components of ripple voltage Dhe. series dc active filter
consists of dull-bridge inverter, outpwwitching ripplefilter, DSP contrder andelectronic
interfaces, and series dc coupling transforme€hne full-bridge inverter is of APS IAP75T120
SixPac™ model, which is a threphase bridge rectifier using 75A/1200V IGBTsv types

of load aredeveloped to be connected to-lalis. The first typeof load is aresistive load
bank.The second type of load jgogrammable dc electronic loathis will enforce different
kinds of load of power source, voltage source, current source, resistive, and/or pulsating
nature upon ddink. For this purposea 500V, 4.5kW Chromahigh power dc electronic
load is utilized. Two &VA dual activebridge (DAB) DC/DC converter are also projected
for future developmentsihe combination these two type loga®vides the opportunity to

investigate how rectifier/loadhieractions and pulsating loads would disturb thdéirdc The
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testbed specificatiomand parametsrare provided infable22.

The components of the test

bed are acammodated in a cabinet which is shown Rigure 60. Different hardware

components of series dc active filter are showRigure61. Figure62 shows the picture of

series dc coupling transformer which has a 1:1 turns ratio. Details of trapsfdesign

specifications are given ifiable23.

12-pulse trafo 12-pulse
— thyristor

, : W e bridge with
W=g SCRfiring
\ 777777777777777777777777 S board

30 60HZ
120/208V rms

DSP

: Hybrid DC Active chri

AKVA (20%) Active

Powe Filter System \

Three-phase
IGBT Bridge
Inverter

Controller
Board

2x6kW 2-level
DABs

12kVA 400V DC
amplifier test-bed

Series Coupling Transformer

LOAD

LOAD

500V - SkVA/ea
DC Electronic
Loads

DC Electronic Lead

Figure59 12-kVA, single-supply, 408V DC testbed with phaseontrolled rectifiers (PCRs) and series dc

active filter (SDAF).
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Table22 Testbed specification and parameters

12-pulse Thyristor Bridge

Input voltage 3ph/208Vrms
Output voltage range 0-550Vvdc
Base output voltage 400vdc

Input 6-phase D/Y/D transformer | 6x2kVA at Xt = 3%

Rated power

12kVA

Series DC Active Filter

H-bridge IGBT inverter

4x1200V/75A IGBTs

DC-link

300Vvdc

Switching frequency

21kHz

Output filter

Lf = 230pH
Cf=9uF

Lt = 95puH

Ct = 666nF

Rt = 200mY
Rd = 5Y

Series dc coupling transformer nl/n2 = 0.998

Lm=12.3mH

[EEN

Rl 3
]

12-pulse
thyristor-

D-D-Y
Transform

1 1 . ]

MVDC Amplifier Tedied Cabinet

J E

Figure60 MVVDC amplifier testbed cabinet.
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Figure61 Series dc active filter hardware.

Figure62 Series DC coupling transformer.
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Table23 Series coupling transformer specifications

Series dc coupling transformer (SDCT)

Core material

Core type

Stacking number
Saturation flux density
Core loss

Switching frequency
Maximum secondary DC
current

Maximum primary AC
voltage

Transformer parameters

Transformer dimension
(LXWxH)

2.7.2 Experimental Results

Iron-based Metglas®
amorphous alloy
AMCC-400 Gcores

2

1.56T

8W/kg @ 0.1T at 20kHz
21 kHz

25A

250V @ 720H=minusoidal
fundamental
nl/n2 = 0.998
Lm=12.3mH
Rs1=0. 4
Rs2=0.1
18x15.5x18 cm

-

9V,
2Y,

Experiments are carried out to verify the steathte and dynamic operation of the dc

amplifier. The output of the dc amplifier is connected to a resistive load bank with nominal

output power of 2.6kW at 400Vddzigure 63 shows the steadstate operation of the

amplifier at 414Vdc. As it can be seen, the maximum fiegdeak outputipple of the 12

pulse thyristotbridge is reduced from 220V to almost 30V. This mgaeekto-peak ripple

has been reduced to 7.2%tofal DGbus which still needs to be further reduced to comply

with requirements mentioned in [4figure 64 shows the steadstate series active filter

voltage, current, and power waveforms on the prirséog (AC-side)of the series coupling

transformer. In this case the active filter requirey A&8lOVA to filter out the ripple.
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Figure63 Steadystate compensation at 414Vdc (yellow=output ripple of thyristor bridge, green=active filter
series injection, blue=final dius).
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Figure64 Steadystate primary{AC-side)series coupling transformer waveforms (green = primary voltage,
yellow=primary current, brown=instantaneous active filter power)
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The preliminary implemented dynamic results for 0.3pp requestare demonstrated
in Figure 65. The dynamic riséime and falitime measurements are done within 3%
tolerance of the steaestate valueFigure 65a shows that the stegp dynamic deadime is
704ps and rise time is 4.48ms. Comparing with the specificatiohahle19, it can be seen
that in both cases the results are yet slower than the requirefFignt®65b shows that the
stepdown dynamic deatime is 1.22ms and fall time is 920us. It can be observed that the
deadtime is still considerably large as compared to requirement but the fall time is fast and

meets the specification requirements.

Figure 66 shows the voltage, current, and instantaneous power of the series active filter
during the dynamic response. Knowing that the load is a resistive load of 2.6kW at 400Vvdc,
Figure66a shows that the active filter requires an absolute maximum of 520W for the 0.3pu
stepup dynamic respons@nd Figure 66b shows that the active filter requires an absolute
maximum of 1.4kW for the stepown dynamic response. It can be seen that the active filter
requires more rating in case of swpwn dynamic response as compared to the-igtep
dynamic response. This diffence in the required rating is also showrkigure 67 in the
voltagecurrent trajectory of the active filter on the primaigle of the series coupling
transformer. The neolosed ends of the trajectorieskigure67 are the starting point of the
dynamic period. It can be seen that the trajectofigmire67b has to travel a longer path in
the V-I plane beginning from the startingpint rather than the shorter pathRigure 67a.

This concludes that the required rating is higher in case of alstep dynamic response as

compared to stepp dynamic.
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Figure65 Dynamic response of dc amplifier tdstd to debus reference change. (a) stgpfrom 277Vdc to
404Vdc. (b) steglown from 404Vdc to 277Vdc (yellow=thyristor output voltage, blue=final dc output,
green=active filter injection).
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Figure66 Voltage, current, and instantaneous power of active filter during dynamic response.-(g) step
277Vdc to 404Vdc. (b) stegown from 404Vdc to 277Vdc (blue=final dc output, green=transformer primary
voltage, yellow=transformer primary current, brovimstantaneous active filter power).
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Figure67 Voltagecurrenttrajectory of series active filter on the primasigle (aeside) of series coupling
transformer during dynamic responég) stepup dynamic(b) stepdown dynamic (3axis is current 2A/div and
y-axis is voltage 100V/div).

2.8 Conclusion

In this chapter the issues in current MVDC system such as low-drahtrectifier
bandwidth, rectifier/load interactions, and emeggiloads of very varying natureere
investigated.tlwas shown that there is need to increaséndicinertia and provide adequate
damping during disturbances. The dc active power filter method was proposed to alleviate
the problem. These active filters can be implemented in a numliffesent topologies of
either purew/o passive filterand/or hybridi w/ passive filter type. Each dc active filter is
coupled to ddink using coupling mechanism. They can also be part of an integrated MVDC

amplifier system design.

Furthermore, his chapterintroduces the concept and presents the specification of a

mediumvoltage DC amplifier for DC shipboard power system studies. Basic requirements of
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the MVDC amplifier are derived and possible circuit topologies to implement the MVDC
amplifier with the required voltage and power rating are reviewed. A fpul8e thyristor

bridge frontend amplifier system incorporating a series dc active filter is proposed to meet
the steadystate and dynamic performance requirements of the system. Proposedeamplifi
system control components design and their impact on system dynamics studied and verified
by simulations. The impact of dc active power filter control and firing angle quantization on
ampl i f i estat@ sand srangeatdshavior are presented. Tinty provides the design

and evaluation required towards a prototype testbed for MVDC amplifier system concept.

Finally, somedesign issues of a mediuvoltage DC (MVDC) amplifier system based
on a multipulse thyristor fronend technologywas presentedUnderstanding the direct
influence of the firing angle dynamics on the overall amplifier dynamics, a general purpose
firing pulse generator has been characterized and key observations with regard to firing angle
dynamic, sampling and quantization has beawle. It is shown that the firing angle dynamic
slows down the system and makes it impossible to meet the amplifier dynamic specification.
In order to achieve the target MVDC amplifier dynamic, a new compensation method for the
series dc active filter isrpposed and the required active filter rating is simulated. The
preliminary steadhstate and dynamic results of a laboratscgle implementation of a
12kVA/400V dc amplifier tesbed are presented. It is seen that the sizing of the active filter
is drivenby stepdown dynamic response of the system. Further improvements of the test

bed to meet the full system specification requirementsaisidered for future research.
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ChapterHy br i d-ERdo®®tonverter Syste
Mobil e Mining Machi ne:

3.1 Introduction

In opentcut mining applications economies of scale play the most important role by
helping mine owners keep their mines productive and thus, stay competitive. Large mobile
mining equipment such as big excavators, electric rope shovels, draglines, andibgg min
haul trucks are employed to move massive amount of surface material. The huge dipper
(bucket) payload capacity of these loading machines when matched with the optimum haul
truck size allows for increase in production rate with fewer loading passiss hegard, 3
loading pass of mining haul trucks has been accepted as a benchmark by mining industry
[44], [45]. Figure68a shows different mechanical motions of an electric rope mining shovel
and Figure 680 shows a 10%onne nominal payload capacity shovel with 62 dipper

capacity which can load a 336nne mining hauiruck in 3 loading pass§44].

Figure68 Electric rope mining shovel. (a) different mechanical motions. (b) adf¥®e payload capacity
electric shovel loading a 3&thaul truck{44].
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Mine operators are constantly seeking ways to increase productivity and efficiency and
reduce cosperton of production in their mine to stay competitive in the markety
perform extensive planning and deploy all their resources in order to maximize removal rate
of overburden during mining process while keeping the total cost of ownership (TCO) of the
equipment to the lowest. These objectives necessarily require dastéigher capacity load
cycles, lower meantime between failure and lower time to repair, higher machine uptime, and
higher utilization for the mining equipment. Thus, to meet the needs of the mine operators,
mining equipment manufacturers are continuggstiving to make mining equipment which
possesses higher safety, reliability and efficiency characteristics. Maximizing production rate
generally means building equipment that are larger, faster and more powerful and can operate
with higher reliability ad less downtime. It is in this regard that the traditionally direct
current (DC) static electric drive systanthere is also a DC rotating drive system based on
motorgenerator (MG) sets which is nearly an obsolete technolofyr large mobile mining
machines has increasingly been replaced with AC static electrie siysten{46], [47]. The
major advantage of AC drives stems from the squaagle induction motor technology
which eliminates the brush and commutator assembly in DC machines resulting in higher
speed, increased power density, greater efficiency, higheriligfiaénd lowermaintenance
for AC motors[46], [48]. By utilizing AC motors for all of the mining dragline excavating
motions (hoist, crowd, swing, and propel), a 20% increase in production rate and a system
efficiency of 86%89% was reportedersus the 74% efficiency of DC drivegg9]. The

benefits of AC drives over DC drives are summarizetahble24.
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Table24 Summary of benefits of AC drive over DC drive for mobile mining application

Category Influencing Positive mpact AC drive DC drive
factor
Speed Faster Cycle tim +++ +
. Larger Equipment and
High Power density increasegayload i *
'9 L Extended mean tim
productivity | Reliability bét\?veiidfailﬁfe (II\/ITeBF) +++ +
Higher equipment
Availability utilization and less down | ++ +
time
Efficiency Lower Iqsses and energy it +
costsavings
Low costper ~
ton Reduced mean time to
Maintenance | repair (MTTR) and spare| +++ +
parts inventory

3.2 Current Front -End Converter Technologies for Mining Excavating
Machines

The power circuitof AC drive systentor large electric mining excavating machines
(shovels and draglinegjonsistsmainly of input transformerfront-end, inverter andAC
induction motor as it is shown ifrigure69. The frontendconverter inteidces with the input
transformer at the point of connection to grid and converts the-phiese input AC voltage
to a regulated DC voltage to support the-B@s. The inverters then draw power from-DC
bus to drive the AC induction motors for different masoduring a mechanical loading
cycle. The DGbus is supported by many DC capacitors, so that power can be easily
exchanged between inverters independent of the-&oas, and is protected against unsafe

voltage overshoots during regenerative mode by Dipérs and bleeding resistors.
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Figure69 General power circuit diagram of an AC drive system for mining application.

3.2.1 PassiveFront-End (PFE) T An Old Technology
Traditionally, the froriend technology of choice in drives hagbéhe passive frorgnd

technology of multipulse (6, 12, or higher number of pulses) diode thyristorbridges

based on diode and/or silicaontrolled rectifier (SCR) power switch technology. Since

these power switches could not be actively turnedtb#fy are only commutated by AC line

voltage (inec o mmut at ed) and hence, -drhce y( RRFE) .nta mRHE
to line commutation, inherently produce a great amount of harmonic distortion and, in case of
thyristorbridges, a lagging powdactor (PF) at the point of common connection (PCC) to

grid. Total harmonic current distortion (THDi) could be as high as 54% -jpul€e
configuration and uncompensated lagging PF could bevas$00.4[46], [50]. Figure 70

shows the power circuit topology of a-pRIse norregenerative shovel AC drive system

rated at 1.85 MVA[50]. Each of the 4 inverters at the output is rated GtkR0A and drives

the motor(s) that power different motions during a mechanical loading cycle.
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Figure70 Power circuit topology of a 1@ulse norregenerative shovel drive system rated at 1.85 MVA, as in
[50].

Power quality, in terms of harmonic distortion and power factor, is an important factor in
power grid compatibility, utilization and robustness of mine network. High current distorti
at PCC increases losses in all power system components interfacing with grid, mainly
distribution feeders and power transformers; and lagging reactive power at PCC requires
much higher apparent power capacity to deliver the same amount of active pdoadg
(electric motors). Higher apparent power capacity means higher current capacity resulting in
increased Rllosses and ovedimensioning of power system components. Moreover, the
large lagging reactive power causes extra voltage drop that, espeniathse of long
distribution lines and/or weak mine network, can adversely affect system voltage at PCC and
force expensive equipment downtin{&0]. In the tradiional approach to alleviate power

quality problems associated with PFEs, tuned passive filters,-eanfl 7-harmonic tuned
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filter for 6-pulse configuration, and reactive power compensator (RPC), consisting of
switched capacitor banks with phas@trolled reactors, are typically employed at PCC to
reduce harmonic current distortion and improve power factor, respectively. However, not
only is the effectiveness of these approaches prone to changes in system configuration, as
reported in[50], but also the addn nature of it decreases system reliability and makes

system troubleshooting and maintenance harder and more expensive.

3.2.2 Active Front-End (AFE) i A Modern Technology
Large mines are often located in remote areas with limited infrastructure and

accessibility to utility power and consequently, in some cases, they have their aita on

power generation. High productivity, high efficiency and low maintenaricAQ drive

system requires a reliable frembd technology that is robust and independent of mine

net work, and meets mineds power quality reqgt
or leading power factor. In this regard, the preferred technolégshoice for frontend
converters in modern A€ndldgi ABFE) st & dken oflaocgt)
utilizing the forcedcommutated insulated gate bipolar transistor (IGBT) technology, boosts

the output voltage beyond diotheidge and actively modates input voltages to control

i nput currentdés shape, amplitude and phase a

To overcome the shortcomings of PFEs at input side, many high power activerfdont
(AFE) converters are utilized in staggered fashion (parallel with different phasetshift)
produce low harmonic distortion and to provide VAR compensation grittside of drive
system[46], [47]. Utilizing the 3.3kV/1700-A IGBT technology, IMVA -rated AFE units

are achieved. Currently, mining shovels are manufactured up to 5 MW and walking draglines
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are manufactured up to 24 MW. In high power draglinesnasy as 24 (standard) or 32
(leading powerdctor) AFEs are put in parallgl7]. Draglines are often required to provide a
leading PF (~2% P.U. VAR), whereas shigvasually operate under unity RB&7], [51].

Figure 71 shows an electric circuit diagram where two or more AFEs are staggered with
phase shift to supply the AC drive system of a modern mining excavating makdbiee25

gives the AFEside parameter of modern AC drive systdfigure 72a shows simulation
resultsfor a 1.5MW shovel in which 2 AFEs are staggered resulting in a THD of 4.87% at
nominal current, andrigure 72b shows simulation results where 32 AFEs are staggered
resulting in a THD of 0.2%. The improved THD performance of AFEs at PCC is achieved
with no extra passive filtering on the input side as compared to PFEs where tuned filters are

typically required. Thus, it increases system reliability and efficiency.
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Figure 71 Power circuit diagram of a modern AC drive systennfiiming excavating machings1].
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Table25 Active frontend (AFE)side paramete§1]

Line-to-line voltage (AFE side) Eq 900 V rms
Line frequency (grid) f 60 Hz
Leakage inductance Ls 16% PU
Interface resistance R 0.4% PU
Each converter rated power S 1 MVA
Number of AFEs Nare 2,4,32
Nominal DC link voltage Vbc 1.8 kV
Chopper circuit threshold Veh 2 kv
Crowbar circuit threshold Ver 2.2 kV
DC link capacitance Coc 12 mF
Switchingfrequency fs 540 Hz
Converter loss resistor (estimated| R, 1% PU
Absolute overcurrent capability I max 2PU
Current regulator response time | (j 2~5 msec

AFE #1 Current

5 i i i i i
0.25 0.255 0.26 0.265 0.27 0.275 0.23
PCC Cumert 32 Staggered AFEs

1 ; ; ; ; ;
EEE 0.255 026 0265 0.27 0.275 0.28
Timejsec)

puU

5 ; :
025 0.255 0.26 0.265 027 0.275 023
Time(sec)

(@ ()

Figure72 Simulation results of staggered AFEs in AC drive system. (a) 2 staggered AFEs %/ InBning
shovel. (b) 32 staggered AFES1].
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3.3 Supplementary Energy Storage mtegration

3.3.1 Motivation
A typical mining excavating process load cycle has major motoring and regenerative

power regiong50], [51]-[53], as it is shown irFigure 73. The electric power regeneration,
which occurs during swing motion deceleration and lowering of dipper in shovels, can
amount up to 60% of motoring peak power dem#bdi. If this large regenerative power is

not handled properly, it can lead to unsafe-l& voltages, and in extreme case, force a
system shutdown in overvoltage protection. Thus, being able to handle this excess power
safely and rehbly is a technical requirement in mobile mining drive systems. Conventional
norntregenerative drive systems based on PFEs employ chopper circuits with bleeding resistor
to dissipate regenerative energy, whereas thelRISEd regenerative counterpart lkpulse

dual converter topology can regenerate power but faces low reliability due to occurrence of
thyristor commutation failurg[50]. Modern drive systems utiing IGBT-based AFEs are
advantageous to the conventional drive systems because of the inherent ability of AFEs to

regenerate power reliablj46].

However, mines are often located in remote areas where access to commercial electric
power is not readily available and where deployment of locagrdf generation greatly
limits the abiity of mining distribution system to absorb regenerative power Rikgbenow
Mine located in Colombia S.&ith a 24MW generation capacityb4]. Thus, the pramaal
solution currently is simply to dissipate the excess energy into resistive load banks using

chopper circuits to keep the Blldk of AFEs within safe operational margiri47]-[54].
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On the other hand, supplying peak power demand in large-motor mining machines
is always challenging, especially in isolated@fid power systems. Load swings of active
and reactive power during a load cycle and motor starting power are large relative to the
power systemds generation capacity. Becaus:
pick up a load, keeping up with fashd dynamic load swings of large loads is particularly
challenging. For example, a CAT 7495 electric shovel can switch from regenerating 2.5 MW
of power to demanding 3.7 MW of power in less than a second which makes it very difficult
for a generator to sppy, [55]. Moreover, power generator sets supplying fluctuating loads
have to be deated due to active governing and mismatches resulting in unequal power
sharingduring dynamics[56]. The conventional solution for large electric shovels is to use
multiple generators with a total of 8 MW capacity to achieve rapid loadnmsspehen peak

power is demandefB5].

Drive Power (p.u.)

Totoring Region

Time(sec)

Figure73 Drive power of a typicainining excavating proce$s1].
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3.3.2 Energy Storage Technology
As it was explained, the standard practice to meet the needs of large mining loads, in

terms of rapid load response and peak power demand, is simply to ovepmsgmnsystem
components. In addition to increasedftgnt capital investment, this leads to a system with
higher fuel and energy consumption, higher carbon emission, lower efficiency and higher
operating and maintenance costs. To solve the issues pogsdloypower demand, better

load power management, increase power system utilization and efficiency and reduce
environmental impact, peak power shaving strategy is intrody62yl, [57]. In this load
management scheme, the power regenerated in mining machine, as in during hoist lowering
and swing deceleration of shovels, tisred in an energy storage system and is used to reduce
peak power demand of the drive system. This results in savings not only in terms of energy
costs but also in terms of extra capital investment which would otherwise be necessary to

increase power sy rating.

To choose the proper energy storage technology, several economic and technical criteria
such as energy cost, weight, volume and temperature are considered and the results are
presented irFigure 74 for 1.53 MW shovels,[51]. Based on the obtained results, ultra
capacitor has been selected as the technology of cfwishovels. Similar conclusion can

be made about draglines.
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Figure74 Energy storage technology comparison for sh{vg]. (a) projected cost with respect to relative
weight/energy. (b) number of energy storage replacements.

3.3.3 Ultra -capacitor Integration to High Power Mining Converters
Ultra-capacitors can be tegrated to ddus of AC drive system either directly or

indirectly, through a separate BIBC converter[51], [52], [58]. In the direct method, the
drive-side inverter has to tolerate a flexible-lnies, whereas in the indirect methoe ttast
DC-DC converter helps with D8us control, though special care should be taken to avoid
any conflict between AFE controller and EBIZC controller,[58]. Figure 75 shows power
circuit diagram of modern drive system for mining excavating application with indirect (DC
DC) ultracapacitor energy storage integration. Simulgiedormance of a 1-MW, AFE-
based shovel indirectly integrated witH=7stack of ultracapacitors is shown iRigure 76.

The excess regenerated power stored in -glpacitors when used according to peak
shaving strategy has been observed to reduce the required rating of thenff@guipment

to 0.73 P.U.[51], [58].
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3.4 Hybrid Front -End (HFE) Converters for High -Power Mobile Mining
Drives

Although the proposediltra-capacitorenergy storage integration has clear benefits to the
mine network, especially in terms of power system utilization and energy management;
however, converter componentso rating of el
change significantly for lge mining machines. It can be shown that the benefits from
possible downsizing of components by ultagpacitor integration cannot be realized for a
dragline, and even a shovel, considering the desired harmonic and power quality
performance, number of ggaconverters, weight and volume. Consequently, for the mining
equipment manufacturer, the proposed energy storage integration into the current mining
drive system, as depicted Fgure 75 can be seen as an add component which mostly

increases equipment cost and complexity.

In order to truly exploit the benefits of energy storage integration for the mining
equipment, two straightforward freethd converter topologs have been proposed for next
generation of higipower, multtmotor mining machines such as draglines and shd¥#dlg,

In these froniend converter configuratignan ultracapacitor is still used through a EIC
converter to harvest the regenerative energy of the mining drive and harness it for peak
power shaving during motoring mode. Thus, instead dafifeictional AFEs, unidirectional
rectifiers based on higpower, mature and reliable technology of diodethyristorbridges

are used. As it was mentioned beforgyuise unidirectional rectifiers suffer from poor THD

at PCC. To overcome the THD performance deficiency, a pulsie (12pulse or higher),

which dastically improves THD as compared to a simpleu&e bridge, is assisted with a
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fractionally-rated (~35%) parallel active power filter (APF) to improve THD performance,
and also provide partial VAR support (~2% P.U.) at PCC. The unidirectional reistiRé&E
based and the active filter is AHased; hence, this new category of converters are called

Ahybriendd onHFE) power converters.

In the first HFE topology (HFH), a 12pulse diodebridge is assisted with a
fractionally-rated hybrid activg@ower filter, as depicted iRigure77. The selected simulation
results for harmonic performance evaluation of this system at PCC are sh&igura78.
As it can be seen, the current THD is less than 5% which also complies with IEER%A9
standard for allowable harmonic distortion. This topology is projected feM¥5shovek

[51].
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Figure77 HFE-I topologyb a unidirectional 1ulse diode rectifier is assisted with partiaated hybrid
parallel active filer system.
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Figure78 Simulated current THD performance of HFEbpology at PCC

In the second proposed HFE topology (HFEa 12-pulse diode or thyristorbridge is
still used to convert threghase AC electric power to DGpwever, an AFEbased converter
is connected in parallel with the main rectifier at ggide to PCC and at driv&@de to DG
link, as shown irFigure 79. Although theconverters in this topology share a common-DC
link, only the main rectifier provides active power flow to drside inverters, whereas the
fractionally-rated, AFEbased converter acts as an active power filter to reduce harmonic
current distortion at PC@nd also provide partial VAR support as needed to improve system
power quality. The choice of thyristtaridge as the main rectifier assures an adjustable and
regulated DGbus voltage on the driveide; however, it introduces an input curravith
lagging PF that needs to be considered. The tpteese, multwinding transformer used at

the input of diodeor thyristorbridge is not an additional component since it is already used
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in staggered AFE topology. The active filter converter connected in pandtfethe main
rectifier is nothing but a spare AFE converter retrofitted for the hybrid topology. The bi
directionality of the AFE employed in HFE topology enhances system functionality and
reliability, as compared to HFE by providing a partial patfor active power to and from
the machines that could be used for-gharging DCGbus or feeding some of regenerated

power during load cycle back to the grid.

To develop the hybrid configuratiofjgure 80 presents the proposed control structure
for the hybrid architecture with specific attention tofise thyristoibridge and the AFE.
The pure parallel active filter control in the hybrid option is based on synchrogi@usnce

frame (SRF) controller sicture used for harmonic load current extractj68].
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Figure79 HFE-1l topologyb a 12pulse thyristotbridge is parallel connected wian AFE at PCC and BC
link.
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Figure81la shows the simulated currents for the proposed system at PCElgareB1b
shows the frequency spectrum and THD of the current at PCC before and after
compensation. As can be seen, at the PCC, the current THD is less than 5%, and thus,

IEEE5191992 requirements are met.

In the SRF method;urrent controller proportional gain (Kpc) is important with regard
to DClink dynamics and power exchange between the converters, especially, when both
share the same DC bus. Simulated resultagare82, for a constant gain of Kpc=5, shows
dc-bus oscillations for stedown load condition from 8kW to 1kW. Since harmonic
distortion requirements are for rated load condition, a load adaptive gain scheduling method
is designed to control and smooth outloik oscillations.Figure 83 shows the simulation
results when the gain is reduced to Kpc=2 for the samedstep loading condian but in
this case, the diink oscillations are damped out. It is believed by the author that this is an
important finding since common DC link for active filter and the main feyrdt has not been
implemented as an integrated solution. In other words)ibk loading affects the dynamics
of the active filter which results in uncontrolled or marginally stable operation of the whole

system especially at light load conditions.

As final remarks, the benefits of HFE configurations over current-sfdtes-art AFE

technology can be listed as follows:

1. Hybrid frontend converters facilitate the integration of energy storage systems

into high-power mining machines.
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. The proposed system uses hmbwer, highly efficient, reliable, and mature

diodebased or thyrier-based technology.

. The new systems still require the input transformer for isolation and phase

shifting but will have fewer power switches leading to increased power density.

. The hybrid diodebased fronend (HFEI) configuration requires some passive
filtering, and therefore, it is more suited for lower power mining equipment like

shovels.

. The hybrid thyristoibased fronend (HFEIl) technology, retrofitting an AFE
unit as active filter for harmonic compensation and VAR support, is more suited

for high-power draglines or larger shovels.

. The active filter in both system configurations ensures that the THD is between

D3% and 5%.

. The proposed systemsd control cofmpl exi t

the-art AFEs.
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AC-side currents and DC-bus voltage for Hybrid System (Constant gain - Kpc =
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Figure82 Simulated hybrid fronend waveforms without adaptive current compensation gain (Kpc).
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3.5 The laboratory-scale hybrid front-end testbed for mobile mining
application

In order to test, further specify and experimentally verify performance characteristics of
the proposed HFE configuration, gpB/12kVA grid-connected tedbed was designed and
implement ed i n FREEDM Systems Center6s Hhigh v
sections provide further details on the #estl hardware and system specification, modeling

and control system, and experimental results and system performance evaluation.

3.5.1 HFE Test-bed Topology and System Parameters
The singleline circuit diagram of the thregghase HFE tedted is presented iRigure

84. The testbed is established by a-p2ise (12p) thyristorbridge and an IGB-based AFE

which share a common DRus and are connected in parallel at PCC. Thpul®e thyristor

bridge, which serves as the main AT power rectifier, is comprised of twoephlse (6p)
thyristorbridges connecteh parallel at input through phase shifting transformers to input
reactance and PCC and connected in series at output to smoothing reactors and output
capacitors. A $h DY transformer connects the togptoridge to the same common point of
connection towhich a 3ph D-D transformer connects the bottormp@ridge. Each input
transformer is rated at 6 kVA and thus the whole system is rated at 12 kVA. Since the input
transformersd series react anXgé 10%P.Us) cem bd |, an
inserted per phase between PCC and the input of transformers to emulate higher input
inductance condition. At the DBus, the filtered output of 32 bridge is connected to BC

link of active power filter inverter, DC electronic load (BO and resistive load bank. The

resistive load bank is used for continuous kpghver loading condition and DCEL is
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intended for dynamic loading conditions. The AFE, in the hybrid configuration,-shase,
2-level, IGBT-based inverter which shares g@me DGbus as with 1) bridge, as depicted
in Figure 84. It connects to PCC through inverter inductor, i.;, Xhunt impedance, i.e.,
Zsp, and buffer inductor, &., X,. The active power filter injects harmonic currents and
reactive power at the PCC of thyristor rectifier and AC sourable26 presents the system

parametes for HFE tesbed.Figure 85 shows the 1XVA, 550-VDC HFE testbed system

designed and built at NSF FREEDM Systems Center.

Table26 HFE testbed system parameters

Rated power S=12 kVA
3-ph Input voltage Vin = 208 VAC/60 Hz
Output voltage Vou= 0 T 550 VDC
Operating output voltages Vout = 360, 450 VDC
Tl =3ph, DY
Sr1 =6 kVA
XT]_ =1.13% P.U.
NTl =1.07
Input transformers T2 =3-ph, DD
Sr2=6 kVA
XTZ =1% P.U.
NT2 =1.03

Input reactor
Output reactor

Output capacitor

Xin = 10.5% P.U.

Lg=4.25 mH (44.5% P.U.)

Cq = 3300 uF Alelectrolytic
parallel with 4 uF MKP film cap.

. VDC =500V
DC Electronic Load Prated= 4.5 KW programmable
Inverter inductor X =2% P.U.
Buffer inductor X =0.94% P.U.
Inverter switching frequency fsw=20.9 kHz
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116



DC A 7
Electronic s Resistive |§
Load ofl Load bank

Figure85 12-kVA, 550-VDC HFE testbed at FREEDM Systems Center. (a) complete system setup. (b) main
power circuit components inside the tbst cabinet.
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3.5.2 Inverter Switching Ripple Filter Analysis
The active filter is a basic, fuliridge, IGBTbased inverter. As it is shown kigure 84,

it connects to PCGhrough X, inverter inductor, &, shunt ripple filter, and % buffer
inductor. X; and Z work together to significantly reduce converter switching ripple
resulting from pulsavidth-modulated (PWM) output voltage of inverter, and &50% of

X1) serves as buffer inductor needed to provide the active filter voltage feedback signal, i.e.,
V:. This feedback signal is necessary for proper synchronization of active filter to grid
voltage because a simple voltage téedvard is not enough and results an active filter

output voltage at a slight phase lag with respect to PCC voltage as it will be shown later.

The ideal objective of switching ripple filter is to thoroughly cancel out switching noise
while passing the harmonic frequencies of interestlljounaffected. When the frequency
separation between the harmonic frequencies and switching noise is not large enough,
switching ripple filter design to meet those objectives becomes especially challenging. Due
to 12-pulse nature of thyristdoridge, ithormally produces harmonics B2n+1 multiples of
ac line frequency witim being a positive integer; however, because of unbalances present in
the system, it also produces some amount of harmonigg:atriultiples of line frequency.

The active filteriner t er 6 s switching frequency s 20.
13", 239 and 2%' effectively fall within the bandwidth of active filter. In order to have
maximum attenuation at switching frequency while inflicting minimum phase delay on
harmonicso f intetgpep bopPc&l ogyof swiching higpke dilier, as o r Z
shown inFigure86. Table27 lists both calculated and field measured parameters for fahase

of 3-ph output switching filter designed and implemented for active power filter. A bode plot
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of the calculated and measured shunt filter response witts Xhown below irFigure 87.
Table28 lists important points of magnitudadphase response in the bode plot. As it can be
seen, the switching ripple filter attenuates switching noise by more than 36 dB (1.6% peak
to-peak ripple), whereas it barely amplifies the other important harmonics. However, it
introduces a small amount gfowing phase lag to the harmonics of interest which lie within
active filter bandwidth. These phase lags have proven to negatively impact the harmonic
compensation performance of active power filter. The larger the phase delay for a specific

harmonic frguency, the worse the active filtering performance is for that harmonic.

Zsh = < Rq

cfi

Figure86 C-type filter topology for shunt branch of switching ripple filter.

Table27 Phasea parameters of thefih output switchng filter for active power filter

Impedance element | Parameter = Calculated Measured

Inverter inductor Lf1 (uH) 200 195.2
Shunt impedance Ct (uF) 3 3
Lt (uH) 25 25.34
Rt (mqgoO 770
Rd (q 5 4
Cf (uF) 10 8.16
Buffer inductor Lf2 (uH) 86 88
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Table28 Important points of switching ripple filter bode plot

Frequency Harmonic Magnitude Phase
Order (n) Gain (dB) (Degree)
1 (fundamental) = 0.0000 -0.0177
11 0.2806 -0.6084
13 0.3866 -0.9011

1380 23 1.0838 -3.7181

1500 25 1.2443 -4.5760

20880 348 (switching | -36.1350 -81.2727
Frequency)
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3.5.3 The HFE Control System

The controller structure for the active power filter in hybrid frentd is presented in
Figure 88. The control system is based on synchrorrefsrenceframe (SRF) REF], in
which threephase sinusoidal ac currents and/or voltages are transformed, via amplitude
preserving park transformation-8), to dc quantities in rotating direct {dyadrature (q)
frame synchronized to sinusoidal PCC phase voltage by an enhphasdockedloop
(PLL) [REF]. Since in this control scheme the PLL is dnased and because of the
transformation, the fundamental active component of load current corresponding to active
power transfer appears as dc o@xgs, and the fundamental reaeticomponent of load
current corresponding to reactive power appears as dc orathis thFigure88. In addition,
harmonics currents of higher order than fundameffequency also appear as higher

frequency components on bothahd gaxes after the transformation. The SR quantities
are then

transfor-me @ r b metgeU by Dtarsadngst fiXpmetmactyi olh
going to the modulator.

Al Ai Do —

\ Al Do — W
Q@ S T 2 & (1-3)
N ooFTo OET o — OEfl o — o

| AT106 OEFBIoO _ Q

I O6ETo Al106 A (2-3)

The control system is comprised of a proportionalcgmtrolled current compensator
and voltage compensator which together produce the reference stationary voltage vector, i.e.,

Vietup t0 the spaceector pulsewidth-modulator (SVPWM) for producing swiching

commands to active filter inverter. The current compensator is based on load (thyristor
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bridge) harmonic current extraction and has
VAR support o, each of which ar erswittharsteen by
control system, as shown Figure 88. In the harmonics only mode, the selector switch is
positioned to 0 and harmonic content of load current is extiracted by just filtering the dc

values on both @xis and epxis using higkpass filters (HPF) with very low cutff

frequency compared to first major load harmonic component. In the harmonics and VAR
support mode, the selector switch is positionedwdith only changes control configuration

on d-axis compared to harmonic only mode, to add a proportional gairkd,&0 extracted

dc component for providing VAR support in the HFE system. A simple proportional gain

controller, i.e.Kp, controls the werall performance of the current compensator.

In the voltage compensation section of SRF controller, a simpleféeedrd of the
exact PCC vol t abgefsr airme satsastuiroensartyhald there i s
flow through the active filter gh to shared D&us of hybrid frontend system. However,
due to nondealities present in the system such as converter losses, passive component losses
and different phase delays, it is observed that the voltage produced at the output of active
filter depats from PCC voltage causing undesired active power flow during sgtatdyand
severe transients especially during system -sgartThe latter is important during grid
synchronization phase of HFE stapg where large transients could force the actilterf
converter to trip in overcurrent protection. Thus, a voltage correction feedback term
represented by proportional gaiksq and Kyq, is added in the voltage control loop to
compensate for the phase mismatch between Rilt8ge and active filter volgge. Figure

89 shows the phase lag between these voltages before and after implementation of feedback
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correction term. As it can be seen fréigure 89a, with onlyvoltage feedorward control,
the active filter voltage °lwhegeas withhfeetbriRa@@dC v ol t
augmented with feedback correction terms, tight | t a g «res8ing avighr abmost no

phase lag is achieved, as it can be seé&mnguare89%.

The control system i s i mpl-atfloatmdgpeict digital TI 6 s
signal processor (DSP) with maximum clocking frequency of 150 MHz or clock period of
6.67 nS. The cont loop is sampled everysF 35.0877 us time interval at a frequency of f
= 28.5 kHz. The sampling frequency corresponds to 475 samples or 0.477° resolution per 60
Hz ac line cycle. At the beginning of each control sampling period, a software command
stats the analogo-digital (ADC) conversion process. The-ih2 ADC converter in the DSP
has 16 channels out of which 9 channels are utilizedly 2 channels for each thrpbase
measurement ifrigure 88 because of the thragire system and 1 channel for common dc
bus voltage measurement. The ADC which runs at 12.5 MHz maximum clock frequency has
only two sampleandhold (S/H) units that are utilized to synchronouslgy i mul t aneous |
sample each pair of two analog channels in two ADC clock periods and in the same
sequential order as displayed Figure 88. Due to this physicalirhitation, an unavoidable
phase delay/lag error occurs between the first sanpga@dand the last samplgzhir which
decreases the maximum frequency that could be sampled without error. In order to reduce
the impact from sampling phase lag, signals waigh frequency harmonic content such as
load currents and active filter currents are prioritized first and grouped together in the

sampling sequence of ADC and voltage signals are sequenergaaits.
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Several types of digital filters are employed in tbentrol algorithm for signal
processing and filtering purposes. Lgass filters (LPF) effectively are used to reject
remaining high frequency noise on measurement signals inside controller; DC removal filters
are used to effectively cancel out any renmmagnDC offset in the measurement signals
resulting from signal conditioning board; and HPF and/or LPF filters are used to extract
harmonic and/or fundamental frequency. Since the control sampling frequency 2856

kHz, the highest frequency in the distedomain signals is practically limited to Nyquist

frequency fyq=f/ 2 = 14. 25 KkHz. C o rof§ freequeneynie.|d ynust be | | fil
less than {§gand filtersd magnitude response shou
frequency.

First and secondrder lowpass infiniteimpulseresponse (IIR) Butterworth digital
filters are designed for LPFs. Discretemain Butterworth filters are advantageous because
of their nearly flat frequency magnitude response in-passl, high attenuation inogt-band,
sharp transition period, and zero magnitude response beyandtfe higher the order of
Butterworth filter, the better the magnitude response is; however, the higher the phase delay

of filter is.
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Figure90a shows frequency magnitude and phase responsk afid 2%order discete
Butterworth filter with £ = 13 kHz, andFigure 90b shows the blown up phase response
which is highlighted at some harmonic frequencies of intefesit can beseen inFigure
90a, 2“order Butterworth filter has a better magnitude response tfvandér Butterworth;
however, 2%-order Butterworth filter also has a higherapk delay than the latter. This fact is
better demonstrated iRigure 90b where phase delay of th&%drder filter grows faster at
increasing highlighted harmonic efjuencies. These types of phase delay which are
unavoidable due to digital filter implementation and limited sampling frequency, negatively
impact harmonic compensation performance of active filter. Consequently, for noise filters
on measurements with £ 13 kHz, f-order Butterworth LPFs are, and only for main control
loop filters, ?%order HPF Butterworth filters with.f= 10 Hz or 20 Hz are applied.
Butterworth HPF filter is obtained by subtracting the correspondingfilfeFed signal from
whole sgnal, as depicted ifrigure 88. Figure 91a andFigure 91b show the frequency
magnitude and phase response of bétortler and #-order HPF Butterworth with fc = 10
Hz for harmonic extraction in controller. As it can be seen figigure 91b, T™-order
Butterworth HPF has considerable phase lead at harmonic frequencies of interest, whereas
2"%order Butterworth HPF has zero phase lead. THisyréer Butteworth HPF is used for

harmonic extraction in the control system.

The general discrete-domain) transfer function of digital filter is given in-83, where
numerator and denominator coefficients are given by row maté@sl A, as in (43) and
(5-3), respectively; and in all which represents the order of discrete filtdrable 29

summarizes specifications of filters used in thetad system.

126



M ® Qa E QA
- — — (3-3)
wAa p waA E wa
6 Wh®FE M ¢ 0aQi @8 QIAQQOQQE O (4-3)
& ph OFEHh O QQ¢ £ & Qe VENQQOQQE 0 i (5-3)
Table29 Specification of discretéme IIR filters used in control system
Cutoff freq. | pier coefficients : .
L (fc) and Filter Implementation
Type Application . B (numerator) &
sampling . structure | cost
A (denominator)
freq. (fs)
st fc =13 _ .
1>-order Noise KHz: B =[0.878218, 3 multiplier
Butterworth filterin fs —’28 5 0.878218]; 2 adders
LPF 9 kH_Z' ' A =[1, 0.756437]; 1 state
Harmonic B =[0.00000121,
extraction | fc =10 Hz; | 0.00000242, Direct-
T current fs =28.5 0.00000121]; Form Il
2"%order | control kHz; A=[1,-1.99688219, Transposeq ..o
Butterworth | loop 0.99688704]; 2 o defs
LPF Harmonic B = [0.00000484, 2 states
extraction | fc =20 Hz;| 0.00000969,
i voltage |fs=28.5 0.00000484;
control kHz; A=[1, -1.99376439,
loop 0.99378377];
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Figure90 Frequency response of-land 2% order discretelomain lowpass Butterworth filter with fc = 13
kHz and fs = 28.5 kHz. (a) magnitudad phase response over [0,fs/2] frequency range (b) zoomed up and
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HPF Butterwaith Magnitude (d8) and Phase Respenses (f, = 10 Hz, f,=26.5 kHz)
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Figure91 Frequency response of-brder and Z-order highpass Butterworth filter withcdf= 10 Hz and fs =
28.5 kHz. (a) magnitude and phase response. (b) blown up phase response at harmonic frequencies of interest.
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Figure 92 presents waveforms of some portant quantities inside controller, with
reference to control system diagranFigure 88, when the system is only compensating for
harmonic currentgdi modbawmbhi sw = 0 and wher
gain K, = 5. The controller waveforms are recorded at nominaitbdae input voltage Y=
208 Vrms, load power factor PF = 0.68, output powgr=P1500 W and ddus voltage .=
450 V. The PLL igmplemented on phaselineto-neutral voltage and is dead on sinusoidal
voltage zerecrossing, as it is shown iRigure 92a. Figure 92b shows thre@hase PCC
voltages with 2.5% to 2.7% total harmonics distortion (THBQure92c showsthreephase

load currents with 25% THD.

The dq rotating frame& synchronous framé load currents are shown Figure 92d,
where active power appears as dalue inq (ch2) component; reactive power appears-as d
value in d (chl) component; and load harmonics appears a®mponent on both d and g
components. In the harmonics only mode¢ dalues are higpass filtered which is
demonstrated ifrigure92e. The fillered ey cur rent i s tr a#s ffaramed t
from which the feedback filter current is subtracted and then multiplied with current
compensationgainfopr oduce currebtfrafmey eFigeredgfiToew i n
out put of current anf fvohbdmagereoadded {oget
final reference voltage to SPWM. Figure92h s hebwsr ef er ence voltage:
axis; andFigure 92g and Figure 92 show trajectory of PCC voltage vector and final

reference voltagb feamer taspetativaehyy U

130



Tek i @ Acq Complete M Pos: —4400ms  MEASURE  Telk i @ Stop 4 Pos: 0.000s DISPLAY Tek S @ Stop M Pos: 0.000s DISPLAY
+ + +

PLL va ll-dq Vref-Ub .
f.\ q (Ch2) Persist Persist
/ y / W\\/\\!/W 0]
! 1\ Format Format
z \ \ / / £l w 2 E
CH2 =
RS - . ’
J 1474 d (ch1) 5
CH2
tzan
4.30mY
CH2 1.00% M 5.00ms AC Line ./~ 0.00% CH2 1.00% M 1.00ms AC Line /7 0,00V CH2 1.00% 1 2.50ms AC Line /7 0,004
20-Mar-14 03:50 59.9524Hz 3-hpr—14 1858 E0.0203Hz
@ (d) (h)
Tek N @ Stop 1 Pos; 0,000s DISPLAY Tek N @ Stop 4 Pos; 0.000s DISPLAY Tek M @ Stop DISPLAY
! + o
- Type HPF*II-d Type Vs-Ub b Type
Vs-abe a b C Ve tors q e tors [sctors]
hY
Persist ch2 Persist Persist
/ a2
Foinat # Format u Format
- Z'W X e
Contrasf d (Chl) C Contrast]
o
CHZ 1.00% M 2.50ms AC Line /~ 0.00% CHZ 1.00% M 1.00ms AC Line /7 0,00V CH2 1.00% wY Mode
J-hpr—14 1302 G0.0343Hz J-hpr-14 1647
(b) © (©)
Tek ®stop M Pas: 0,000s DiSPLAY  Tek . @ Stop M Pas: 0,000s DISFLAY  Tek . ® Stop DISPLAY
i + o + iy
ll-abc Type Iref-Ub Vref-Ub b
i Yectors Ve tors|
a b c ¥
Persist U (Chl) Persist Persist
Ot l O]
i 5
¥"  Fommnat 2 h Format U Forrmat
i
Contrast] C Cor d
5
b (ch2)
Kp=5
CHé 1.00% M 2.50ms AC Line ./~ 0.00% CH2 2.00% M 1.00ms AC Line /7 0,00V CH2 1.00% =Y Mode
© ® 0]

Figure92 Controller waveforms in harmoniemly mode with Kp = 5. (a) PLL on phase a voltage. fph3
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Figure 93 shows some importantontroller waveforms when the system is also
providing reactive paodVAR-s sup@rotrd maod e hwairtmo nd
reactive power compensation gaip K 1. In this mode, the d (chl) component not only
contains the higipass filtered harnmmacs, but it also contains a proportionatigntrolled dc

value for providing VAR support, as shownfigure93a. The U and b refere
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shown inFigure93b i n  w h-componentvatagdlzero crossing is compared against
that of harmonic®nly mode. Figure 93¢ s hows sk afiramar wolUt age
trajectories for both compensation modes, where the phase rotation due to addition of d

component on rotating-domponent for providing VAR support is demonstrated.
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Figure93 Controller waveforms in harmoniendVAR-support mode with KQ = 1. (a) HP filtereehdoad
currents plus LP filtered d load current. (bp transformed reference voltage compared against harmonics only
mode.(c) reference voagein stationaryJb f r ame compar e@dnlymade.sus har moni

3.5.4 The HFE equivalent circuit modeling
In order to better understand the HFE system, a modeling analysis based oplssgle

equivalent circuit is performed. The singlbase equivalent circuit of HFE system is shown
in Figure 94where load is ideally modeled as a current source and active filter inverter as

voltage source. The objective is to find how active filter current,"Qeinfluences source

current, i.e.;Q which is found by applyingKithof f 6s current | aw ( KCL)

‘0 0 O (6-3)
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whereOis load current representing -p2thyristorbridge current. In (&), Oneeds to be
found in terms of active filter reference current, i@.For easier modeling analysisyerter
voltage, i.e. , inverter reactance, i.&) , and shunt ripple impedance, i.&., , are
replaced with their corresponding Thevenin equivalent circuit, as showigume 95. The
Thevenin voltage and impedance, i®@., and® , are defined as below:

w O (7-3)

w o (8-3)
where O is the output filter transfer function plottedkigure87 and is defined as below:

O @ 9-3
5 o (-3)

FromFigure95, the active filter current can be found as follows:

(10-3)

O O O (11-3)

wherew is PCC phase voltage, add is the active filter equivalent impedance marked in
Figure 95 and given in (143). ® magnitude and phase frequency response is plotted in

Figure 96. It can be seen that at 60 Hz the equivalent impedance is purely capacitive with

relatively small dB magnitude 619.4.
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To further expand (28),w is expanded in terms a§ which is found from control
system as follows:
W w 0 230 O (12-3)
whereOis reference current command to current compensator in control system. Inserting in
(10-3) from (%3) and (123) and then simplifying, yields (13):

0 2PO B 4 133
5@ 6D (133)

It can be seen frorkigure 87 that at fundamental frequen® ¢ ™z,"O p which
then omits the first term in (33). However, at other nelundamental harmonic frequencies

"Q ¢ mHz, PQC voltage is approximately zero, i.ey 1. Thus, it can be well
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approximated that the first term in (B3 is always zero since the numerator is approximately

zero at all frequencies, which reduces-8)3o the following:

0 2 5 14-3
R (14-3)

Eqgn. (143) is very important because it relat€do ‘O, which on the other hand is

related to load current) The load current can be decomposed to fundamental and harmonic

components as follows:

0 0 O O (153)

where ‘O is harmonic load current phasor; aftd and ‘O are active and reactive

fundamental load current phasors, respectively, which are defined as below:

"0 UTOAT O 1 J (16-3)

0 N JODET” wmd (17-3)
— 0 7

o =~ -J0 (18-3)

whereOis peak fundamental currefi@ is d-c load (12pulse bridge) current; andis
firing angle (phase delay) of jfulse Thyristoibridge. The harmonics in (i3 ideally
should occur at (12k + 1) nexero integer multiples of-aline frequency; however, due to
presence of unbalances in thq@®ase input voltage and input transformer, some amount of

harmonics also occur at (6k £ 1) rpero integer multiples of line frequency.
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I. The harmonicsonly (Ih-only) mode
Whenthe active filter is only compensating for harmonic content of load, the active filter

reference current is:
[© (¢ (19-3)

From (6-3), (143) and (193), the ratio of source harmonic current content to load

harmonic current is obtained as below:

2 © 0O i 20-3
o5 ® (209)

where™O i is defined as harmonic compensation transfer function. IR3)2@urrent
compensator gaim is the enforcing factor in reducing source current harmonics. As

0 approaches infinity, sour@irrent harmonics reduce to zero as it is shown ir8§21

| EI0Oi @b o | Efo 21-3
o R R . m (21-3)

From (213), it is implied that the activBlter will compensate the harmonic current of
the load completely. However, due poactical limitations, the active filter saturates well
beforev gets to infinity. In fact, experimental results suggest thasaturates around 6.
Figure 97 shows frequency magnitude response plots of harmonic compensation transfer
function™O i for 0 phohp. As it can be seem frorRigure 97a, both dB harmonic
attenuation at a specific frequency and compensation range increase with inaseasing

however, a maximum 50% attenuation limit is reached at around 2.2 kHz frequency with
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0 @ The change imbsolute magnitude attenuation withat h = ', 7", 11" 13" ¢

harmonics of & line frequency is shown Figure97b.
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Figure97 Frequency magnitude response plot of harmonic compensation transfer fungspat®;, = 1, 3, 6.
(a) dB magnitude response with increasing (k) zoomedn absolute magnitude response at critical harmonic
frequencies with h =5, 7, 11, 13, 17, 19, 23,
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[I. Theharmonicsand-VAR-support (Ih&VAR) mode
When the active filter is compensating for both harmonic and fundamental reactive load

currents, the active filter reference current is:

‘© 0 J0 O (22-3)
From (63), (143) and (223), source current can be written as:
© 0O 0Oi'0 0Oi 0 (22-3)

where™O i is harmonic compensation transfer function as inr3R0&NdO i is the

reactive power compensation transfer function as follows:

0 | - _ (23-3)

Since only fundamental reactive power is concerned3jahly needs to be evaluated
at fundamental frequenc®2 @ 1t Hz. Moreover, it is known that (23) is a complex
quantity; and sinc&® as fundamental load reactive current is pure imaginary, only the real
part of (233), i.e., 'Y QO i , influences source reactive current. On the other hand, the
imaginary part of (23), i.e.,;Oa"0 i , changes the fundamental active current. Thus

from (17-3) and (223), fundamental component of (32 can be written as:
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© O 0900 QOO

0 Oa O i ] (24-3)

6 YQO i

Furthermore, (248) can be written in terms of source complex power and(tbagulse

Thyristor-bridge) active and reactive powers as in the following:

. . (25-3)

1.

aw

where0 is fundamental load (1gulse bridge) active poweb; is fundamental load reactive
power; @ is the maximum uncontrolled voltage of-pAlse bridge; and is peak
value of lineto-line source voltage. Imaginary and real parts gf &andB asin (24-3), are
plotted with respect to «for different values of K in Figure 98a and Figure 98b,
respectively. As it can be seen, magnitudé\ aficreases with K, whereas magnitude &
decreases with  Moreover, for the same values of,Kincreasing K greatly decreases
magnitude oA, wher eas it eaelmagnitude ol Dhe expedirmental resultsg
though, have shown a much greater degree of dependeBaynourrent compensation gain

Kp, with higher values of Kproducing larger VAR support.
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As it can be seen in (25), decreasing magnitude Bfdecreases lagging reactive power
at PCC; and decreasing magnitudeAfofeduces fundamental active power flow through
active filter path. In factrigure98a shows foKq = 1, magnitude oB is zero for high values
of K, and nearly zero for other values which implies unity power factor operation of HFE
system.Figure 99 shows the er unit change in active filter VAR support, fundamental
apparent power and displacement (fundamental) PF with respeegt tohiére the system is
initially operating at S = 0.3 P.U. ang, K 6. It can be seen frofigure99 that for values of
Ko less than 1, DPF is lagging; and for values gfgkeater than 1, DPF is leading. It should
be noted, though, that reactive power compensation only takes place in haram\VesR -
support; and as such, it is bound by the saturation limits of the system. Additionally, it is very
important to bear in mind that true PF (fraction of active power over total apparent power) is
also proportional to distortion factor (DF); and it is algto DPF only when DF =1 or
when THD is 0; and it is smaller than DPF in all other cases, depending on degree of

harmonic compensation and whether or not saturation limits of the system are reached.
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Figure98 Magnitude plobf real and imaginary parts of reactive compensation transfer funcgi@) & s =
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Figure99 Per unit active filter leading VAR, per unit fundamental apparent power and displacement power
factor change with respect to reactive compensation gat K, = 6.

142



3.5.5 Load characteristic and DCGlink Voltage of Active Filter
In order to better define tHemitations of the active filter foHFE system the harmonic

current of the loads investigatedIn particular, it is desired to se@ @ @f the harmonic
current for the worstase. This occurs at lower loaduations as load current approaches
discontinuity. From this analysishe required D@ink voltage of active filtei and thus DE

bus voltage of HFE systeiincan be estimated. Frofigure 94, it is assume that source
impedance is comparatively high with respect to active filter path impedance; and therefore,
all harmonic content of load current is supplied by active filter. Consequently, the output
voltage of inverter is approximately equal to sum ofagédt drops across reactanags, and

& effectively in series, and PCC voltage, Two cycles of load harmonic current at 662
output power that are extracted by the controller are showigiire 100. The maximum

Q@ ®f this reference current is 83234 amps/sec@mmputing the voltage across series
inductors, this leads to a needed\24/oltage difference that must be provided by active
filter. If load harmonic current lags sinusoidal source voltage by 90°, the required maximum
output voltage of inverter will beum of worstcase reactance voltage drop and peak source
voltage. Therefore, for 170 V peak fundamental source voltage in HFBetsh total of

194 V is required at the output of inverter, whereas aibiCvoltage of 360 V only allows

for 180 V. Althowgh the aforementioned 9fegree phase shift is not usually the case, it is
better to have Ddink voltage at least double the woersise output voltage of inverter. A

minimum DGClink voltage of 400 V meets this condition.

143



R
v W

Current (Amps)

o [\S
—

—

N
<
<
-_—

-_—

ﬁZ ML

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (S)

Figure100Extracted load harmonic current at 662 W.

3.6 Experimental results

The experiments were carried out on thekVA, 550-VDC HFE testbed, as shown in
Figure 85, at different resistive load level. Initially, the tests were performed at output DC
bus voltage of 360 V and with no external line reactance at the inputside ftin Figure
84). This was due to safety considerations as all the experiments were done while the HFE
system was otfine and connected to the thrpbase power grid. Thus, many of system
opeaational characteristic analysis was originally performed at 360 VDC. However, after
confidence was gained in the system, the operatingpidXvoltage was raised to 450 VDC.
Furthermore, with the acquisition of 1 mH power inductors, the external lineneacbdf the
HFE system was increased to more than 16 ( p 1t Bn Figure84) which, though, still

not high enough, it more closely emulates the real situationtalf input line reactance in

144



front-ends for high power mobile mining machines. For the loading conditions, a
combination of resistive load bank and Chroma 63804 DC electronic/programmable load was
utilized. Due to hardware limitations, the system coultelséed only up to 70% (0.7 P.U.) of

its nominal capacity. For comprehensive system power quality analysis, the WT3000

Yokogawa precision power analyzer was used.

3.6.1 Harmonics-only Compensation Mode
The results presented in this section are system wavefdmaisate captured in

harmonicsonly compensation mode under steatigte operating condition. The test
conditions are summarized rable 30. Figure 101 shows thregophase PCC phase (lhte-
neutral) voltages together with -thtis voltage, andable 31 lists some important power
quality indices thre@hase PCC line voltages. As it can be seen, PCC voltages are
unbalanced and have an average total harmonic distortion of Big&be 102 shows source
phase voltage and current of phasehen only the 1-pulse bridge is operating. As it can be
seen there is a phase lag between voltage and current which is due to time delayed firing of
thyristors for regulatinddC-bus at the reference value of 450V. The phase lag amounts for a
lagging power factor of 0.7718. The FFT frequency spectrum of source currerpiisg2
thyristorbridge operating mode is shown kigure 103 As it can be observed &

m® 0 “Yamong major nofundamental harmonic orders of 5, 7, 11, 13, 23 and 25, the 11
harmonic multiple of fundamental frequency is dominant with an amplitude of 2.11 A
relaive to 15.2 A fundamental current. This makes harmonic distortion factor of'df 11

harmonic source current (ratio of harmonic current amplitude to fundamental current
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amplitude), i.e.’O j , equal to 13.9%. The harmonics ind@se mode comprise source

current THD of 16.17%.

Table30 Harmonicsonly mode experiment test condition

Input line voltage Vin (V) 215
Output DC voltage Vdc (V) 450
Input line reactance Xin (%) 10.5%
Load resistance RL (q)?53

Output power of 12-p

bridye Pout (W) | 3976(0.33 PU)

Pin (W) 4369 (0.36 PU)
Input powers of 12-p bridge | Qin (Var) | 3592 (0.3 PU)

Sin (VA) 5655 (0.47 PU)
Power factor of 12-pulse

bridge PF 0.7718 lagging
Compensation mode Harmonicsonly
Current compensation gain | Kp 1,5

Table31PCC line voltages amplitude and harmonics distortion

Function Elementl Element2 Element3
(VAC) (VBC) (VAB)
Urms (V) 216.08 215.38 215.08
U+peak (V) 312.75 311.59 311.67
U-peak (V) -312.72 -311.64 -311.74
CFU 1.447 1.447 1.449
Uthd (%) 2.535 2.631 2.593
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Figure101Threephase input phase voltage andirs voltage.
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Figure102 Source phase voltage and current of pfasegether with ddus voltage when only 1gulse bridge
is on.
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FFT Mode Uover i= = = = Spd:= U1-3 : I00Wrms
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Figure10312-pulse thyristoitbridge mode top plot shows phade source voltage and current and bottom plot
shows soure current FFT.

The input waveforms of HFE when it is operating in harmeoidy compensation
mode with current compensation gainbof p, are shown irfFigure104 andFigure105for
inside digital controller and actual field measurements, respectively. In these, source
phase/line voltage, sourceroent, load (12pulse thyristoibridge) current and active filter
current are shown. The FFT of load current and active filter current in this mode is shown in
Figure 106 The objective of active filter is to only compensate for harmonics and thus the
fundamental component of its current is small and constitute only 6 % (0.86 A) of
fundamental current. The load current harmonicg-igure 106 are mainly occurring at
p € p multiples of line frequency but due to presence of unbalance in the system, there are

also some amount of harmonicspat p multiples of line frequency of which™and 7"
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harmonic are really important. The frequency spectrum shows that active filter injects
harmonics up to 49order; however, the effective bandwidth of active filter is less than 2
kHz due to ~20 kHz switchig f r equency which makes up for
25" harmonic order. When p, active filter injects only 87 % (0.36 A) of load current
5"-harmonic amplitude, only 16.3 % (0.33 A) of load currenf-harmonic amplitude, only

12.8 % (0.0 A) of load current Z%harmonic amplitude. Important power quality
information of HFE source, load, active filter anat durrents are listed ifiable 32. As it

can be seen fob p, whereactive filter current THD is 7, source current THD is

reduced from 16.5 % of load to 13.6 % at HFE input.

Table32 HFE input current amplitude and distortion in harmottingy mode (Kp = 1)

Function Elementl Element2 Element3 Element4
(Isb) (llb) (Ifb) (Idc)
Irms (A) 15.05 14.41 1.11 8.81
I+peak (A) 23.54 22.56 2.22 8.86
I-peak (A) -22.72 -22.56 -2.49 8.76
CFl 1.564 1.566 2.240 1.005
Ithd (%) 13.662 16.511 78.113 NAN
Idf (%) 99.07 98.66 78.80 NAN
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Figure104 Source phase voltage, source current, load current and active filter current eé ptizese HFE is
in harmonieonly compensation mode with Kp = 1.
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Figure105HFE waveforms when the system is operating in harmemm$gccompensation mode with Kp = 1.
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Figure106 Phaseb load current and active filter current FFT in harmoiwioly mode with Kp = 1.

The input waveforms of HFE when i$ ioperating in harmoniasnly compensation
mode with current compensation gainbof v, are shown ifFigure107 andFigure108for
inside digital controller and actual field measurements, respectively. The FFT of HFE load
current and active filter current is shownHRigure 109. As it can be seen the increasain
from 1 to 5, not only increases the amplitude of characteristic harmonics injected by active
filter, but it also increases the frequency band of harmonic injection. Furtherhmagtive
filter also produces an increasing amount of -nbaracteristici integer or norinteger
multiple order- harmonics which of all them, it is observed that harmonics happening

between 3.1 KHz to 3.3 kHz could create a disruptive resonance candgpecially at
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higher0 gain values. Nevertheless, it can be seen thait for v, active filter injects 83 %
(0.35 A) of load current&harmonic amplitude, 47 % (0.97 A) of load current-hrmonic
amplitude, 37 % (0.26 A)f load current 28-harmonic amplitude, and 63 % (0.19 A) of load
current 28-harmonic amplitudeFigure110shows the HFE input waveforms and the FFT of
HFE input current. Importantopver quality information of HFE system currents are provided
in Table33. As it can be seen far v, where active filter current THD is 242 %, source
current THD s reduced from 16.4 % of load to 10.5 % at HFE input. It can also be noted
from Figure110that system power factor has slightly increased. This is purely duefaxthe
that input current distortion factor (fraction of fundamental current to rms current) has

increased by reduction of input current THD, as it can be notedTedie33.
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CH2 2.00Y M 2.50ms

Figure107 Source phase voltage, source current, load current and active filter current eé ptitaese HFE is
in harmonieonly compensation mode with Kp = 5.
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Figure108 HFE waveforms when thgystem is operating in harmoniosly compensation mode with Kp = 5.
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Figure109Phaseb load current and active filter current FFT in harmotwioly mode with Kp = 5.
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Figure110HFE harmonicsonly comp. mode with Kp = b top plot shows phade line voltage and source
current and bottom plot shows source current FFT.

Table33 HFE input current amplitude and distortion in harmosiofy mode (Kp = 5)

Function Elementl Element2 Element3 Element4

(Isb) (Iib) (Ifb) (Idc)

Irms (A) 15.06 14.79 1.40 8.81
[+peak (A) 23.30 23.14 4.52 8.86
I-peak (A) -22.68 -23.14 -4.97 8.77

CFI 1.547 1.565 3.554 1.006
Ithd (%) 10.482 16.415 242.129 NAN
Idf (%) 99.45 98.68 38.17 NAN
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3.6.2 System THD Analysis in Harmonicsonly Mode
For complete THD analysis of input current in HFE, the HFE is run at 4 output power

operating points: 1000 W (0.09 PU), 2000 W (0.18 PU), 3000 W (0.26 PU) and 4000 W
(0.33 PU). The output-d voltage is 450 V and input line inductance is 10.5 %. In the first
test, the 1zpulse thyristoibridge is run; and in the second test, the HFE is run in harmonics
only compensation mode with harmonic current compensatiorbgainu. Due to hardware
limitations, the fulload tests could not be carried out. Therefore, the THD results are
recorded at all partidbad operating points and are then utilized to predict current THD
values at fulload condition.Figure 118 shows the input power flow of HFE at different
output power operating points during experimental tests. The data points and associated
fitted curve for THD% of current with respect to per unit of inpuvepoare shown ifrigure

112 and Figure 113 for 12-pulse thyristoibridge and HFE in harmonimly mode,
respectively. It can be seen that¥st 1@ 0 "YTHD of input current reduces from 16 % for
12-pulse to 10.5 % for HFE; arat™Y  p8t0 “YTHD of input current reduces from 11.9 %

for 12-pulse to 8.4 % for HFE. The actual THD values are predicted to be in the lower
prediction band of the fitted curves, especially for HFE. Thus, thdodl THD of HFE is

predicted to bedss than 8 % and within the limits of IEEE 51992 harmonics standard.
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HYBRID FRONT-END POWER FLOW

(SB=12KVA, 450VDC, KP = 5)
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Figure111HFE input power flow with respect to output power operating points
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Figure112 12-pulse bridge data points and fitted curve for THD% of current with respect to per unit of input
power.
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Figure113HFE data points and fitted curve for THD% of current with respect to per unit of input féiper
5).

3.6.3 Active Filter Power Rating and HFE System Efficiency Analysis
In this section, the required active filter power rating and HFE system efficiency are

analyzed for harmoniesnly compensation mode. These two important criteria influence the
overall sizing and dnensioning of the HFE system. The test operating conditions are the
same as for system THD analysigure 114 shows the HFE and active filter apparent
power flow in harmonicsonly mode with respect to output power when current
compensation gain v. With 12 kVA amounting to 100 % of system rating, it can be
observed frontigure 114 that active filter requires only-2 % of system rating, at low load
condition, and only -2 % of system rating, at higbad condition, to perform harmonic
compensation. The 3julse thyristoibridge and HFE efficiency curves at operating load

condiions are shown ifrigure 115 Furthermore, fitted curves on efficiency data points are
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utilized to evaluate system efficiency at fldad condition. As it can be seen, theplse
thyristor-bridge efficiency is 94.8 % at fulbad condition inFigure 116, whereas HFE
efficiency is 94.1 % at fulload condition inFigure 117. The majority of power loss is
contributed by equivalent series resistance of input line reactance and, especially, series
resistance of input transformei¥ ( p Pper input phase). The rather large power loss share

of input transformer is due to the fact that industrial control transfsrmveéh rather high
resistive loss are utilized in telséd. In actual HFE system for mobile mining application

power transformers will be utilized and thus, the system efficiency would be even higher.

HFE AND ACTIVE FILTER APPARENT POWER
(SB=12 KVA,KP = 5)

1.0
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g 01 _
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< " 0019 0.018 0.017
0.0

0.00 0.05 010 0.15 020 025 030 035 040
OUTPUT POWER, POUT (PU.)

Figure114HFE and activdilter apparent power flow in harmon@nly mode with respect to output power (Kp
= 5).
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EFFICIENCY IN HARMONICS-ONLY COMPENSATION MODE
(SB =12 KVA, KP = 5)
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Figure11512-pulse thyristoibridge and HFE efficiency in harmoniosly compensation mode (Kp = 5).
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Figure116 12-pulse thyristoibridge efficiency percentage data points and fitted curve with respect to per unit
of input power.
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Figure117HFE efficiency percentage data point and fitted curve with respect to per unit of input power in
hamonicsonly compensation mode (Kp = 5).

3.6.4 Harmonics-and-VAR -support Compensation Mode
In this compensation mode of HFE, the active filter simultaneously provides harmonics

compensation for load current THD reduction and VAR support for input PF improvement
The experimental test operating conditions are givefable 34. The HFE system input
voltage and current waveforms whén p ando p are shown irFigure118andFigure

119 for inside the digital controller and actual field measurements, respectiae 35
provides HFE system currents amplitude and harmonic distortion information. As it can be
seen, the input current THD is only slightly improviededuced from 16.53 % to 16.18 %;
however as it will be seen iffable 37, input power factor has improved from 0.77 of 12
pulse thyristoibridge to 0.84 at input of HFE system. The minimainhonic compensation

is also evident from FFT of active filter current, as showRigure120. It can be seen that
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active filter only provides 7 % (04 A) of amplitude of load current %harmonic which is

the dominant harmonic of load currént14 % of amplitude of load fundamental current. To
further enhance both harmonic compensation and VAR support, the current compensation
gain is increased t0 L while reactive power gain is kept @t p. The HFE input
voltage and current waveforms for v andvu p are shown irFigure 121 and Figure

122 for inside digital controller and actual field measurement, respectively. It is noticeable
that power factor and current THD are markedigpioved at input of HFE. The
improvement in harmonic compensation is further demonstratédume 122 where the FFT

of active filter current is showwith respect to the FFT of load current. For v and

0 p, Figure 124 shows input voltage and current waveforms of HFE and input current
spectum, andTable 36 provide current amplitude and harmonic distortion information. It
can be seen that power factor has increased to 0.9037 for HFEredmpa.7718 for 12

pulse thyristofbridge, and current THD has reduced from 16.05 % for load to 12.41 % for
HFE. The power factor information for different compensation modes are summarized in

Table 37

Table34 Operating test condition of harmoniaadVAR-support mode

Input line voltage Vin (V) 215
Output DC voltage Vdc (V) 450
Input line reactance Xin (%) 10.5%
Load resistance RL (q) 53

Output power of 12-p bridge | Pout (W) 3976 (0.33 PU)
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Table34 Continued

Pin (W)

4369 (0.36 PU)

Input powers of 12p bridge Qin (Var)
Sin (VA)
Power factor of 12p bridge PF

3592 (0.3 PU)
5655 (0.47 PU)
0.7718 lagging

Compensation mode HarmonicsandVAR-support

Current compensation gain Kp

Reactive power compensation K
gain Q

1,5
1

Figure118 Source phase voltage, source current, load current and active filter current eé ptizese HFE is
in harmonicsandVAR-support mode with Kp = 1 and KQ = 1.
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