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ABSTRACT
MODULATION AND CONTROL TECHNIQUES FOR PERFORMANCE
IMPROVEMENT OF MICRO GRID TIE INVERTERS

by

Zeljko Jankovic

The University of WisconsiMilwaukee, 2020
Under theSupervision of Professor Dr. Adel Nasiri

The concept ofnicrogrids is a new building block of smart grid that acts as a single
controllable entity which allows reliable interconnection of distributed energy resources and loads
and provideslternative way of their integration into power systBme to its specifics, microgrids
require differentcontrol strategies anddynamics ofregulation as compared to ones used in
conventionalutility grids. All types of power converters used in microggtdare commonalities
which potentially affect high frequency modes of microgrid in same maihere are numerous
unique design requirements imposed on microgrid tie inverters, which are dictated by the nature
of the microgridsystem andbring major chaénges that argeviewed andurtheranalyzedn this
work. This workintrodues performs aletailed studyn, and implementsonconventional control
and modulation technigsdeading to performance improvemeof microgrid tie inverters in

respect taforementionedathallenges
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1. Introduction and Literature &iew

1.1. Introduction to Microgrids

The MI CROGRI D a gsoupdokirftercaneedteddomds @nd distributed energy
resources (DERSs) with clearly defined electrical boundaries that acts as a single controllable entity
with respect to the grid and can connect and disconnect from the grid to enable it to opethte in bo
gid-connect ed o rbythesUnigec StatesTvepgagnsent of En€itjy

An installation is considered a microgrid if it has clearly defined electrical boundaries, if it
can be managed as a single c ont foo kapaxitylise ent |
sufficiently high to supply local critical loads while operated disconnected from the utility grid, in
what is called the islanded mode.

This makes microgrids a small, local and independent electrical power systems made
possible mostly due advancements in power electronics technologies.

Microgrid concepf2] has been introduced as a building block of the smart grid to provide
a reliable solution for interconnection of distributed generation units. Microgrid provides an
alternative congat for integration of renewable energy sources as well as other distributed energy
resources into power systef]i[8]. Distributed energy resources arery versatile [P and
comprise varios different technologies. In [10] and [1turrent practices inniegration of
distributed energy resources into microgrids including the mutual interaction problems have been
reviewed.

Main drivers behind Microgrid concept development is the need for higher reliability and

power quality 12] while study in [1B expandsby adding energy arbitrage factor to the list.



Additional objectives are reduction in transmission system losses, increased electricity availability,
improved resiliency, reduction of power system expansion cost and overall environmental impact.

A microgrid can either operate in the utility grabnnected mode or in islanded modi€][

[15].

In the utility grid-connected mode of operation, energy can be freely exchanged between
the main grid and microgrid based on the ratio betwgemerationand loading wthin the
microgrid. On the contrary, in the islanded mode of operation, overall power balance between
generation units and loads has to be satisfied in order to guarantee reliable operation of microgrid.
Islanding can be divided into intentional, whichually occurs as a planned event, and
unintentional, which can occur due to unscheduled events. Some Microgrids can only operate in
islanded mode since they do not have a point of connection to the utility grid, andriénoséed
isolated microgrids.

The hierarchical control structure for anogrids has been proposed in [16],][&¥ order
to provide standardization for microgrid operation and functionality. Hierarchical control is the
most common control structure used in microgrids due to multiple ailatle resources and tr
performance requirementsS|[18]i [20]. Hierarchical control structure for a microgrid typically
consists of primary, secondary and tertiary control lefd8§{21]-[22], as shown in Figure 1.1

These three levels differ mostly in overall speed of respandecommunication requirements.
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Figure 1.1. Hierarchical control levels: primary control, secondary control, and tertiary cq6#bl.

The primary controllers the first level in the control hierarchy, and it is responsible for
the local voltage and frequency control, ensuring a proper power sharing between multiple DG
units, islanding detection and a stable microgrid opergtidin[15], and R3]. Theprimary control
is an independent local control strategy that is based exclusively on local measurements for
reliability reasons, Primary microgrid control does not require any communication and it allows
each DG unit to operate autonomously. Taking intcoant the lack of rotating inertia in the

microgrid system, the primary controller is the fastest controllerigrogrid, usually operating in

millisecond range time periods.

Main Grid




In order to achieve overall controllability of microgrid, secondary contreltbde used.
Secondary control is there to ensure a secure, reliable and economical operation of a microgrid.
Secondary controlleconsists of significantly slower control loops as well as communication
systems capable of gathering key measurementsferetit microgrid nodes, and sending various
control comnands to each generation urli], [17]. Secondary control is capable of rectifying
voltage and frequency deviations produced by the primary control. Voltage unbalance and
harmonic compensation agjthe secondary controlleR4] are some of the other objectives.

Tertiary control is the highest level of control which is the slowest one in terms of control
loop bandwidth. It typically operates in a minute range time periods, providing signals to
seconary level controls. It is related to economic optimization algorithms basdteaidctricity
market trendsl6]. Tertiary controller typically targets microgrid long term set points depending
on the host power system. It should coordinate the operdtimulaple microgrids interacting in
the system, and provide support for the host grid in terms of voltage, frequency etc.

Furthermore, it should communicate thru the information with the distribution system
operator to ensure optimal microgrid operatioside the power utility grid. Finally, Tertiary
controller is responsible for power flow and overall power quality at the point of common coupling
(PCC) betweer microgrid and a utility grid.

The main power components in a microgrid are distributed gemeratiits, distributed
energy storage systems, various types of microgrid loads and distribution network equipment
which are connected to the host grid through a point of common coupling.

Distributed generation units can be either dispatchable odispatchable in terms of
active power control. Dispatchable units can be fully controlled in terms of active and reactive

power and typically those are diesel or natural gas generators. Guhénéand, nowlispatchable



units, cannot be externally controlled in terms of active power due to intermittency in the
generation. Therefore, they can only be controlled in terms of reactive power, which is typical
behavior for solar and wind generationits.

Energy storage system primary role is to balance the difference between the active and
reactive power generation and distribution in the microgrid due to renewable energy generation
intermittency.

Microgrid loads can be either fixed or flexible froboth active and reactive load
standpoint. Fixed loads have to be supplied all the time, while flexible loads can be either curtailed
or deferred based on the conditions.

There are several major challenges in having multiple distributed energy resoueces in
microgrid system. Due to a lack of dominant source of active energy, common control strategies
utilized in utility grid system are not plicable to microgrid systen2b]i[27]. Additionally,
Islanded mode of operation requires completely different dyoaimegulation comparing to grdd

connected mode, with significant engagemafimeactive power controp|.



1.2. Power Converters in Microgrid Applications

Power converters in a microgrid, commonly named microgrid tie invertergrianarily
used as part of either nahispachable or dispatchable distributed generation units, energy storage
systems and variable frequency motor loads. According to the primary microgrid control structure,
microgrid tie inverters can be sorted into giekding, gridsupporting, and rigd-forming power

converters 28], [29] as represented in Figuie?.

AC micro-grid AC micro-grid
bus bus
@ ) o Z 4
c ¥ c. B
. I ¢ P
E > Qh
(a) (b)
. AC micro-grid
P bus
@ »é) P
e v C,)
E—.> C; -—»@ Y, >
(c) 0
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o bus
L Cp % L
: il &
Q_> Cy —»@ E,
@ £

Figure 1.2.Si mpl i yed r e p rcennaxted pavier converterd. (a)gmadmitg, (b) gridfeeding, (c)
currentsource-based grissupporting, and (d) voltageourcebased grissupporting.[68]
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Grid-feeding power converters are controlled as current sources, with the simplified Norton
model representation of an ideal grid connected current source and high impedareacbin
parallel. Majority of the power converters in microgrid systems operate afegdihg converters,
with the primary role of injecting active and reactive power to an energized grid. The most
common examples of grid feeding converters Rxé andwind turbine systems (8 which are
controlled by a maximum power point tracking controller. Maximum power point tracking
controller sets reference active and reactive power values for P and Q, and it is not part of the basic
control structure of a grifieeding power converter. When microgrid operates in an island mode,
grid feeding converters cannot operate without the-fgriching converter, synchronous generator
units or gridsupporting power converters to set the reference voltage and frequencyfoaes
microgrid system. Ina grid tied operation mode, grid feeding converters can only impact microgrid
voltage and frequency at a higher level control by adjusting the active and reactive power
references P and Q as explaine¢Bit], [32]. The inner cotroller of grid-feeding power converters
regulates the atent injected into the gridBB]. The reference for this inner loop current controller
is set by outerdop power references P and 8[and B5]. Grid-feeding power converters can
locally controlactive and reactive power references P and Q according to a predeéixietum
power point algorithm3g], both in gridconnected and islanded microgrid condition. Secondary
control in a microgrid can set power references for grid feechngerters in order to minimize
the voltage and the frequency deviations in the power system. In island operation, the secondary
controller provides different set of power references in order to equalize generation sharing in the
microgrid. The tertiary narogrid level controller indirectly controls griéeding power converters

in order to ensure economicallyptamal operation of the system.



The gridforming converters are controlled as voltage sources, with the simplified
Thevenin model representation arf ideal grid connected ac voltage source and low impedance
connected in series. Series impedance value is crucial for power sharing capability between
multiple grid forming converters in a microgrid. A good example of a grid forming converters is
an energ storage system, which is typically disconnected in a grid tied mode. However, in
islanded microgrid mode, energy storage system forms the microgrid voltage by controlling the
voltage magnitud®andfrequency , whichwill be used as a reference foetiest of gridfeeding
power converters connected to3{7]. The external control loop of the grid forming converters
controls Voltage Magnitud® and the frequency at the point of common coupling while the
internal control loop regulates the currenpplied by the converter in the same manner gsdn
feeding power converter26|, [38]. Voltage control loop of the grifiorming power converter is
typically disabled when the microgrid operates in a grid tied mode. Secondary control in a
microgrid @n set voltage and frequency references for grid forming converters during the
transition between grid tied and islanded mode in order to ensure proper microgrid synchronization
and reonnection to the utility grid.

Grid-supporting converters are eithepresented as a simplified Thevenin model of an
ideal grid connected ac voltage source and low impedance connected in series or a simplified
Norton model of an ideal grid connected current source and high impedance connected in parallel.
A grid-supporting pwer converter is tasked to contribute to the regulation of the grid frequency
and the voltage by controlling the active and reactive power delivered to th83ridRjegulation
of either output current or voltage places grid supporting convertersvireéetgridfeeding and

a gridforming power converters in terms of functionality. While current source grid supporting



converter needs a grid forming unit to operate, voltage source version can operate in both grid
connected and island mode regardless efutesence of other units.

Current source grid supporting converter has the objective to supply the active and reactive
power to the microgrid, with online adjustments necessary to contribute to regulation of the voltage
amplitude and frequency of the nogrid. Current source grid supporting inverters are very similar
in behavior to utility Grid connected wind turbines in terms of god/@r supporting capabilities
[40]. Voltage source grid supporting converter has the objective to regulate the ampiitLithe a
frequency of the output voltage of the converter at the PCC in botfcgnidected and island
modes, with limited contribution to the overall power sharing between generation units in the
microgrid. Voltage source grid supporting converters do egtire any gricforming converter
for operation in the microgrid. A good example of the voltage source grid supporting converter
would be an uninterruptible power supply which controls the output voltage and frequency while
regulating output power sharingetween multiple units in system I§ In order to ensure
proportional power sharing between multiple generation units in a microgrid, droop control is
implemented as part of the grid supporting control algorithm. Droop control has shown to be the
most pratical algorithm forcommunication lespower sharing in a microgrif42], as it mimics
the familiar seHcorrectingelectromechanicabehavior of synchronous generators in utility power
system. The droop regulation technique regulates the exchangevefaudireactive power within
the microgrid, by increasing the injected active power when the grid frequency decreases and
increasing the delivered reactive power when the grid voltage amplitude decreases in order to keep
the microgrid voltage and frequeneymder control. The voltage and current Controllers are
designed to rect high frequency disturbancassd provide sufficient dampyfor the output LCL

fitter [43], [44]. This primary control level in grigupporting power converters establishes voltage



and frequency stability in the microgrid by ensuring proper power sharing between units. The
secondary control level sets the droop characteristic coefficients of mulipleragion units
depending on the voltage and frequency deviation in the microfreltertiary control establishes

the secondary cdrol reserve in the microgrid.

For investigation of the dynamic behavior of the microgrid system eigen value study needs
to be performed. Smadignal modeling and steagyate analysis of an autonomouisnogrid was
investigated if35],[45] T [50].

In [27] a systematic methodology for development of a seigilal dynamic model of a
microgrid under varying parameter conditiis proposed.

Similar modeling study of an inverter d& microgrid is presented i85. The smakh
signal statespace model of a microgrid was constructed and mddegnvalues) with
corresponding frequencies and damping values were identified. Hi®mebetween system
stability and system parameters was established and sensitivity analysis was conducted. The
complete set of eigenvalues of the system has shown existence of a large range of frequency
components which fall into three different clustddigh frequency modes in cluster 3 were shown
to be sensitive to the state variables of LCL low pass filter and the corresponding line currents.
Medium frequency modes in cluster 2 were dominantly affected by state variables of voltage and
current contrber, and output filter. State variables of the power controller were impacting low
frequency dominant modes in cluster 1.

Another smalksignal dynamic model of the microgrid was constructed as part of study on
the power sharing dynamics in a microgrid teys[49]. Linearized model of a microgrid system
with inverter, line and load states was given in the standard form. Complete set of modes

(eigenvalues) of the microgrid study system, indicates a wide band of dynamic modes similar as
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in [35]. Power sharig controllers and corresponding low bandwidth loop filters dominantly dictate
the lowfrequency modes. Medium frequency modes are sensitive to medium bandwidth voltage
control loops. LCL filters and the current control loops mainly affect high frequendesno
Aforementioned separation in a frequency domain is intentionally targeted as part of the overall
design of a microgrid tie inverter system. Typically starting from a given switching frequency
bandwidth of the inner current control loop is determingdL filter resonance frequency is
designed low so to avoid any switching harmonic resonance, but not very low to avoid any low
order harmonic resonance. Under practical design constraints, a typical microgrid tie inverter is
designed with a current contiobp bandwidth of about 800H2 kHz, voltage control loop-30
times slower, and power control loofp2D Hz, Therefore, the frequency separation is a salient
feature that inherently exists in a different inverter syst&ws [

Microgrids withinverters controlled by droop controllers are known to have stability issues
that have been iely covered in literaturg35],[48],[51]i1 [58]. The eigenvalue analysis confirms
that the dominant low frequency modes are mainlyatiéci by the droopontroller [13. Instability
issues are likely to happen as a consequence of poorly dampddeémency modes in the
presence of parameter changes. Multiple strategies have been reported to increase tigeoflampi
the lowfrequency modeR7],[39],[51][52]-[54], [55]-[56]. Constant power loads tend to decrease
damping in a power systefb7] since they often present type of loads connected tetwank
[58]. In both dc $9]i[61] and ac 2] microgrids constant power loads have shown to have
destabilizing effect on low frequency modes and solutions have bescussed ing3] and p4].
Basically, all the low frequency focused stability studies of microgrid systems assumes that the

system is not sensitive to the rfiéquency or higHrequency dynamics, anddfefore microgrid

11



model can be simplified to represent the inverters only by idhwe#requency dynamics as i6g]
and [p6].

To the best of aut horés knowl edge, t here
frequency modes in details as part of the ksigihal analysis of the microgrid. Primary reason for
lack of published work analyzing high frequency modes is related to the fact that from microgrid
standpoint of view, Il nverter is considered an
standpoint From the single microgrid tie inverter analysis standpoint, LCL filter parameters,
current control loop parameters and microgrid equivalent impedance mainly affect high frequency

modes.
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1.3. Microgrid Tie Inverteii Performance Challenges

As discussed above, regardless of the primary control operating mode, all three types of
converters (feeding, forming and supporting) share commonalities in terms of utilization of
common power circuit topology, modulation technique and internal currentotdmbp, thus
affecting high frequency modes of a microgrid in a same manner. However, there is a lot of unique
design requirements imposed on microgrid tie inverters, which are dictated by the nature of the
mi crogrid system. Todge,there hasdbeeh nogudblisleed work armralgzsrg k n o
impact of microgrid performance requirements on microgrid tie inverter design as a whole. Some
of the major challenges that microgrid tiewérter application brings are:

1 Nature of the microgrid induces a mssity for full rated reactive power support
capability of inverters, thus challenging conventional power structure design and
switching modulation techniques.

1 Reduced power quality of microgrid systems affects current harmonic performance
of microgrid te inverters.

1 Decoupled control over active and reactive power represents another necessary
requirement for stable microgrid operation free of power oscillations

1 From the single inverter standpoint, microgrid equivalent input impedance varies
in time basedn the microgrid evechanging operating conditions, which affects
dynamics.

i Inverter closed loop system stability and LCL filter resonance represent major

challenges for microgrid tie inverter current controller design.
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Following work provides a fulstate of the art review and detailed analysis of the listed
challenges related to the behavior of the microgrid tie inverters. In addition to that, following
nonconventional control and modulation techniques that provide performance improvements in
respecto challenges listed above are also introduced as part of the work:

1) Dynamic Discontinuous Pulse Width Modulation (DDPWM) as a primary inverter
modulation technique used for more efficientinverter operation under full power factor
range

2) Grid Voltage Feetbrward control for improved harmonic performance of inverter
under distorted microgrid voltage condition

3) Decoupled Power Control for independent active and reactive power control of the
inverter, free of mutual coupling

Work is presented in seven distimhapters, with first and last one being Introduction and
literature review and Conclusions and Future work respectively.

As part of DDPWM introduced in second chapter, simple implementation algorithm with
specific adjustments to MHpplication is proposed. Derivation of semiconductor loss expressions
along with full thermal study is performed. Complete harmonics study with major parameter
impact analysis is considered.

In third chapter, low pass filter design guidelines along withampater influence is
introduced. Impedance and circbiised analysis of the filter is performed. State space models of
various filter types is derived for both reference frames.

Chapter four considers various specifics of digital control system modeldg a

implementation. Closed loop system performance and stability is analyzed for various control

14



topologies. Universal current controller parameter selection guideline is presented. Input
impedance expression of a closed loop system is included.

Chapter fie is solely devoted to newly proposed grid voltage feedforward and decoupled
power control techniques. Derivation of controller parameters and performance of each technique

is fully evaluated.

As part of proof of concept, experimental test setup amtseare presented in chapter six.

15



REFERENCESChapter 1

[1] Department of Energy Office dlectricity Delivery and Energy Reliability. (2012).
Summary Report: 2012 DOE MicrogriVorkshop. [Online].

[2] B. Lasseter, dd Mower gegeradind]so , [ dilESE Fovab a t
Engineer. Soc. WinteMeet. , Jan. 2001, vol. 1, pp46 149.

B] G. A. Pagani a rddcenMalizatian: AgopdlogicalinvesTigatioa of d s
themediumandlowvbt age gri ds o, GidEa.R, pp. 6538518, Sep. 20hA r t

[4] T. L. Vandoorn, B. Renders, L. Degroo, Meersman, and L. VandeveldeAct i v e
load control in islanded microgrids based on the gpithged |EEE Trans. Smart Grid, vol. 2, pp.
1391 151, Mar. 2011.

[5] Q. Yang, J. A. Barri a, laatrahiccbnversion andsr e e n
control system foruniversaln d f | ex i bl e pl&BETAnsSanartaGgics vale2ndp.o |,
2311 243, Jun. 2011.

[6] B. Fahimi, A. Kwasinski, A. Daoudi, R. S. Balog, and M. Kianif) Ch a © J&EE i t
Power Energy Mag., vol. §p. 54 64, Jul./Aug.2011.

[7] M. E. Elkhatib, R. EfShatshat, and M. M A . Sal ama, fivhltage e | C OC
control for smart disti but ed net wor Krans.vEmarGrid, G2 pp. 39FBEE
Dec. 2011.

[8] The Smart Grid: An Introduction Ut States Department of Energ9ffice of
Electricity Delivery and Emgy Reliability, Washington, DC2008 [Online]. Available:
http://www.oe.energy.qgov/1165.htm

[9] S. Chowdhury, S. P. Chowdhury, and P. Crossley, Microgrids and Active Distribution
Networks. Stevenage, U.K.: IET, 2009.

[10] H. Jiayi, J. Chuanwen, and X. Rong, A review on distributed energy resources and
MicroGrid," Renew. Sustain. Energy Rev., vol. 12, no. 9, pp. 2472_2483, 2008.

[11] Y. Zoka, H. Sasaki, N. Yorino, K. Kawah
of distributed generators installed in a MicroGrid,” in Proc. IEEE Int. Conf. Electr. Utility
Deregulation, Restruct. Power Technol., vol. 2. Apr. 2004, pp. 795_799.

[12] Investigation of the Technical and Exonic Feasibility of MicreGrid Based Power
Systems, EPRI, Palo Alto, CA, USA, 2001.

[13] A. D. Paquette and D. M. DivanProviding improved power quality in microgrids:

Difficulties in competing with existing powejuality solutions,” IEEE Ind. Appl. Mag., vol. 20,
no. 5, pp. 34_43, Sep./Oct. 2014.

16


http://www.oe.energy.gov/1165.htm

[14] H. Kar i mi, H. Ni kkhajoei, a n callyhdouplesi . I rav
distributed resource unit subsequent to an islanding eM&E Trans. Power Del., vol. 23, no.
1, pp. 498501, Jan. 2008.

[A15]F. Katiraei, M. R. | r-gridautonomousoperatighdurivg. L eh
and subsequent to islandipgocesé JEEE Trans. Power Del., vol. 20, no. 1, pp. 2287, Jan.
2005.

[16] J. M. Guerrero, J. C. Vésquez, J. Matas, L. G. de Vicufia, and M. Castilla,
AHIi erar chi cal-cotraledtAC and D®nhicrogridsoAogeneral approach towards

standardizae i on 0, | EEE Tr ans. | nd .T178, Dan.c201i.0 n . vol . E
[17] J. M. Guerrero, M. Chandorkar,-I.. Lee, and P. C. Loh,
architectures fointelligent microgridé P a r t | : Decentralized and hi
Trans.
[18] Y. A.-R. | . Mohamed and A. A. Radwan, AHI er

microgrid operation and seamless modns. Smartansf er
Grid, vol. 2, no. 2, pp. 1948053, Jun. 2011.

[19 A. Mehrizi-S a n i and R. |-funatierabased conird? of & miordgtid anl
islanded and grit onnect ed modeso, | EEE Trans.i18Pl9gwer S
Nov. 2010.

[20] Advanced Architectures and Control Concepts for more Microgrids: Definition of
Ancillary Services and Sheter m Ener gy Mar ket so, Deliverabl e
Dec. 2009 [Online]. Available: http://www.microgrids.eu/documents/686.pdf

[21] F. Dorfler, J SimpsoAP o r ¢ o, and F. Bull o. (Jan. 201
Distributed control & economic optimality in microgrids.” [Online]. Available:
http://arxiv.org/abs/1401.1767

221 A. Bidram and A. Davoudi
IEEE Trans. Smart Grid, vol. 3, no. 4, pp. 1963_1976, Dec. 2012.

: A Hiseyrsatrecnhd ,c a

[R3HKar i mi, A. Yazdani, asagdendd currdiit injettionafor a n i
fast i slanding detection of a d&lecgdnrvolb23,ined r es
1, pp. 298307, Jan. 2008.

[24] M. Savaghebi, A. Jalilian, J. C. Vasqu
scheme for voltage unbalance compensation in an islanded-droopt r ol | ed mi crogr
Trans. Smart Grid, vol. 3,002, pp. 79v807, June 2012.

[29] M. Mao, C. Liuchen, and M. Dinggrdsil nt eg
withmultre ner gy generations: A reviewdd) in Proc. I

[26] F. Katiraei, R. Iravani, N. Hatziargyriou, and B.i me a s , AMIi crogrids n
IEEE Power Energy Mag., vol. 6, no. 3, ppi 68, May 2008.

17



[27] F. Katiraei and M. R. l ravani, APower
multiple distributed e ner at i on unitso, | EEE 4,Tpp.482K1831,Power
Nov. 2006.

[28] A. Engl er, AControl of inverters 1in 1isc
expandability in tutorial: Power Electronics 1

Power Electron. Spec. Conf., Aach&ermany, 2004.

[29] K. De, B. Bol sens, J. Van den Keybus,
voltage and frequency droop control met hod f o
vol. 22, no. 4, pp. 1162115, Jul. 2007.

[30]J. T.Biah si ewi c z, ARenewable energy systems
Operation and modelingo, | EEE Tn2/38sJul. 2008.d . EI e
[31] H. H. Z e-f dnoed cdrverfor fadilitating@slanding detection of inverter
based distributed generationo, | EE E673 Mar.n s . P C

20009.

[32] H. H. Zeineldin, E.F.EBEaadany, and M. M. A. Sal ama,
microg r i d operation: Control a n donfp Advt Meteting,o n 0 ,
Protection, Control, Commun., Distrib. Res., 2006, ppi 105.

33 F. Bl aabjerg, R. Teodorescu, M. Liserre
grid synchronization for distributlecttonpwlwer ge
53, no. 5, pp. 1398409, Oct. 2006.

[34] M. C. Chandorkar, D. M. Di van, and R.
inverters in standalone AC supply sysitl48mso, I

Jan/Feb. 1993.

[35 N. Pogaku, M. Prodanovi c, and T. C. Gr e
autonomous operatioof an invertelb ased mi crogri do, | EEE Trans. |
2, pp. 618625, Mar. 2007.

[36] A. K. Abdelsalam, A. M. Massoud, S. Ahmed, andNP. E n j e-perfgrmaricéi i g h
adaptive perturb and observe MPPT technique for photowtltaics ed mi crogr i ds o,
Power Electron., vol. 26, no. 4, pp. 101021, Apr. 2011.

[37] T. C. Green and M. P rbasgédamiovay i icEledi. Cont r C
Power Syst. Res. Distrib. Generation, vol. 77, no. 9, pp.iliZ43, 2007.

[38] R. Teodorescu and F. Bl aabjerg, AFIl exi |

failure detection operating in stasadbne andgriec o nnect ed mo d ewerElettrenE E Tr a |
vol. 19, no. 5, pp. 1323332, Sep. 2004.

18



B9 J. C. Vasquez, J. M. Guerrero, A. Luna,
droop control applied to voltagmurce inverters operatingingido nnect ed and i sl an
IEEE Trans.nd. Electron., vol. 56, no. 10, pp. 4G8®96, Oct. 2009.

400 N. R. Ullah, T. Thirin
wind farms complying with th
1647 1656, Nov. 2007.

, and D. Karl s

ger
e E. ON netz grid «

[41] J. M. Guerrero, J. C. Vasquez, J. Mat a:

strategy for flexible microgrid based on parallel finent er act i ve UPS syst emso
Electron., vol. 56, no. 3, pp. 72636, Mar. 209.

420 J. M. Guerrero, J. Mat as, L. G-contble Vi cu
strategy for parallel operation of distributgde ner at i on i nverterso, | EEE
53, no. 5, pp. 14611470, Oct. 2006.

[43] M. Prodanovicc fiPower Quality and Control Aspec
in Distributed Generationo, Ph. D. di ssertatic
2004.

[44] M. N . Mar wal i and A. Keyhani ,oRa@bont r ol
vot ages and current control o, | EEE 11I55@ Nov. Powe
2004.

[45] S. Tabat abaee, H. R. Kar shenas, A. Bak
characteristics and X/R ratio on smsitjnal stability ofa ut onomous microgri do,
Power Electron., Drive Syst., Technol. Conf. (PEDSTC), Feb. 2011, pp2223

[46] F. Katiraei, M. R. -bigna dymamic model ofé miero  W. L
grid including conventional and electronically inee€ ed di stri buted resour
Transmiss., Distribut., vol. 1, no. 3, pp. 3898, May 2007.

[47] Y. Zhang, Z . J i gsignal modelimydand Xanalysi¢ of, pargleb ma | |
connected voltage source i nlearontMpotios GontroliCanf,Pr o c .
May 2009, pp. 37i7383.

48 E. A. A. Coel ho, P. C. -sighalstability forparaleh d P . |
connected invertersinstasadl one AC supply systemso, | EEE Tr a
533 542,Mar./Apr. 2002.

[49]Y.A.-R.l.Mohamed andE.F.-5aadany, AnAdaptive decentr
to preserve power sharing stability of parall
IEEE Trans. Power Electron., vol. 23, no. 6, p@@&@&816, Nov. 2008.

[50] M. A. Hassan and M. A. Abi do, AOpt i mal
gndconnected modes using particle swarm opt i mi
no. 3,

19



[51] E. Barklund, N. Pogaku, M. Prodanovic, C. ArtAur o, and T. Greer
management in autonomous microgrid using stakility n st r ai ned droop cont
IEEE Trans. Power Electron., vol. 23, no. 5, pp. 22852, Sep. 2008.

[52] M. Del ghavi and A. Y a z d a nsatjon forsstabilitg d apt i
enhancement in droegontrolled inverteb ased mi crogri dso, | EEE Tr ans
3, pp. 17641773, Jul. 2011.

[53] K. De Brabandere, B. Bolsens, J. Vamd&eybus, A. Woyte, J. Drieseand R.
Bel mans, A A equentytdeagp eonteoinntethdd fparallel inverters JEEE Trans.
Power Eleaton., vol. 22, no. 4, pp. 1107115, Jul. 2007.

[54] J. Guerrero, N. Berbel, J. Matas, L.deViaun and J. Mi roertrogl A De c ¢
for parallel operation of idtributed gepration invertersn microgrids using resistive output
impedanceo, Pr o c . |EEE2nd Elechronn Nov. 2006 ppf 514354.

[55] J. Kim, J. Guerrero, P. Rodriguez,R Teodor es cu, alaptive&roop Na m,
control with virtual outputmpedances for an inverter basiekible ac microgridd JEEE Trans.
Power Electron., vol. 26, n8, pp. 689 701, Mar. 2011.

[56] M. Hu a, H. Hu, Y. ultikyencontrol fmnderterin pa@lele r r er o
operation without intercomu n i ¢ g {EEBTmassd PoweElectron., vol. 27, no. 8, pp. 36561
3663, Aug. 2012.

[57] M. Kent,W. Schmus, F. McCrackin,an L. Wheel er, ofgdsia mi ¢ mc
stability studieé |EEE Trans. Power App. Syst., volAB-88,no. 5, pp. 756763, May 1969.

[58] E . Kyriaki des an dingRfdanping fér poiven systestaliiliio d e |
analysi® Electr. Power Comporsyst., vol. 32, no. 8, pp. 82837, Aug. 2004.

[59 A. Kwasinski and C. O m and sthbéiZatioreof, dc A Dy n a1
microgrids with hstantaneous cetantp o we r | o a d s ®owerlEEdEdD., VDI 26,nns. .
3, pp- 822834, Mar. 2011.

[60] M. Cespedes, L. X i-povger loac system Jstabiliz&ticoy | ACor
passive dampirg |EEE Trans. Bwer Electron., vol. 26, no. pp.1832 1836, Jul. 2011.

[61] D. Marx, P. Magne, B. NahiflobarakehS. Pierfederici, and B. Davdi,L ar ge sSi gne
stability analysis tools idlc power systems with constgmawer loads and variable power Izad
A reviewo, | EHeEroi, va. 87h0. 4, ppolwL787, Apr. 2012.

620 D. Ariyasinghe dabidyamalysisfimicedridegttaconstanb , 0 S
power loadé in Proc. IEEE Int. Conf. SustaiBnergyTechnol., Nov., pp. 271284.

[63] A. Emadi, A. Khaligh, C. Rivetta, an@. Will i a ms o n, i Cloausand n t p o
negative impedance instability automotive systems: Definitiomodeling, stability, and control
of power electronic converters amibtor drive® |EEE Trans. Veh. Technolvol. 55, no. 4, pp.
1112 1125,Jul. 2006.

20



[64] A. Rahi mi and nping irdudcdpower efedrantonveriers: é a
novel method to overcomée problems of constant powead® |EEE Trans. Ind. Electron., vol
56, no. 5, pp. 1428439, May2009.

[65] M. Marwali, J-W. Jung, andA. Ke yihohload shariig®ntralboi | i t vy
distributed generation systems | EEE Tr an s .vol. R2) eor  pp. 787015 $epr s .
2007.

[66] S. lyer, M. Belur, and M. Chandorka, AA gener al inetad toc o mpu't
determine stability of a muinverter m cr o g r i d 0 ,PowerEEEdEonT vola2b,sno. 9, pp.
2420 2432, Sep. 2010.

[67]C.A.Canizaresea | , A Tr ermd s di nc omitcrrool , 06 | EEE Tr an:¢
no. 4, pp. 1904919, Jul. 2014

[68J. Rocabert, A. Luna, F. Blaabjerg, and
ac microgrids, o0 | EEE Transactions i4749,201@wer E|I

21



2. MTI Modulation Technique

2.1. Dynamic Discontinuous PWM

Energy efficiency is of greatest importance for power electronics systems. As part of same
directive, reduction of switching losses of three phase voltage source irstgrs of primary
importance. Inorder to clarify diffent switching loss reduction possibilities, simplifig&l open

loop contrd block diagram shown in Figure 2\ill be considered.

Ve 3O— SWa Vy || | '
Vp* +“5l() | | SWh b /\_J

A SWc C —l_
+i
PWM

Filter Microgrid

<<

Vem Inverter

Figure 2.1. VSI i Simplified Open Loop Control Blocbiagram

As demonstrated thru derivation &2.38.), (2.39.) and @.40) addition of zero sequence
voltage alternately called common mode voltage to each of the fundamental output phase
voltage signals does not affect the phase to phase voltages on the output of the inverter. Therefore,
by variation of® , modulation strategies can be classified into two categories, which are
continuous(CPWM) [1-3] and discontinuous (DPWM%-7]. In CPWM strategies, normalized
modulating signal is never clamped to its maximum valugsof 1), while operating in linear
range. On the other hand, for DPWM strategies, modulating signals are intentionally clamped for

duration ofone third of the fundamental perig¢@i20J . During periods of intentional clamping,

switching action is skipped in that phase, thus effectively leading to reduction in switching

22



frequency. Based on position of the clamping action within fundégaheeriod, numerous DPWM
strategies exist. The four DPWM strategies of primary interest for this work are DABIMO
DPWML1 [5], DPWM2 [6] and DPWM3[7], with clamping period positioned such that it is
optimized for different power facto(PF) operation of the inverter. Therefore, different
combinations of DPWM strategies called generalized DPWM (GDPWM) have been proposed in
literature to minimize the switching losses of inverter atedént power factor operation [8]][9
However, the major hwback of GDPWM is the requirement for computation of the phase angle
difference between voltage and current in each of the phases, which madgshallenging for
practical implementation. In der to addressthat drawback,[b@s presented a newrett digital
implementation of GDPWM called DDEDPWM. DDT-GDPWM does not require knowledge
of the power factor angle, but only instantaneous values of phase currents. While usage of current
measurements may be a solution for certain applications,-GDPWM is particularly sensitive
to high harmonic content and dynamic transient behavior. That requires further computational
processing and manipulation of sensing signals for applications that are particularly sensitive.
Also. DDT-GDPWM is not implementabléor applications that do not provide direct current
measurements.

This work presents a new technique of implementing GDPWM called Dynamic DPWM
(DDPWM). DDPWM automatically implements optimal DPWM strategy by means of minimal
switching losses withoybowerfactorangle calculation ortilization of current measurements.

Flowchart of a proposed algonthfor DDPWM is shown in Figure 2.2
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Figure 2.2. Flowchart of the DDPWM algorithm

\ 4
A

Algorithm uses thee phase current and voltage reference signals at the inverter output. The

algorithm is performedluring each sampling period. Firstly, the determination of the maximum

and minimum voltage reference signalsvbetn phases is madeas andw . Then, the
current reference signals of corresponding phases is assigri®d aand O . After that the
absolute values 0D andO values are compared, and the zero sequence si@nals

determined based on the clamped voltage value andw /w values.
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In order to illustrate the functionality of DDPWM, it is first simulated at full range of phase

angle differencebetween reference voltage andreat. The voltage reference vector is fixed,

while current reference vector varies f@r ‘OOEJ 0 —, whereO is the magnitude of

the output current] is the fundamental frequency and phase anglearies between

&

p U pJY 11 Simulation results for all three phases are showFigare 2.3

00 deg 0deg 160 deg

Figure 2.3. Simulation of DDPWM algorithm for range of phase angle valli@&< d °<1 80

The changes of the phase angle induce changes of the location of thedclaoitage

location in respect to input reference voltage. The proposed modulation basically follows the

maximum current, such that it minimizes switching losses. DDPWM generates following twelve

patterns based on the values of phase anrgle
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Phase A g | \éalual | Pattern Description
-180°< —<-150 Linear Sliding Transition from DPWM1 to DPWM2
-150k —<-120° Constant DPWM2
-120 —<-90J Linear Sliding Transition from DPWM2 to DPWM3
-90k —<-60J Linear Sliding Transition frodPWM3 to DPWMO
-60k —<-30J Constant DPWMO
-30k —<0J Linear Sliding Transition from DPWMO to DPWM1
0k —<30J Linear Sliding Transition from DPWM1 to DPWM2
30k —<60J Constant DPWM2
60X —<9QJ Linear Sliding Transition from DPWMZOBWM3
90k —<120QJ Linear Sliding Transition from DPWM3 to DPWMO
120k —<15Q) Constant DPWMO
150k —<18Q Linear Sliding Transition from DPWMO0 to DPWM1

Table 2.1: DDPWM Patterns based on the values of phase argle

Therefore, it can be concluded that DDPWM represents a combination of four distinct
DPWM method¢DPWMO, DPWM1, DPWM2, DPWM3) along with the linear sliding transition
between mentioned ones.

As already described, DDPWM avoids usage of measurement dignaizing inverter
current reference values as part of the algorithm. Howevegses like MTI shown in Fig. 2.4
where higher order filters are used as interconnection between inverter and grid, grid current
referencéQ is the only reference vaduavailable.

I ,.

Vdc/2

ap————=O— =<5

N b _=9— Filter ='"$

vacs € ==9*-'— =Q
s e A B R

LLI ia; ib;-r;aiTL ia; sz'iiéilj'

Controller -

Figure 2.4. MTI Generalized Topology
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Therefore, a new referené@needsto be created in order to implement DDPWM algorithm
properly. Inverter side current refereri@ean be derived by using a set of state space equations

for LCL filter in synchronous reference frapwhich is further explained in chapter 3.3.3

0 Y, 'Yz Yz Moo O

—, P__n 10 0 =2 — c§8
Qo Up Up Up Up

00 Y, Y Y Gon O

— 1 2% o 2 = &8
Q0 Up Up Up Up

Q  p. P,

o 82 g 1w c@8

Qv p p

- 0 -0

Qo0 O o} 1w 88

At steady state condition, all the derivative terms can be ignarediQ and "Q can be
treated as reference valu& and Q. Also, inverter input voltagéD is to become voltage

referencew’, used as an input to DDPWM algorithm. After some mathematical maniputation

equationg2.1.)-(24.), the final expression for current refereri@dor d andq axis becomes:
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"Q and"Q values can be easily transformed back to statioalacyrame reference value€) , "Q andQ and used as inputs to

DDPWM algorithm.



2.2. Switching Losses

For the calculation of the switching losses for DDPWM, a linear deperddnihe
switching energy loss on tlcarrent amplitude is assumed [1The average switching power loss

value for a generic device is defined over a fundamental period as:

C

c% 0 —Q— ¢&8

Whered — represents switching power loss funatielated to a position of the switching
pulse interval. It is important to point out that in two level voltage source inverter applications,
single switch in a leg conducts only during half fundamental period. Therefore, in cases where tum
on and turn dfenergy losses per commutation are provided, the average switctergy loss per

switch becomes:

0 P °© o ‘Q & '0A1100Q06 P ° 9 Q ® 00
Yoow ‘O ! “w O ca88
WhereO andO represent a turn on and turn off energy loss per commutation for
specified dc bus voltage and currentO .w andO represents inverter dc bus voltage

and output current magnitud®) represents carrier frequency and coefficient represents a

switching loss factor. FQEPWM strategies, value a§ is equal to 1. FODPWM techniques,

that factor varies based on the particular techniqgue used and on the resulting power factor.

DDPWM represents a unique eabecause stnonrswitching intervals adapt with current peaks.
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For unity power factor operation DAV applies DPWM1 asqr Figure2.5., for which switching

loss factor for a single switch can be calculated as:

0 %f‘* Ai100Q0 &1 0060 m 88
o - o

0.034 0,036 0038 0.04 0.042 0.084 0.048 0.048

Figure 2.5. Duty cycle and current of a single switch RDPWM at PF=1

For pure reactive power operation at power factor ZB@PWM uses DPWM3 as per

Figure2.6., for which switching loss factor for a single switch can be calculated as:

. p ~oe 2, T g, aye v . o (B o Ma
0 %”’ A1106Q0 WéN 0Q0  wE] 0QF —— B
O

o]
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Figure 2.6. Duty cycle and current of a single switch for DDPWM at PF=0

In orderto completely evaluate switching loss performance of BMMP, switching loss

factorcomparison with CPWNMor a full rangeof phase anglealues is presented in Figuzer.

110
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©
o

SWITCHING LOSS FACOR [%)]
g 3

~N @
o O

40
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ANGLE |
—— DDPWM —— CPWM

Figure 2.7. Switching Loss factdor CPWM and DDPWM as a function of phase angle
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Based on Figur@.7., it is clear that DDPWM as compared@®WM strategies provides
significant switching loss reduction throughout the full rangptafse angle-values Also,0 "O

TLoperation represents the worst case scenario for DDPWM from the switching loss standpoint

Switching losses have been presented for generic switching device based on the turn on

and turn off energf© andO , which will work for hard switched devices like transistors and

mosfets. On the other hand, freewheeling diode, which is glacgiparallel with switches,
produces losses once every carrier cycle due to reverse recovery phenomena. Therefore, for a
given reverse recovery energy loss per commutaflonthe average switching energy loss per

diode becomes:

P 0 Q& OAI10606 PO 0 G Ot
Y & O 1 "o 0 L BB

C

In order to evaluate the derived formulas for switching losses of transistors and diodes,
MTI system with previously defied parameters has been simulated. System has been simulated
at unity power factor condition and rated output power. Turn on/off and reverse recovery energy

losses have been extracted from the datasheet of the comparative IGBT m@&@lule g5 w @

0O ¢ @dtvand O p T @O Figure 2.8 shows the resulting switching loss of a single

transistor and diode within inverter phase leg.
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Figure 2.8. Transistor and Diode Switching Loss within single Inverter Phase leg

As discussed previously, DDPWM clamps inverter output voltage such that, depending on
the current peak position, it always guarantees minimal switching losses.sBitadeng losses
are proportional to the value of the output current, it is clear from F8tdat for unity power
factor operation clamping occurs around the peak current, thus leading to reduced losses. The
average switching loss for transistor anoldti can be calculated using previously derived formulas

as 657.75W and 279.4W, respectively.
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2.3. Conduction Losses

For the calculation of the conduction losses for DDPWM, a relative conduction period of

the transistoand diode in each bridge leg is defineithin a pulse half period as:

C

. P T U

Q - —I| Al DO « CP 8
Cp o ®

. p C . ~uv .

Q - —I1 Al 100 «a S
Cp e Q)

Whered is a modulation inderefined laterinZ.21.) anda represents a zero sequence
modulation function. Zero sequence modulation fundlioris a characteristic of a modulator and
is unique for different power factor operation as well as different modulation iadealues.
Forward voltage drop characteristof switches and diodes is represented as a combination of

constant voltage drognd resistive voltage drop as:
wp ®w Y O ¢®8

Where © "OAT D0 — is the device current during positive half period of

conduction. Same asgith switching loss evaluation, transistor in one leg and diode in opposite leg
of the same phase will conduct during one half period, based on the phase palarity, as per

figure 2.9.
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Figure 2.9. Conduction Path fortransistor and diode in a single phase for positive current orientation

The average conduction power loss value for a generic device isdlefieea fundamental
period as:

5w "o,,BY QHEi0 —Q0 'Y "o,,EY aoé il 0 —Q0 cd B

The average conduction loss formula presented above is unique for all continuous and
discontinuous PWM techniques, but will produce different results asddferent zero sequence

modulation functiortt , and different power factor angle

Since DDPWM adapts to the position of the phase current, it basically represents a
combination of different DPWM techniques at different power factor angles. Therdfisrrather
complicated to provide a final conductionloss solution that covers full range of power factorangles
for DDPWM. In order to quantify the conduction losses, a solution will be provided for conditions

where the transistor/ diode losses &etighest. For transistors, maximum conduction losses with

DDPWM were found tooccur at 11 leading to unity power factor operation with active power
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flow direction into the grid. For diodes, maximum conduction losses occu+ ap | Ttralso
leading taunity power factor operation, but with the opposite active power flow direction towards
inverter. In both cases, unity power factor operation leads to DPWML1 operation, for which zero

sequence modulation function becoms:

Integration Angley 0

13 1 c ] . ] ] . 13
— — - — p —=adwéli o —
S _Q ile) o
- = - = D G @ET o
P P Vo

- e - = o Sadaio -
Q q Vo o

Based on zero sequence modulation funcegpression, the average conduction loss

Table 22.: & as function of integration angle

formula for singé transistor and diode becomes:

., O Op ca.. . .. ... Wo.. .
Mot T

, © O a .. no .. . .

0 ? é—A l© Y 04—AI-OcdpR
Not T

The maximum average conduction loss for transistors and diodes oaturs ptand—
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In order to evaluate the derived conduction loss formula, MTI system with previously
defined parameters has been simulated. Forward voltage characteristic parameters for transistor
and diode have been extracted from the datasheet of the comparative |@BIE rasw

@ w, Y ™ am and w mQw, Y m& @ m Figure 210 shows the resulting

conduction loss of a single transistor and diode at unity power factor operation, with active power

injection atm=1.

N\

2500 [— —

Figure 2.10. Transistor and Diode Conduction Loss within single Inverter Phase leg

As opposed to switching losses that are not present during clamping period for both diode
and IGBT, conduction losses are always present foeredghthe wo devices. Figure.20shows
full conduction of transistor during clamping period, which is a consequence of power flow
direction towards the grid. If the power factor flow direction was to change, full conduction of the
diode would occur during same clpimg period. The average conduction loss for transistor and

diode can be calculated using previously derived formulas as 1305.4W and 37W, respectively.

37



In order to evaluate the conduction losses at other operating conditions, MTI system has
been simulatedor a full range of power factor angles as well as full range of modulation index

values. Transistor and diode conduntiosses are shown in Figurd41 and2.12 respectively.
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Figure 2.11. Transistor Conduction Losses famge of—andd values
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Figure 2.12. Diode Conduction Losses for range—andd values
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Results from figures show that higher modulation index values produce higher conduction
losses of transistor for active power flow towards the grid, and lower losses for active power flow
condition towards the inverter. Opposite is true for diodes. Alsoribticeable that conduction

losses are independent of modulation index value, for pure reactive power operation.
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2.4. Thermal Modeling and Calculation

Losses in a semiconductor devices used for microgrid tie inverter application consists of
conduction and switching losses. Each one of those has been covered in details in previous
sections. Total energy lost exits the semiconductor as heat, which i$ almiosly dissipated thru
conduction mechanism. The most precise thermal modeling method for thermal calculations is
based on the finite element analysis. However, FEA is most often impractical to use due lack of
design parameters exclusively known to memductor manufacturer. Therefore, in order to
perform successful study for optimized thermal design, partial fraction thermal layer model for
one dimensional heat flow (also called Foster model) is typically used. In order to perform thermal
calculationsusing Foster model, it is important to know some important thermal parameters, such
as thermal resistances and thermal capacitances, which are dependent on the semiconductor
material parameters and dimensions, but are readily available thru manufaetasregts. An
example of the Foster thermal model for half H bridge module consisting of two transistors and
antiparalleldiodes is presented in Figu?el3. P, R, C and T represent power dissipation, thermal

resistance, capacitance, and temperature fisaah segment respectively.
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Figure 2.13. Example of Foster thermalmodel of half H bridge module

Each transistor and diode in a module contains multiple parallel chips with same
functionality, which are electrically isolated from the cooling surface called case. Electrical
isolation is typically achieved via usage of substrates, which are thermajlyceaductive.
Subscriptj-c represents equivalent thermal impedance in between individual switch junction and
module case temperature. Despite the fact that there is only one case per module, each switch
contains individual case temperature point, re@ldcthru individual case to heatsink thermal
impedances showin Figure 2.13 with subscriptc-s. The reason for this is that only partial
temperature coupling between switches exists, thus leading to uneven case temperature
distribution across the case saagé. The amount of thermal coupling between individual switches

is reflected thru common thermal impedance between case and heatsink, using addedMubscript
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Finally, at the very end of the model is the thermal impedance between heatsink and ambient,
marked with subscrips-a. Thermal impedance between heatsink and ambient is independent of
the module and is solely dependent onthe heatsink design. The ddbigheatsink is dependent
on many application parameters, such as number of devices being cooled, ambient temperature,
cooling medium selection, flow rates etc., and will not be further investigated as part of this work.
For the purpose of thermal calatibns, both thermal resistance and capacitance play a role in
establishing a thermal impedance value, which is typically defined thru a thermal transient
impedance value as:

Y YO

woﬁ—c&iﬂ

WhereP andT represent power dissipation and siatiry temperature. Transient thermal
impedance provides a dynamic thermal response of a system under step change in the power
dissipation, and is important for thermal performance in applications with dynamic load changes
and transient conditiongloweverfor MTI, which is not considered a dynamic load application,
steady state thermal performance is of primary interest. Consequently, thermal capacitances can
be neglected, and knowledge of thermal resistances becomes sufficient for thermal calculations.

In order to completely evaluate thermal performance of DDPWM, simulation model with
previously defined parameters has been used. Total average power losses per transistor and diode

for a full range of phase anglalues is presented in Figu?el4 and2.15 respectively.
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Figure 2.14. Transistor TotalLosses for rangé—anda values
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Figure 2.15. Diode Total Losses forrangd —andd values

Similar to conduction losses, total average power losses per individual switch reach
maximum value at unity power factor operation and modulation imdek. Transistor peak
average losses occur at active power flow directed towards grid, while diod@psa& dccur at

opposite power flow towards inverter. Peak power losses of individual switches are important for
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maximum junction temperature estimation due to temperature rise over resisténcasl
individual 'Y . On the other hand, commammermal resistanc¥ and’Y do not form

temperature rise based on the power losses of individual switches, but based on the summarized
losses of all the switches inside the module, and all the modules mounted onto the heatsink. For
the exemplarycaseof the Half H Bridgemodule with thermal model shown in Figu2el3
temperature rise across the common thermal resistances is dictated by the total power loss of pair
of transistors and diodes. Total average power loss per module for a full rgritgssefangle and
modulation index values is ggented in Figur@.16
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Figure 2.16. Module Total Losses for rangd —andd values

Module power losses show a drastically different power loss distribution as opposed to
individual switches. Firstly, module level power losses show very low dependence on the
modulation index value across all the phase angle values. Secondly, peak power losses occur
around PF=0 condition, depending on the actual module parameters. That basszally that
reactive power operating condition of MTI dictates the maximum power loss condition for power

modules operating under DDPWM. The reason for such kind of distribution lies in the fact that at
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PF=0 condition switching losses are maximized and gonoin losses show solid values for both
transistor and diode. Finally, with the actual distribution of power losses per switch as well as on
the module level, it is possible to calculate the junction temperatures of individual switches. In
order to obtainsteady state transistor and diode temperature rise over ambient, all thermal
resistance parameter values from FigRrE3 are required. For the exemplary case, parameters

have been extracted based on the state of the art design as follows:

ThermalResistance Value

p ®UTQw
8 VTQw

C®OTQ®
X& UTQW
PLTQ®
p OTQ®

Table 2.3.: Thermal Resistance Values

<|<|<|<|<|<

Based on thermal resistances amtlvidual and total power loss distribution per module,

transistor and diode junction temperature riseroambient is shown if Figur2.17 and 218

respectively.
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Figure 2.17. Transistor Junction Temperature Rise for raofie-andd values
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Figure 2.18. Diode Junction Temperature Rise for ramge-andda values

Figure2.17 shows that the highest junction temperature rise for transistor occurs at unity
power factor operation and maximum modulation index, which is in accordance with individual
transistor loss distribution shown kigure 16 However, the temperature rise dilstition remains
high as the angles value is moving towards reactive power operation, which is a consequence of
the highest total module loss distribution arouna 1t dperation. Therefore, for design cases
where common thermal resistanCés and’Y have relatively high values in respectYo and
Y , and where switching losses are increased, transistor temperature rise may occur around
reactive power support cditions of MTI. As per Figure .28, that is exactly the case with diode,
where the maximum junction temperature rise occurs at power factor values close to zero. Itis also
important to point out that in this particular case, maximum junction temperature rise occurs with
transistors, as q@wse to diodes. However, that is very much dependent on the given set of
parameter values, which in certain design cases can result in higher junction temperature rise in

diodes.
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2.5. Harmonics Performance of PWM Modulator

2.5.1. Linear Region Operation of PWModulator

Due to the reactive power support and operation under soft line impedance requirements,
MTI needs to operate at higher dc voltage levels than standard active front end rectifier
(3.5) and @.6). Higher DC bus requirements dictate l@gwitching losses of the power module
along with the higher filter inductor and DC bus capacitor losses under certain operating
conditions. In order to keep thermal stress on power structure components down, it is desired to
operate with a minimal dlink voltage level that will allow operation at required power levels. Dc
link voltage levels are limited by operation of the MTI within the linear region of the modulator
which depends on the voltage utilization level of the inverter definednthdulation index .
For simplification purposes, modulation index presented in this work is defined differently than
what can be found in common literature, where six pulse inverter waveforms are used as a
reference[12]. Modulation indexd is defined inthis work asthe ratio of the magnitude of

fundamental component of the linelitee inverter output voltagey togiven DC bus voltagey :

a -—
o 8B
Linear region limit for triangle carrier based family of PWM techniques, is é@fas the
point where magnitude of the modulation signal becomes greater than the carrier peak value.
Passing the linear region results in a nonlinear relation between modulation signal and actual

output voltage. For SineTriangle PWM modulation, lineaange ends at 1@ ¢ uFor third

harmonic injection PWM, linear region limit occursré X . por Space vector modulation and all
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the discontinuous PWM modulation techniques, linear range is extended to, based o1f2],
[13].

G  prepresents a theoretically limit for the liner region of the modulator, but it may be
practically reduced as a consequence of dead time and minimum pulse width time implemented as
part of the PWM technique, as well as due to rise and fall time and valilayps across
semiconductor switches, as mEuations Z.50) and £.51.). From (2.50) and @.51.) it can be
concluded that DPWM methods have superior voltage linearity characteristics for applications that
operate at or around "O p. However, voltageitearity limitation is defined undey 'O Tt
condition when inverter is supplying reactive power, since that requires highest modulation index
m value. This operating condition is shownfigure 2.66 and it results in the actual voltage
fundamental increase on the output, thus effectively extending the linear region.

For MTI utilizihng DPWM or SWPWM modulation technique, minimum theoretical DC bus
voltagew level required for operation whin linear region of the modulator needs to be kept
below the level of magnitude of output AC lindne voltage.

&) » Ncho (2.22)

W represents the highest DC bus voltage output of a 3 phase full bridge rectifier at no
load condition.

For Example, if the phase to neutral inverter output voltage “Yalue is 220V, the
following numbers are calculated:

0 00 0 ¢ cawmcho v ol (2.23)

&) YO 00 @ ¢an (2.24)
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2.5.2. Low Order Harmonics o0PWM Modulator

Power converters convert electrical energy from one parametric level to another by
switching two state semiconductioased electronic switches in a predefined manner. This
switching process called modulation has an aim to optimize opewdtitre converter based on
target criteria.ConsideredMicrogrid Tie Inverter uses three phase two leV&l in order to
produce target output voltage for given operating point. It uses pulse width modulation (PWM) for
controlling the AC output, which vasehe duty cycle of the converter at high frequency to achieve
a target average loWwequency output voltage. Unfortunately, output voltage control is
accompanied by undesirable harmonics that come as a result of switching process. Various
modulation techigiues create trains of switched pulses that have the same fundamergatoat
average, but they also contain unwanted harmonic components. Harmonic analysis is necessary in
order to quantify the amount of undesirable harmonics created during modptatiess. A useful
and well established method for comparing effectiveness of modulation process is by comparing
the distortion of output voltage in terms of unwanted harmonic components in respect to ideal sine
waveform. Given the output voltage of anémerd 0 as a periodic function with period T, the

root-meansquare (RMS) value of the function is:
W - 0O QO R B
U O can be represented by the Fourier series since it is a periodic function:

DO w wATI00 WATO® 0 WAI® 06 E & @

By combining 2.25) and @.26.) with some rearrangement and manipulation, leads to the

definition of the total harmonic distortion (THD) of the output voltage:
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For low order harmonic study it is useful to analyze performance of only a certain set of
harmonics, as oppose to a full spectrum. Also, in order to provide fair comparison across full
modulation range, it useful to alwayse rated fundamental voltage as a reference. Normalized
selective total harmonic distortion (NSTHD) is a measure that considerseljoifementsand is

definedfor first “tharmonics as:

0 Y'YOm

(Q )

In a voltage source inverter system, output voltage is always a controlled variable.
However, output current is typically of more interest for the application due to its relation to the
output power control. Total harmonic distorti@D) of the output current is defined in a senil

fashion to output voltage as

oo O o!
YOO e
3 .

Since the current waveform is dependent on the load impedance it is hard to characterize

it in advarce. In many applications load can be approximated by an inductance, which leads to a

weighted total harmonic distortion (WTHD) definition:

®wYO0O —— ¢ 8
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WTHD basically represents a normalized value of the THD of the output current based on
the load inductance, and is a very elegant way of making a quantifiable connection between voltage
and current harmonics in an application. However, WTHD cannot berus4t analysis due to
the fact that the inverter is connected to the microgrid thru a third order LCL low pass filter which
does not have a linear impedance characteristic throughout the frequency range. Also, due to a
resonant impedance characteristiquigalent impedance values become very low around
resonance frequencies, thus creating an even more complex impedance characteristic.

In order to evaluate THD for a certain type of PWdktermination of the harmonic
frequency components of a PWM switch@thse leg output is necessary. Analytical solution that
is most often used in literature for identifying harmonic component in PWM was first developed
in [14] based on previous work in§land [16]. The analysis process assumes the existence of
twotime variable® 6 andY 0 representing high frequency carrier waveform and low frequency
reference signal waveform

0600 1 0 ” andYO 1 0 7

where

<"

ORI 1ROD6 WONA 6 QE OW
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~
Q
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From Fourier transforntheory [17], any time-varying function can be expressed as a

summation of harmonic components.ofilated voltage waveforf®o , which is double time
variable controlld waveform, can be expressed as:
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Where each of additive terms represBr@ Offset Fundamental Components and
Baseband Harmonics, Carrier Harmonics and Sideband Harmonics respentiegisesers the
carrier index variable angrepreserg the baseband index variabléerefore, he h-th harmonic

component is defineds™Q n— 1.

Valuesp andq define theg-th sideband harmonic in the group of harmonics that are located
around thep-th carrier harmonic. Special group of harmonics called baseband harmonics occur for
n 1, where the harmonic frequencies are definegddgne. Another special group called carrier
harmonics occur fory 1, where the harmonic frequencies are definedpbglone. The
magnitudes of the harmonic components are representéd tand thed coefficients, which
must be calculated for each set of valuep ahdq for each PWM schemender consideration.

Equations

6 o W AT DO 06 & 8
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Represent a general Fourier integral that has to be adapted for particular PWM pattern and
solved in order to determirie  and6 values.

Ingeneral, if and are notan integer ratio, the resulting switched pulse train waveform
will not be periodic within single fundamental period cycle, but it will be over a certain number of
periodic cycles of the fundamental reference waveform.

Determination of the harmonic frequency components of a PWM switched output
waveform using double Fourier kgral Analysis is quite complex and time demanding task. A
derivation process fasy and6 for basicPWM techniques is present&d[18], from which a
general analytical solutiocan be derived for particular DPWM of interest. Later in this chiapte
is shown that DDPWMat- 11 Jepresents the worst case modulation from harmonics magnitude

perspective, so a general analytical solution is derived using same principles from [18] as:
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WhereU ait is Bessel function®f the first kindwith ordery and argumentx. Due to
obvious complexity and lack of intuitiveness in usage of general analytical solution for harmonic
coefficiento n),rjt will not befurtherconsidered in this work

Alternative method for determining harmonic values of a PWM switched waveform is
using a Fast Fourier Transform analysis of a simulated-tangng switched waveform. FFT is
an algorithm developed for computing discrete Fourier transformation on dsigredés by using
factorization into sparsmatrices 19][20]. UsingFFT over classical Fourier Transformation offers
the benefits of expediency and reduced mathematical effort. Fast Fourier Transform (FFT) method
IS very sensitive to periodicity of the ae#d waveform and the resolution step time of the

simulation program. Therefore, harmonic investigations of various PWM strategies using FFT
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analysis are only effective for integer carrier to fundamental ratios, particularly in cases where the
small magnitide baseband and sideband harmonics are the primary[I8tuU3ue to the fact that
harmonic distortion limits defined in IEEE19-2014 standard define harmonic limits in the
current waveform at PCC up to 50th harmonic only, the primary focus of the fasr&tudy

would be on the first 50 harmonics. Another good reason is that these low order hafgBd)jcs
potentially all fall within the current controller frequency bandwidth as well as filter resonance
frequency range, thus being very important to gjfyafor performance reasons.

As described previously, PWM is achieved by switching at the intersection of a reference
signal waveform and high frequency carrier by comparing affeguency target reference
waveform against a higliequency carrier waform. Two major carrier waveform signal types
used are the sawtooth and triangle, with modulation termed trailing edge and double edge,
respectively. Double edge modulation has shown to have an intrinsic advantage over trailing edge
modulation by eliminabhg odd harmonic sideband components around odd multiples of the carrier
fundamental, and even harmonic sideband components around even multiples of the carrier
fundamental [8]. Since MTI is to be implemented with minimal unwanted harmonic impact,
doubleedgemodulation will be considered.

Itis important to point out that, even though possible -integer frequency ratios between
carrier and fundamental are highly undesirable to use because they introduce subharmonics below
the fundamental frequency. Amarmonics that exist in the subharmonic region of-inbeger
ratio modulators represent low order carrier sideband components, that may, depending on the roll
off characteristic of sideband harmonics of certain modulator type, represent a highly unwanted

component.
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In general, three phase PWM modulator for VSI uses naturally or regular sampled PWM
process applied to a thrpdase VSI, with the three sinusoidal references displaced in time by 120

with addition of common mode voltage wavefosm .

., WG 4 ‘
)] — — I Al Do C® v
C Vo
VR —il'AI O o c: W o @
¢ Vo o
0 © CiAIDoc“ ) o B
¢ Vo

where & representanodulation index and the reference waveforms are defined with

respect to the DC bus mpbint. The fundamental target thrphaseline-line output voltages are

given by the differences between the phase leg voltages

o* 0 0 AaAT OO — &P
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Common mode components added to the fundamental voltages reduce the peak size of
envelope of each phase voltage, but they do not affect the line to line fundamental output voltage,

since the common mode voltages cancel between the phase legs.

Most basic lhree phase modulation called SPWM does not use common mode waveform,
but only fundamental references. Lack of common mode signal in the reference limits the linear
range of modulator operation to & @.Wther PWM techniques can increase modulation

indexto&  p and still maintain linear operation of modulator, which is achieved by adding
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appropriate common mode reference signal to the fundamental reference waveform. Despite
superior low order harmonperformance [2], limited linear range of operation represents a major
constraint for using SPWM in MTI, and therefore iflwot be further investigated.

Modulation index is very practical to use for harmonic analysis, since it represents a per
unit value of fundamental lin line voltage harmonic, which becomes known and does not need
to be pesented in the spectra anymore.

The first modulation strategy to perform low order harmonic analysis on is called third
harmonic injection(THI) modulation. It uses most simple commoide signal added to the
fundamental voltage waveforms, which is basicalBdfaarmonic in phase with one of the 3 phase
reference fundamentals. Common mode signal magnitud&®fotthe fundamental has shown
to cover the full linear range updo p, thus providing optimal DC busgtilization [22, 23]. The

expression for common mode signal is

a .
oo

Extended linear range puts THI in the same rank as spatar veadulation and all the
dismntinuous PWM techniques in terms of @s utilization. Reference phase fundamental
waveform, common mode waveform and resulting reference signal for THI are shbgyurén

2.109.
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Figure 2.19. THI Modulationi fundamental, common mode and resulting reference signal

As previously explained, in order to obtain magnitudes for each of the first 50 harmonics
in PWM waveform, Fast Fourier Transform analysis has to be performed on a simulated time
varying switched waveform. A carrier to fundamental raticis69 was selected based on the
MTI design example, and a full harmonic spectrum for various modulation indexes values is shown

in Figure 220.
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Figure 2.20. THI Modulationi Voltage Harmonic speatmfor variousmvalues

Itis obvious that all 50 harmonics have very low magnitaaé, can practically beven
completely neglected. Another thing to notice is that harmonic magnitudes are very weakly
dependent on the modulation index value. This makes THI a modulation of choice for applications
that require gootbw order harmonic performance and use towatio.

Next PWM modulation for consideration is space vector modulation (SVM). SVM is based

on eight possible switch combinations creating 8 output voltage space vegersrigure 21

Vy{010) sector 2 \,(011)

sechor 4 saclor &

V(100 Vg(107)

seclor 5

Figure 2.21. Vector allocations for SM.
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Vectorsw and w correspond to a shorted negative (000) and positivd) output
respectively, thus forming so called zero vectors. On the other hand, other six sectobsform
stationary vectors called active vectors. Output voltage is formed by the summation of space
vectors within one half switching period, whegportunity exists to manipulate the zero vector.
The most conventional SVMnplementation [2] centersthe active space vectors in each half
carrier period, and divides the remaining time equally between zero vecamsw , which was
shown to be a hmonically superior SVM variationThis SVM can be realized in equivalent
SPWM implementation called Space Vector PWM (SVPWM). Figure 2.22 shows the correlation

between vector times in SVM and switching pattern of SVPWM for first sector.

Figure 2.22. Correlation of switching times between SVM and SVPWM.

Common mode voltage signal expression for this implementation is
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Reference phase fundamemalveform, common mode waveform and resulting reference

signal for SWPWM are shown in figure.23.

s = e = s = = e i o A

Figure 2.23. SVPWM Modulationi fundamental, common mode and resulting reference signal

SVPWM Full harmonic spectrum for various modulation indexes @i@ ¢ ds shown

in Figure2.24.
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Figure 2.24. SVM Modulationi Voltage Harmonic speatmfor variousmvalues
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From harmonicds spect hamunics haveisignificartho vigher t h at
magnitude in SYWM as compared to THI. Harmonics are highly dependent on the modulation
index value, resulting in higher levels for higher modulation index values. Another point to make
is that the harmonic values areclieasing with harmonic order. $¥YWM has an obvious
disadvantage over THI in terms of low order harmonic performance, but it is worthy of pointing
out that all 50 harmonics are well below 0.5% of the rated fundamental voltage, thus making it
insufficiently effectiveonly for applications with very low carrier to fundamentalfrequency ratios.
Also, SVPWM is mostly a modulation of choice over THI in applications where sudden changes
in voltage reference magnitude and frequency is required, which makes datiermh the third
harmonic difficult[25].

All three modulation techniques considered so far, SPWM, THI andV8Y represent
PWM schemes where both legs in an inverter phase switch between the upper and lower DC rails
at the carrier frequency. Thes®dulation techniques represent continuous modulation, since all
devices switch continuously throughout the fundamental cycle. Alternative group of modulation
strategies are called discontinuous PWM (DPWM) techniques. In discontinuous modulation
strategiesone set of intermediate zero space vectoro( w,) in between active space vectors
within one half carrier intervals are eliminated. That provides the advantage of eliminating one
switching transition in each half carrier interval, resulting irhgaltase leg only switching during
two-thirds of each fundamental cycle equivalent to 240°. This way discontinuous modulation
basically reduces the effective switching frequency for the same carrier frequency value. The
major distinguishing factor betweeanous different DPWM techniques is the distribution of120
nonswitching zoneacross fundamental cycl® PWMMIN, DPWMMAX, DPWMO0, DPWM1,

DPWM2 and DPWM3 are the most popular DPWM strategies investigated in literature.
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DPWMMIN and DPWMMAX are strategiegn which one device of each phase leg is
always turned on during its 12@nmodulated region, by being clamped to either negative or
positive DC bus respectively. That clamped device is always conducting resulting in nonequal
sharing of conduction lossesdaswitching losses in respect to the other phase leg device. Also,
exclusive clamping to either of the DC bus rails produces an asymmetric line to line voltage across
a fundamental cycle, that is missing half wave symmetry, thus producing unwanted @ésen or
harmonics [B]. Reasonglescribed above make DPWMMIN and DPWMMAX unpreak to use
in MTI application.

DPWMO, DPWM1, DPWM2 and DPWMS3 are discontinuous modulation strategies that
balance the switching losses and provide the particular benefit of syinahkne to line voltages
by keeping each phase leg unmodulated for onlya®Gf time, thus providing alternate DC bus
clamping in each phase.

DPWML1 centers the nonswitching periods for each phase leg symmetrically around the
positive and negative peskf its fundamental reference voltage. DPWM2 and DPWMO place the
nonswitching period at 30° lagging and leading as compared to the fundamental voltage waveform
position, respectively. DPWM3 clamps the phase legs to DC rail in two separate each 30°ssegment
per half cycle, thus leading to twice the number of halved clampingtides in a fundamental
cycle.

Reference phase fundamental waveform, common mode waveform and resulting reference
signal for DPWMO, DPWM1, DPWM2 and DPWM3 are shown in figl2e25., 2.26, 2.27. and

2.28. respectively.
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Figure 2.25.DPWMO0 Modulationi fundamental, common mode and resulting reference signal

Figure 2.26. DPWM1 Modulationi fundamental, common mode and resulting reference signal
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Figure 2.27. DPWM2 Modulationi fundamental, common mode and resulting reference signal
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Figure 2.28. DPWM3 Modulationi fundamental, common mode and resulting reference signal

As opposed to DPWM1 and DPWMS3, which possess quarter wavmetyyn of the
reference waveform, DPWMO0 and DPWMZ2 are only half wave symmetric waveforms. This is due

to incorporation of nonswitching period which is purposely shifted from the center of the
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fundamental voltage referencelhis asymmetry does get passedtonthe switched lindine
voltage, creating a quarter wave asymmetry.

Full harmonic spectrum for DPWMO0O, DPWM1, DPWM2 and DPWM3 at various
modulation indexes and a carrier to fundamental ratio of 69 is shown in F#e<.30, 2.3L.

and 2.2.
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Figure 2.32. DPWM3 Modulation’ Voltage Harmonic speatmfor variousmvalues
In order to compare the performance of the continuous and discontinuous PWM techniques
covered previously, Normalized selective total harmonic distortion (NSTHD) will be used.
NSTHD for first 50 harmonics across full modulation index range, at carrieartdaimental

frequencyratio of cf=69 is shown in Figure 233
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Harmonic spectral analysis for DPWM strategies points out that albtowr harmonics
have drastically higher magnitude in comparison witiP8®¥1 and THI. Also, harmonic values
increase with harmonic order in a Aapmnotonic fashion. Harmonic values show a dependency
on the modulation index value, with maximum value peakihgi a 1@ for DPWMO and
DPWM2 anda 1@ for DPWM1 and DPWM3. With exception to high modulation index
values, where common mode signal for DPWML1 is low triplen, DPWM1 and DPWM 3 have
identical NSTHD characteristic, and highest values of all modulation itreEs presented.
DPWMO and DPWM2 also have identical NSTHD characteristic, which is expected due to the
fact that only phase differences exist for each imtlil harmonic in the spectrum.

DPWM techniques have an obvious disadvantage over continuousatiod iéchniques
in terms of lower order harmonic performance. However, DPWM techniques are mostly used in
cases where there is a demand for minimization of power losses and increased power density and

efficiency of the inverter. These benefits are aakakethru reduced switching losses, which depend
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on the phase shift between voltage and current. Therefore, DPWM1 performs best with no phase
shift condition, since line current peaks along with fundamental voltage, and that coincides with
the 60° bus clampg period for DPWM1. Same logic applies for DPWM2 and DPWMO for 30°
lagging and leading condition, respectively. DPWM3 has shown to provide reduced switching loss
benefits at phasghift levels close to 90[27].

The rate of decay of the sideband harmanagnitudes, so called harmonic +off, is
much slower for Discontinuous than for Continuous PWM techniques. This occurs because the
common mode injection component for DPWM contains multiple triplen harmonics of higher
magnitude. Those higher order tep components, once passed thru the modulation process,
create outer sideband harmonics of high magnitude that intrude into the low frequency region. The
magnitudes and frequency range of common mode triplen harmonics, along with their position in
respectto the fundamental reference sig@at define levels of outer sideband harmonics.
Comparison of common mode signals for THI,FB¥M and DPWML for carrier to fundamental
ratio of 69 and modulation drex of 0.6 are shown in figure 2.3t is obvious that PWM1 has
the highest magnitude along with the highest rate of rise, thus creating highest level of triplen

harmonics, which after modulation process produce the highest level of low order harmonics.
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Figure 2.34. Common Modeignal Comparison between THI, BWM and DPWM1lvariousmvalues

In a threephase system, the harmonic performance of a particular PWM technique used is
reflected on the harmonics generated by the switched waveform in particular Hoasever,
certain harmonic cancellation may occur between switched outputs of individual phases, thus it is
better to perform analysis on a phase to phase basis. However, the amount of low order harmonic
cancelation that happens between two phases in @ghase system is highly dependent on the
ratio of carrier to fundamental frequencly Harmonic spectrum for single phase and phase to
phase waveforms for three different carrier ratib=l3, 44 and45 will be investigated. Carriers
were purposely selead at lower frequency such that switching frequency falls within the first 50
harmonics range. DPWM1 &t =0.6 is selected based on the significant value of harmonics
present, and spectrum for firsD Brarmonics is shown in Figure 8.32.36. and 2.3. for carrier

ratios o "6f 43,44 and 45 respectively.
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Figure 2.35.DPWML1 atfc/ff=43 and m=0.6VoltageHarmonic spectra for phase and phabase waveforms
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Figure 2.36. DPWML1 atfc/ff=44 and m=0.6VoltageHarmonic spectra for phase and phabase waveforms
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Figure 2.5., with @ "Q T grepresents a case where carrier frequency is selected as a non
triplen multiple of fundamental. Due to that, it is noticeable that odd triplen sideband harmonics
between phases as well as carrier harmonic do not cancel out completetrething unwanted
odd triplen harmonics in the spectra.

This becomes very obvious by using simple SPWM modulation with a rather extreme value
of ®"Q v, and plotting two phase reference voltage and carrier waveforms along with resulting
switched output waaforms for each of thevo phases, as shown in Figure&.Bespite the fact
that all three voltage phase references are symmetrical and modulated using unique common
carrier, there is a different phase difference between each of the phase refereneeseanthas
creating unequal half wave symmetric pulses in phase outputs. Differences in each of the switched

phase outputs create harmonics that do not fully cancel in phase to phase voltages.
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Figure 2.38. SPWM atcf=5 andfull modulation index

Figure 2.8., with®"Q T Tis a case of carrier frequency selected as an even multiple of
fundamental. Due to even selection of the carrier, all the sideband harmonics are evenly positioned
throughout the phase waveform and phagghtise spectra, which is a highly undesirable outcome.

In addition to even harmonics, carrier and odd triplen harmonics are also present in the waveform

duetow "Q T theing a non triplen multiple of fundamental.

In order to illustrate this better, samB\®M modulation case will be used as previously

with ®@"Q 1 and shown in Figure 293 Since®"Q T is a non triplen multiple, phase outputs
between phases are not equal, as was the case in previous example. However, uniqueness is that
output phase waveforms have lost half wave symmetry, thus producing even harmonics in the

harmonic spectrum.
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Figure 2 39. SPWM afcf=4 and full modulation index

In figure 2.3., with @"Q 1 y carrier is selected as an odd triplen multiple of the
fundamental, which achieves optimum low order harmonic cancelation. The frequency of the
carrier larmonic and phase is identical in all phases, and hence cancels between phases. Also,
triplen baseband and sideband harmonics that are product of a common mode voltage component
in reference waveform cancel out completely between phases in a same fashion.

Also, odd triplen multiple carrier does not produce even harmonics in phase voltage and
phase to phase voltage waveforms, thus making it a desirable choice of carrier to fundamentalratio
in terms oflow order harmonic performance.

For the harmonic analysiof the output voltage waveform, switching frequency does not
influence the magnitude of the sideband harmonics in respect to carrier position, but it affects the
frequency at which sideband harmonics occur. That has a direct impact on the magnibede of t
current sideband harmonics because of attenuation thru the lowpass filter on the output of the

inverter, which is highly dependent on frequency. However, in case where first 50 harmonics are

74



of primary interest, voltage harmonic values will decreasé Wwigher carrier frequency values
dueto sideband harmonic roll off efit. Figure 210. shows a family of STHD50 curves in respect

to modulation index m for DPWML1 at various carrier to fundamental frequency ratios. All the

curves have proportional STHD&@ross full range of modulation indexes, except in cage’of
T u The reason for that exception is that major haiomoin first sideband set (#1439, 47" and

49") are all included in STHD50 calculation, thus makirg\ialuevery high.
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Figure 2.40. STHD50 for DPWM1 at variouatvariouscf andmvalues
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In a similar fashion, but with the exclusion®fQ t wase, Figure 214 shows a family
of STHD50 curves in respect to modulation indefor DPWMO and DPWM2 at varioud ratios.
All the curves demonstrate proportional STHD50 across full range of modulation indexes. Results
from Figures 240. and 2.4. clearly show that the value of first 50 voltage harmonics that DPWM
strategies produce is highly dependent on the cdmguency selection, and it decreases with

carrier frequency rise.
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Figure 2.41. STHD50 for DPWMO and DPWMat variousatvariouscf andmvalues

In order to quantify a decrease in STHD50 value with respect to carrier increase, a carrier

frequency factolQ is introduced. 10 "Q v )s considered a reference value for STHD50 across

full range of m valuesQ is defined as:

- YYQATOQU T G

«? YYQOTOQu it d pTTCE 8

Value of®"Q v Xis used as a reference value because it is the smallest carrier value that
is odd triplen multiple of fundamental frequency that does not incluekafed fe4 sideband
harmoncs in STHD50 calculation.

Figure 2.2. shows™Q value for DPWMO/1/2/3 for various) "Qalues.’Q has a rapid
decline in value with carrier frequency increase, with DPWM1 and DPWM3 having a slower rate
of decline. From the standpoint of low freqagnharmonic performance of a DPWM based
modulator, based on this analysis, it is desirable to always select the highest carrier frequency

possible, which will typically be limited by the power rating of the semiconductor switches used.
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Figure 2.42. "Q for DPPWMO/2 and DPWM1/3 at various

Also, it is important to note that with increasedhdecline of Q value is more rapid than

attenuation decline of higher order output low pass filter, as futésaribed in Chapter 3.1. This
implies that in applications with high switching frequency, DDPWM modulator has negligible
impact on STHD50 value and has comparable low order harmonic performance to CPWM
modulators.
When modulators using fixed frequencW®! are considered, the possibility of using two
basic alternatives for determining the converter switch ON times exist:
1. Naturally Sampled PWM Switching at the intersection of a reference signal
waveform and high frequency carrier
2. Regular Sampled PWM Switching at the intersection of a regularly sampled
reference signal waveform and hifjequency carrier
All the harmonic analysis performed so far has considered naturally sampled PWM.
However, naturally sampled PWM is very difficult for implementatiorainligital modulation

system, because the intersection between the reference and carrier is defined by a transcendental
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equation which is complex to calculate. Therefore, regular sampled PWM is a modulation of
choice for implementation in MTDetailed exfanation ofbothnatural and regular (symmetric
and asymmetric) sampled PWM is covered in Chapter4.1.

When comparing regular sampled to naturally sampled PWM, regular sampling creates
low-order baseband harmonics just above the fundamemtglonent, but it also attenuates the
lower side sidebandarmonicsand increases the higlide sideband harmonics around the carrier
frequency[28]. Figure 2.8. shows a harmonic spectrum comparison for DPWMa 82 ¢ cand

a 1@ for natural, symmetricalpeak) and asymmetrical (peakdvalley) sampling cases.
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Figure 2.43. DPWM1 1 Harmonic spectra for natural, peak and peak & valley sampling

Results in Figure 23t confirm that lower sideband harmonics within first 50 harmonics
are reduced in case of regular sampling as compared to natural sampling due to the low sideband
skew identifiedn [28]. Also, another more important conclusion is that there is a majoretifte
between symmetrical and asymmetrical regular sampling methods where symmetrical regular

sampled PWM introduces additional sideband harmonic components which asymmetrical PWM
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algorithm does not create. Some of those sideband harmonics are evemgubstasingMTI
applicatiors with low cf values hard to meet even harmonic distortion limits whgymmetrical

regular sampled PWN4 used.

2.5.3Low Order Harmonic$ Other Effects

Previous literaturemostly concentrates on developing compation methodsfor
phenomenaffecting low order harmonias a switching model. In most cases, the compensation
techniques are lsad on an average value theory, wHest voltseconds are averaged over an
entire gcle and added to the commanded volte2#-[35]. An important issue that is seen in
these compensatia®echniques is that they are all basedtbe polarity of the currennother
phenomenon that was considered isrit@mum pulsewidth constraint [8]-[38], which was first

observedn slow switching dewes likethyristors[39].

253.1. Dead Time and Notinearities dueto Turn On/Offand

Voltage Drop on Switching Devices

Dead time is a necessary blanking time introduced to avoid simultaneous conduction of
both switches of the same inverdgrase called a shotitrough [D] - [43]. Although individually
small, when accumulated over a fundamental cycle, the voltage errors are sufficient to distort the
applied PWM signal by affecting both the magnitude and phase error of the furtdbougput
voltage waveform [4] - [50]. Also, switching times of the semiconductor device used induce the
same type of effect, in terms of introducing error to the output voJdgeFigure2.44. illustrates

dead time and switching time effects for single IGBT leg.
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Figure 2.44. Dead time and switching time effectsin single IGBT leg

The average output duty cycle erf@r during one switching cycléy, resuting from

dead time€Y and device switching timé¥ and”Y is given by:

- — Y

0 ( on
~ i (@ ¢8 8

Wherei "Q"(represent polarity of the output load current.

As opposed t&€PWM strategies, where duty cycle error is introduced throughodtithe
fundamental cycleDPWM strategies introduce it during switching period equaling two thirds of
the fundamental cyclehus introducing smaller error when averaged over the fundamental cycle.
Regardless of modulation strategy, for current controlled inverters, duty cycle errors resulting in
fundamental voltage harmonic value changes get compensated thru the gain ofreéhe cur
regulator. However, this duty cycle error also introduces additional harmonic components that
need to be quantified. Figug45. shows a voltage error waveform due to introduction ofué.5
dead time in case of DPWM at— wTmd pand®"Q ¢ wFigue 2.46. shows an enlarged
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waveform, in which it becomes obvious that usage of average voltag&errdras very little
meaning for harmonic impact. The reason is that the actual voltage error waveform consists of
train of very narrow pulses that fethe amplitude equal to DC bus voltage value , depending

on the sign of the current waveform. This type of a waveform, despitavevage valuehas a
very Ar i cs$péctrumthussignifidardly impacting overall harmonic performance of the

modulator.
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Figure 2.45.DDPWM at—  mwith “Y=4.5us a)dealand actualwaveform Bhase voltage and currentc)
Output Voltage Error
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Figure 2.46. DDPWM at— w miWith “Y=4.5us Enlarged Waveform djlealand actualwaveform Bhase
voltage and current c)utput Voltage Error

Due to a highly nonlinear nature of DPWM strategies, harmonic analysis will be performed
based on the simulation model. DPWM strategies baes analyzed for varying angle differences
between output voltage and current in each phase. Each modulation is used with phase angle
corresponding to the minimum switchidgsses. For instance, Figuged7. and Figire 2.48.

represent incremental harmordifference for DPWM modulation with phase angle difference

of w mahdm Jrespectively, ao™Q @ candm & pfor'Y — — Y o |
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Despite a very similar harmonic performance between wmdnd — 1t Jases
covered in previous section, their incremental harmonic response to dead time and rise and fall
times of the switches is very different. Except for p case,— 1 Jntroduces very weak
dependency on the modulation index value, and slow roll off. Orotier hand— w T J
introduces stronger dependency on the modulation index value and faster roll off.

One other important thing to consider is that error introduced due to dead time and rise and
fall times of the switches is based on the polaafythe current. Therefore, same modulation
technique will respond differently based on the polaritythaf current. Figure2.49. and2.50.
show incremental harmonic performance f@MPWM with phase angle difference ofp rtahd
p ¢ Jrespectively, atb™Q @ wandmm & p for"Y o B8 Figure 2.49. shows stronger
dependency of incremental harmonic values on the mbdwillandex value, while Figur@.50.

shows higher incremental harmonic values overall.
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Figure 2.49. Incrementalow Order Harmonic Spectra fo@PWM at—=60°with Y =3us
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Based on thencremental harmonic analysis performed dDPVM strateg across full
phase angle rangerhich due to a large scale cannot be fully presented in this work, one common
conclusion can be derived. Introduction of Dead time and consideration of rise amudgliof
switches lave a dominant effect on th# fand 7" harmonic incremental values. Als# &nd 7
harmonics have the smallest attenuation once passed thru the low pass filter, thus emphasizing
more importance due to current harmonic performance of the inverter, which will be discussed
later. Therefore, Figure2.51. and 2.52. represent™ and 7' hamonic incremental behavior for
O<m<lacross phase angle differencerange ™ J3— p Y fd"Y o' 8Btis noticeable that
various DPWM techniques respond very differently to dead time and rise and fall tiotkuiction

in terms of & and 7" harmon¢ incremental values, with DPWM3 reaching the higivedties

overall.
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Figure 2.51.5th Harmonic Incrementalvalue fof =3us
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Carrier frequency has a direct linear relation to the output voltage error, since the delay
occurs in every PWM cycle, thus leading to higher output voltage error with an increased carrier
frequency valuept4]. Figures2.53.and 2.%.represents®and 7" harmonic incremental behavior

forDDPWMat— wmnl ¢ ifor69 <cf< 690
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Despite a highly nonlinear nature oDPWM modulator, further analysisf the average
distortion of % and 7" harmonic values at differenf valuesshown in Figure 2.5. showsthat
harmonic performance has a characteristic that can be approximated as linear in relation to carrier

frequency
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Figure 2.55.5and " Average Harmonit ncr ement al v a-900, torcOREfWER0 at d =
Therefore approximatedncremental harmonic distortiasf 5 and 7" harmonicY, for

o "@alues being selected as an odd triplen multiple of fundameetaimes

YO 5 9 wQQ  Yw j 2 WwN0QQ =

QQSEB

Where™Qand " Qrepresent given and base carrier frequencies.

Another parameter that has a linear relation to output voltage error value are the dead time
and device switching times themselvEgyures 2.6. and 2.5. represents Band 7" harmonic

incremental behavior fdDPWM at— wm df=69forc’ i Y p¢€ i
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Similar to increaed carrierfrequency performance further analysisof the average
distortion of & and 7 harmonic values at differediead timevaluesshown in Figure 2.8. shows
that harmonic performance has a characteristic that can be approximated as linear in relation to

dead time value
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Higher dead timevalues lead to increasadcremental harmonic distortion of'sand

harmonicYc, which can be approximates linear function

v v

Yo R 27Y T Yo R Y T I— 8 @

Wheret andt represent given and basetal dead time
Except for dead time and device switching times, another cause of voltage distortion is due

to forward voltage drop across switching devices as the voltage drops duringstiaeepsil].
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Voltage drop across thsvitch® and diodew causes some ndimearities of the output

voltage, thus creating average output duty cycle é&or during one switching cycléyY defined

by:
W W
Q Q -— Q — i Q@ ¢8
o P o & B
Where i "Q"@,'Q andw represent polarity of the output load current, commanded

phase duty cycle and dc bus voltage.

Figure 2.59. shows a voltage error waveform due to introduction -ef and — of

p& T cilpcase of DPWMat— wmd p®E& Q'Q ¢ @/oltage error waveform in case of

equal voltage drop across devices is a square wave function at fundamental frequency and

magnitude equal to voltage drop. In order to evaluate the effect of asynaindiap across

devices, Figure2.60. represents a case where is eliminated, thus leaving only— p& 1 ¢. P

Asymmetrical voltage drop case basically constitutes of a signed modulated duty cycle signal.

i . & o 8 _ gk &tk . ErE

ammi [1] wanl [T] [T

Figure 2.59. DDPWM atd = 9 @ith o /& ,®/® =1.242% a)dealand actualwaveform Bhase voltage and
current c)Output Voltage Error
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Figure 2.60. DDPWM atd = 9 Wit & /& ,=1.242%w /0 ==0% a)ldealand actualwaveform Bhase voltage
and current cputput Voltage Error

So farin this analysis, voltage drop across semiconductor switches has been considered as
constant. However, that is never the case in practiceg siottage drop always has a resistive

component that depends on current values. Therefore, it is useful to consider a purely resistive

voltage drogase, which is shown in Figuel. forY PR T ¢ P—andY p& T ¢ P—.

Sincevoltage drop is proportional to current value in this case, output voltage error signal becomes

purely sinusoidal, thus no additional harmonics are created.
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Figure 2.61. DDPWM atd = 9 Witk Rce,Rf=1.242%Vdc/Inom a)dealand actualwaveform Bhase voltage and
current c)Output Voltage Error

As opposed to deadhte introduction case in Figug46, where voltage error consists of
train of very narrow pulses that have the amplitude equal to DC bus voltage values Ei59,
2.60. and 2.61. exhibit lower magnitudes, thus creating lower harmonic values. Comparative
harmonic spectrum for waveforms in Figutd7., 2.59., 2.60.and2.61. is presented in Figure
2.62. Parameter values in all cases were selected such that they create the sageevailtage
error of the output waveform. As previously described, dead time effect has the highest harmonic
impact, especially with 5th and 7th harmonic, which are the most pronounced harmonics. It is also
important to notice a presence of triplen harim®nn phase voltage error waveform in cases a),
b) and c), but those do not contribute in phase to phase voltage waveforms since they cancel out.

Waveform in case d) is purely sinusoidal, thus creatirg Bitorder harmonic.
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Figure 2.62. Low Order Harmonic Spectra comparison for Voltage Error signal foYa3.5us b)
Vce/Vdc,VfIVdc=1.242% c) Vce/Vdc=1.242%,Vf/Vdc=0% d) Rce,Rf=1.242%Vdc/Inom

Voltage drop of 1.242% is very high and not realistic for high posesniconductor
switches, which are typically in a @24% range. Due to low voltage drop values and the fact that
voltage drop introduces inherently lower values of added harmonics to output voltage waveform,
voltage drop effect will not be further charatted for various PWM techniques used in MTI, and
will only be used as part die simulated switching model.

Last significant source of output voltage distortion that will be considered here is the
minimum pulsewidth (MPW) limitation that is introduceduwe to inability of lower switches to
achieve small on time durations. As a consequence, maximum pulse width conditipnssd
to the upper switchesMIPW limitation is necessary in order to prevent possible damage to
semiconductor switches as well asatbdress gatériver circuit constraints §. MPW limitation
introduces minimum and maximum limits on to the phasey dycle as per formula below:

’ y y
Q ——— G8 8
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Multiple solutions exist in the literature on how to implement MPW. The least invasive
solution from controls standpoint is the one that reproduces the average value of-skemudts
over a switching period. This can be easily implemented by eithemgolde MPW value or
dropping the pulses completely depending on the desired duty cycle value. Comparison of ideal
and MPW limited duty cycle is shown in Figz&3. MPW limitation also distorts phase to phase

reference waveform, which can be seen in Figlgd.

Of— i . e e . SO PRSPPI SPONS: S8 . ST 4 SOPSR - . . B -

o.zf— : / : H —|

0022 0078 0025 0.075 0.027 0028 0.029

Figure 2.63. DDPWM atd = 9 iOldealvs MPW limited duty cycle
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Figure 2.64. DDPWM atd = 9 i0aAPhase a and b referencehpse to phase ab reference waveform

Figure2.65. shows a voltage error waveform due to introduction of MPW limitation of 3us
in case of DPWMat— wmd p®dE ©'Q ¢ wWoltage error waveform is represented as a
very narrow set of single pulses, occurring around minimum and maximum duty cycle values, with
the amplitude equal to DC bus voltage valu@ , depending on the whether the pulse was held
at MPW value or drpped. This waveform resembles very much on the voltage error waveform in
case of dead time introduction, with the difference of error pulses not occurring during every

switching cycle, but only certain number of times during fundamental cycle.
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Figure 2 65. DDPWM atd = 9 &) lealand corrected waveform Bhase voltage and current@ytput Voltage
Error

Harmonic analysis of the voltage error waveform was be performed based on the
simulation model for DPWM at phase angle ffiérence ofw 1 &t "'Q @ candmt &  p for

Y o' i Incremental harmonic difference spectrum introduced by MiR¥éation is shown

in Figure2.66.
Harmonic values are higher in the higher frequency range, with overall low incremental

values.
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Figure 2.66. Low Order Harmonic Spectra for Voltage Error signal for Tmpw=3us

Similar as in forward voltage drop case study, MPW limitation introduces inherently low
values of added harmonics to output voltage waveform, aekkfiore it will only be used for
current harmonic study as part of the simulated switching model.

Besides the effects that dead time and minimum pulse width limitations along with voltage
drops and rise and fall times of the switches have on the harmperimmance of the MTI, there
is an impact on the fundamental harmonic as well. Despite the fact that the magnitude and phase
differences of the fundamental waveform are expected to be corrected by the current controller, it
Is important to define those $&d on the parameters mentioned. Difference between the actual and
the ideal fundamental voltage waveforms is defined as:

Yo 0000 6dRQQMA

Magnitude and phase angleXb per phase is defined as:

Yus @ Z - 2 €@ (2.50.)

WweE QN T O “ (2.51)
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WhereQ - for DPWM andQ p for CPWM. Itis very important to notice that the

angle of theYwis phase shifted bg ( Tfrdm output current. Therefore, negative power factors
will always result in voltage gain of the actual voltage fundamental on the output as compared to

the ideal voltage reference. PhasoFigure2.67. showsa case of MTI providing reactive power

tothe output,this 'O wd

y\Y A{/ Vactual
»I Videal

Figure 2.67.Voltage and current phasorfer =-90°

Actual voltage fundamental magnitude is increased, and voltage is phase shifted. In order
to quantify the overall impact on the actuatfut voltage fundamental in realistic application, an

MTI example calculation has been performed using following parameiers X vy ‘O

PXOXYQ — — o i o m@w'Y T8t xéom, 'Y 18t T &pm, which
resulted iNYws wBo @and” Yo Tt That resulted in increasd actual output voltagefo
0.026% and angle difference @gi® p J

Based on Equation2.60)and @.51.) one can notice that Minimum pulse width limitation

does not contribute to theiput fundamental voltage difference at all. This is due to the usage of
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previously described solution for minimum pulse width limitation implementation that reproduces
the average value of the waéconds over a switching period, and therefore it doekawe any
effect on the fundamental voltage waveform. Other implementations of MPW limitation affect the
fundamental voltage and rede voltage linearity limit [8] but will not be considered as part of

the MTI design.

2.5.4. Output Current Harmonics

From low order harmonic analysipreviously covered, it is clear that discontinuous
switching patterns lead to worse low order harmonic performance compared to continuous
modulation. However, the advantage of these strategies is the reduction in the number of switching
transitions per phase leg oweaich fundamental cycle by 33%.

This reduction allows the usage of increased carrier frequency as comp&eivid
strategies. Alternative, advantage o@R®WM strategies could be the increased power rating of
the inverter under usage of same carrier frequency, due to decreased switching losses of the power
semiconductors, which are typically the limiting factor for high power applications.

On top of low orer voltage harmonics, it is also important to quantify high frequency
current harmonics as well, since high frequency current harmonic levels are important for LCL
filter design. However, it is a very complex and rather unnecessary task to quantifgaletizand
current harmonics around different carrier multipliers. In order to compare various modulation
methods, literaturg8], [53]-[55] provides closed form solution for harmonic currents by
calculating normalized current ripple & ivaluei for each of those modulation techniques
That datas represented iffable 2.4 in a different formbased on modulation index value and

compared against DDPWM at various phase anglalues Certain phase angle-rangesfor
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DDPWM are notrepresentedh Table 2.4 becaussliding ranges of DDPWiVper table 2.1wvill

not have a constant ripple current characteristic, so will be characterized by the area between

curves defined in Figure 286

Normalized Current Rplei & Value ModulationTechniques
. p . O ¢, . " .
! we o4 o YO 60
. oc¢ P ”
i Wi ch pr s O
‘1 P » oc o wlo ~
L — = 2= NGO D G
Wi > < WL WO
= 000 WO
. p pPT It . ovio -150k —<-120°
Wio W (o) oo p U -60Xk —<-30J
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120k —<15Q)
‘ P T V1o o 000 WO
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Wio da < @ P _13(])J
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' — W —= op @ p — — -90J
Wio o q S — 90

Table 24. Normalized current ripplé & ivaluecomparisorforvariousmodulation technigques.

This approach is good approximation for purely inductive loads such as electrical machines
and magnetics. With inductive load, the load current will rise and fall lineddut its target value
over one carrier interval and the overall current ripplé iis calculated by integrating this

equation over a positive half fundamental cycle. The normalized current rrippléunction for
the various modulation isitegieds comparedn Figure2.68.
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Figure 2.68. Normalized current ripplé & function

Figure 2.68. confirms the overall superiority of the continuous over discontinuous
modulation strategies in terms of ripple current harmonic distortion, when same switching
frequency is considered. However, for high modulation index valud3PVM technique
produce comparable results to CPWM even for same switching frequencies.

While ripple curreni & alue is very useful for sizing of the converter side inductor and
capacitor, it does not provide enough information required for design of the LCL low pass
harmanic filter. Therefore, it is useful to define the maximum peak to peak value of the current
ripple over the whole fundamental period as function of the modulation fodBOPWM as well

asCPWM techniques

W — 1 & (2.52)

a = a NQe a T[EﬂJcpf
— NQe &« 1@ ¢ p

or DDPWM
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a = —NQ¢a 18
i o v i v Xfor CPWM
— N @ 18 X

The maximum value of the normalized current ripple as a function of the modulation

index for all DPWM and CPWM témiques is presented in Figu2esO.

0.18

o | |
] 0.1 02 03 04 08 0.6 0.7 08 09 1

Figure 2.69. Maximum normalized peak to peak value of thierent ripple

For modulation index values upt@p ¢, pnaximum normalized peak to peak ripple current
value is lower for CPWM, when considering the same average switching frequendy. For
T ¢ PWM and IMPWM become equal.

Neitheri & hor maximum pak to peak value of the current ripple provide the value for
some of the specific high frequency harmonics of interest for microgrid tie inverter design.
Depending on the harmonic standards appligdl. filter parameters are sometimes designed
consideringthe most significant grid current harmonic. If the limitation for the spectral content of
the output current harmonics in high frequency range exist, sideband harmonic values around the

switching frequency and multiples of the switching frequency becomertant.
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In case of a constant harmonic attenuation requirement in high frequency range, the
dominant harmonics in the first sideband are the hardest ones to achieve due to the highest
harmonic voltage amplitude to filter gain ratio. Harmonic voltage imd@ to filter gain ratio is
a measure of the potential of the voltage harmonic to produce a corresponding current harmonic.
Typically, for inverter applications whe®@ "Q v Ttsideband harmonics @ "Q ¢ and®"Q 1
order are the ones with highest ratloys dictating lower limits of the LCL filter parameters.

Each of the modulation strategies discussed previously have been analyzed in order to
obtain magnitudes for each of the two voltage sideband harmonics in PWM waveform in relation
to modulation inéx m. A carrier to fundamental ratio 6§ 69 for DDPWM at — wmnwas
selected aan example, and harmonic spectrum around carrier frequency for various modulation

index values is shown in Figug70.
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Figure 2.70. Switching Frequency Sideband Voltage Harmonic SpectrBBRWM at— o mith & "© 69

Normalized voltage harmonics foro(Q ¢) and ('Qt) for various modulation

techniques across full modulation index range is shioviaigures2.71. and2.72. respectively. It
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Is important to point out that the voltage harmonic values are independent of the carrier frequency

selection, and only unique in terms of position in respect to carrier frequency.
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Figure 2.71. Normalized (cf4) order voltage harmonic
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Figure 2.72. Normalized (cf2) order voltage harmonic
By comparing the actual sidabd harmonic values in Figure¥0and2.71 with thei & i

and maximum peak to peak ripple current valueSigures2.67 and2.68 it is obvious that there
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is a noticeable difference between particular harmonic values for different modulation technique
that is not reflected thrthe factors shown in Figurés7l. and2.72. Therefore, in cases where
attenuation of high frequency harmonics exist as a design requirement, it is essential to perform
individual harmonic analysis, rather than relying on other harmonic performance measures already

existing in the literatire.

2.5.5. DC Input Current Harmonics

Another important characteristic of a certain PWM inverter modulation technique is the
DC link current. As opposed to inverter output current characterization, which was thoroughly
investigated in literature, dc busirrent has gotten less attention. Characterization of DC link
current is important for design and performancal@ation of MTI. As per Figur@.73., DC link

current’O consists of source currei@ and capacitor curren© .

l4 li
+.—°> —>

Jlac

Vdc

U

- - -

' Microgrid
Inverter Filter g

Figure 2.73. Simplify circuit illustrating DGBus current components of MTI.

Since capacitance value in MTI is selected as large by design, it will be considered infinite
for the ease of analysis. Also, for thergapurpose, dc link voltage value will be considered

constant and powered from ideal DC current supply. Finally, steady state operating conditions and
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load currents with no harmonics are assumed. In such case, total DC link ‘€icantbe broken
down into dc componentO and ¢ ¢eomponentO , sourced from source armhpacitor sides
respectively.

‘O corresponds to the average power transfer to the load, and can be represented as a

function of the modulation indeX , output load current & value, and load power factor:

O 40 Ai-O cd 8

Nlal

Formula above is purely derived based loa power transfer formula which shows linear
dependency on all three befonentioned parameters, and is indepemndamodulation technique
used.

On the other hand, AC component ‘@fdink current”O, is a consequence of PWM
switching. During zero witching states, where all 3 top or bottom switches are on, DC link
capacitors are bypassed and do not participate in the current flowing path in the circuit. Therefore,
thei & value of the ripple current is independent of the distribution of zerealswg states inside
the switching period, and are independenttibe modulation technique used3[5Also, the
duration of each of the six active vectors is unrelated to switching frequency value, thus making
1 @ ivalue of 'O independent of switchinfrequency[53]. The most practical way to calculate
1 @& ivalue of lac is to evaluate & value per switching period over a shortest repetitive period,
being equal td/6" of fundamental cycle27].

Therefore,i & ivalue of capacitor currei© can be represented as a function of the

modulation indexx , output load currerit & value, and load power factor:
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Dependency of @ ivalue of capacitor ripple curref® as a percentage of output load

current value for various power factorvalues across full modulati@xirahge is shown in Figure

2.74.

g

Figure 2 74.1 & wvalue of capacitorripple current lac

Absolute maximum valuef rms value ofO occurs at unity power value add 1@ ¢
which represent the worst case scenario within the full range of modulation index values. However,
atd 1@ yrms value becomes unique for all power factor values, and for values m higher than
1@ wperation at lower power factor values become more critical.

Although the rms value 60 is independent of the PWM method used, harmonic spectrum
of capacitor pple currentis strongly affected by it56]. Since dc bus capacitor parameters have
frequency dependent characteristics, spectral attributes of capacitor ripple current are of major
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importance for thermal ggformance and voltage rippl®&7-[60]. However,literature does not
cover spectral content of various PWM methods at conditions other than unity power factor.
Therefore, spectral characterization of DDPWM and SVPWM will be performed across full range
of power factor values based on Fourier analysis.

Prior to that, the time domain waveforms of DC capacitor ripple ctiiszpresented in
Figures2.75. and 2.76. as an example for SVPWM and DDPWM methods&or 1@ vand

0 "O p condition.
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Figure 2.75. Time domain waveforms dC capacitor ripple current for SYPWM for m=0.85 and PF=1
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Figure 2.76. Time domain waveforms of DC capacitorripple current for DDPWM for m=0.85 and PF=1

As can be concluded from Figur2s/s. and 2.76., bothmodulation techniques consist of
high frequency components represented as a multiplier of carrier frequency, but with an obviously
larger multiplier present with SVPWM.

In order to characterize DDPWM and SVPWM methods in a normalized form, Harmonic
spectrum of time domain ripple current waveforms are obtained as a function of modulation index
and power factor value.

Harmonics of® "Q of o and¢® "@rder are the ones with significant magnitudes, thus
harmonic spectrum for various modulation index values@f@ ¢ ois shown in Figure®.77.

and2.78. for DDPWM and SVPWM respectively.
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Figure 2.77. DC Bus Ripple Current Harmonic Spectra for DDPWM w69
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Figure 2.78. DC Bus Ripple Current Harmonic Spectra for SVPWM with69
Normalized current harmonics fab“Q of o and ¢ "fdr various modulation index
values across full powerdtor range is shown in Figur@s/9., 2.80.,2.81. and2.82.for DDPWM
and SVPWM respectively. Once again, current harmonic values are independent of the carrier

frequency selection, and unique imms of position in respect to carrier frequency.
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Figure 2.79. Normalized cf+3/3 order DC ripple current harmonic for DDPWM across full power factorrange
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Figure 2.80. Normalized 2cf order DC ripple current harmonic for DDPWM across full power factorrange
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Figure 2.81. Normalized cf+3/3 order DC ripple current harmonic for SVPWM across full power factorrange
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Figure 2.82. Normalized 2cf order DC ripple current harmonic for SVPWM across full power factorrange

Despite the fact that rms values of DC bus current ripple is independent of modulation type,

there is arobvious difference in harmonic spectrum between BIMPand SVPWM, based on
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Figures2.77.1 2.82. above. At unity power factor condition, SVPWM has very domimanfQ
harmonic, which changes with modulation index value, and peaks atrm® cat@ Tt lof
fundanental output current. As absolute value of power factor angle decreasé&armonic
value also decreases and becomes zem "& Tt condition. On the other hand)™Q of ©
increases its value with power factor decrease and modulation index incregealendd "O 1t
andda  p conditions witho p Fof fundamental current, which is the same value as DDPWM
under this condition. On the other hand, DDPWM shows less consistent harmonic behavior with
maximum & "Q of o value at unity power factor anii T® catt @ b of the fundamental
output currentAlso, DDPWM shows zero value fam "@ 0 "O mtcondition anchas maximum

of ¢ whkatd T& @ltis important to emphasize that in cases whef® T represents the
maximum DC bus ripple current case, which is thgecwith MTI operating at highen values,

SVPWM and DDPWM have ideieal harmonic spectrums as well

115



REFERENCESChapter 2

] A. Sch°nung and H. Stemmler, ficentrakib i ¢ r
conjunction with reversible variablepeed AGd r i ves, 0 Brown Bover.i Rev.
555577, Sep. 1964.

2] G. Buja and G. | ndr i, Al mpr ovemeAtrdh. of pu
Elektrotech., vol. 57, no. 5, pp. 2889, Sep. 1975.

[3] H. Van Der Brock, H. Skudelny, and . Nabae, AAnal gfapuse and r
width modul at or based on vIEEBIASEBNU.Mpeting,el988,ect or
vol. 29, pp. 41p417.

[4] K. Taniguchi, Y. Ogino, aMOSHET Il irmeer h @
IEEE Trars. Power Electron., vol. 3, no. 3, pp. 8384, Jul. 1988.

[5] M. Depenbrock, A P-ph&se mverten wdth nb sirusoiddhase | of
voltages, 0 in Proc. Il nt .199,eomB390403 d . Power Conyv

[6] S. Ogasawara, H. Akagi, and. G St ank e, AA novel soBrt6¢Ms c hen
inverters based on space vepptldd71202heory, 06 i n P

[7] K. Kol ar , H. Ertl, and F. C. Z aoftcthhe, A Mi n
main current of a PWM converter syst&ased on the solutiomf an ext reme val ue
Proc. ICHPC, Jul. 1990, pp. 23243.

[8] A. Hav a, R. Ker kman, and T. LdisgortinuouB A hi g
PWM algorithm, o | EEE Tr pmB59107hSkp./Och popd. . , v ol

[9] L. Asiminoaei, P. Rodriguez, a nPWMF . Bl a
modul ation in active pobBieetron,ival. R} reordspp.d6OE/BEEE Tr a
Jul. 2008.

[10] T. D. Nguyen, J. Hobraiche, N. Patin, G.Fed r i ¢ h, a ndirectdigitalP . Vi |
techniqgue i mplementation of gener al di scontin
Industrial Electronics, vol. 58,no. 9, pp. 444354, September 2011.

[11] J . H. Rockot ,-povieL bipptsre st ri aan sh isftamsr Bowdr Z EEE
Eleciron., vol. PE2, no. 1, pp 780, 1987.

121 J. Holtz. APul sewhdthpowe v.lPoteedngs ofs Do n @ |
IEEE, Vol. 8, pages 1194214, August 1994.

[13] K. G. King. ftoAdassh invereer whsiaes a/eoutputamd highs
ef f i cInénst.&E§cOENg. Conf. Publ. 123, pag@84-209, 1974.

116



[14] S. Bowes and B.M. Bird, "Novel approach to the analysis and syntheszdeflation
processes in power converters,” |EE Proceedibgedon), vol.122, no. 5, May 1975, pp. 507
513.

[15] W.R. Bennett, "New results in the calculation of modulation products,"Béle
System Technical Journal, vol. 12, April 1933, pp.-228.

[16] H.S. Black, Modulation Theory, Van Nostrand, New York539

[17] E.O. Brigham, The Fast Fourier Transform, Prenh@d, Englewood Cliffs,
NJ,1974.

[18] Holmes, D. G., & Lipo, T. A. (2003). Pulse Width Modulation for Power Converters:
Principles and Practice. (1 ed.) Hoboken USA: John Wiley & Sons.

[19] Heideman, Michael T.; Johnson, Don H.; Burrus, Charles Sidney (1984). "Gauss and
the history of the fast Fourier transform” (PDF). IEEE ASSP Magazine. 1 (42114
do0i:10.1109/MASSP.1984.1162257.

[20] Van Loan, Charles (1992). Computationetameworks for the Fast Fourier
Transform. SIAM.

[21] H.W. Van der Broeck and H.C. Skudelny, "Analyticalanalysis of the harnaffects
of a PWM ac drive," IEEE Trans. on Power Electronics, vol. 3, nela2¢ch/April, 1988, pp. 216
223.

[22] S.R. Bowes ath A. Midoun, "Suboptimal switching strategies for microprocessor
controlled PWM inverter drives,” IEE Proceedings (London), vol. 132BPte®. 3., May 1985,
pp. 133148.

[23] J.T. Boys and B.E. Walton, "A loss minimised sinusoidal PWM inverter,” IEE
Proceedings (London), vol. 132, Pt. B, no. 5, Sept. 1985, pp2860

[24] J. Holtz and S. Stadtfeld, "A predictive controller for the stator current vect of
machines fed from a switched voltage source," in Conf. Rec. IPEC Tokyo, 1983,pp. 1665
1675.

[25] S. Bhattacharya, D.G Holmes, and D.M. Divan, "Optimizing three phase current
regulators for low inductance loads," in Conf. Rec. IEEE Industry Applicaimtsety Annual
Mtg., Orlando, 1995, pp. 2357366.

[26] H.W. Van der Broeck, "Analysis dhe harmonics in voltage fed converthives
caused by PWM schemes with discontinuous switching operatio@8nih. Rec. European Power
Electronics Conf. (EPE), -Florence, 1991, Bj261-3:266.

[27] J.W. Kolar, H. Ertl, and F.C. Zach, "Calculation oétbassive and active component

stress of three phase PWM converter system with high pulse ra@ghinRec. European Power
Electronics (EPE), Aachen, 1989, pp. 13(&. 1.

117



[28] J.T. Boys and P.G. Handley, "Harmonic analysis of space vector mod Bt
waveforms," IEE Proceedings (London), Pt. B, vol. 137, no. 4,1R00,pp.197-204.

[29] D. Leggate and R. Kerkman, "Pulse basedet compensator for PWM voltage
inverters”, IEEE IECON 1995 Conference, 1995, pp-434.

[30] T. Sukegawa, KKamiyama, K. Mizuno, TMatsui and T. Okuyama, "Fullgigital,
vectorcontrolled PWM VSI fed ac dres with an inverter deatime compensation strategy",
I[EEE Trans. on IndAppl., Vol. 27, No. 3, MaylJun&991, pp. 55559.

[31] H. Kubota and K. MatsuséThe improvemenbf performance at low speed bffset
compensation of stator voltage in sensssl vector controlled inductianachines”. IEEE IAS
1996 annual meeting, Oct. 1996, pp. ZB1.

[32] J. SeunegGi, L. BangSup, K. KyungSeo, ad P. MinH o , e fafdalysis and
compensaition of I[EBEERIBAGDN CdonbtiRec. 1988, pp674-631. 0 i n

[33] S. J. Jang, S. W. ent @aveform impralemént of RWM Su |
inverter, o0 in I nt. Symp. -3Bower Electron., Seo

[34] T. Itkonen, and J. Luukko, "Switchinfyinction-based simulation model fahree
phase voltage source inverter takirgadtime effects into accountihdustrial Electronics, 2008.
IECON 2008. 34th Anual Conference of IEEE , vohp., pp.992997, 1013 Nov. 2008.

351 R. P. Joshi and @&suppriéssionBbiracive paiveadcesofl g at e
a voltagefed inverter and precisiogynthesis of AC voltageand DCi nk current waves
IECON Con5 Rec., 1990, pp. 163840.

[36] B.A. Welchko, S.E. ScHa, S. Hiti, "Effecs and Compensation of Dedime and
Minimum PulseWidth Limitationsin Two-L e v e | PWM Voltage Sour,ce | nv

vol . 2, pp. 8891 8IBEE,ProGedlElect Baver Appd. 128, no.1, pp.aFr2,
January 1981.

[37] D.A. Grant, "Technique for pulse dropping inlgewidth modulated invertersJEEE
Proceed. El ect Power Appl. , Vvol . 128, no. 1, p

[38] D. Grant, R. Seidner, "Technique for pulse dfiation in pulsewidthmodulation
inverters with 0 waveform discontinuity,"EEE Proceed. Elect Power Appigl.129, no.4, pp.
205712210, July 1982.

[39 G. KI'i man and A. Pal modulateon strategyi foreavVPEVMo p me n
i nverter drive, o in Conf . Rec921.l EEE | AS Annua

[40] A. MunozGarcia, and T.A. Lipo, "O#ine dead time compensation technique for
openloop PWMVSI drives,"IEEE APE '98yol.1,pp.9%J100 vol.1, 1519 Feb1998.

[41] J. Choi; S. Sul, "Inverter output voltage synthesis using novel dead time
compensation,’/EEE Trans. On Pow Ele¢tvol.11, no.2, pp.22227, Mar 1996.

118



[42] C. Attaianese, V. Nardi, and G. Tomasso, "A novel SVM strategy fordé8étime-
effect reduction,JEEE Trans on Indus Appiol.41, no.6, ppl667JL674, Nov-Dec. 2005.

[43] C. Attaianes, D. Capraro, and G. Tomasso, "Hardware dead time compengation
VSI based electrical driveslEEE ISIE 2001,.vol.2, pp.758j764 vol.2, 2001.

[44] J. Choi; S. Sul, "A new compensation strategy reducing voltage/current disiortion
PWM VSI systems operating with low output voltagéEEE Trans on Induéppl, vol.31, no.5,
pp.100HL008, Sep/Oct 1995.

[45] Y. Murai, T. Watanabe and H. Iwasaki, "Waveform distortion and correcironit
for PWM inverters with switching lagtimes'\EEE Trans. on Ind. Appl.Vol. 23, No. 5,
Septembectober 1987, pp. 88386.

[46] F. Blaabjerg and J. K. Pedersen, "ldeal PWHB inverter using only one current
sensor in the DAINk", IEE, 5th Power Electronics and Variat#peed Drive€onference, 194,
pp. 45 8-464.

[47] Power Electronics and Variable Frequency Drives (book), edited by Bimabse,
IEEE Press, 1996.

[48] R. Sepeand J. Lang, "Inverter nonlinearities and discitéte vector currentontrol”,
IEEE Trans. on Ind. Appl., Vol. 30, N, JanuanfFebruary 1994, p62-70.

[49] Z. Wu; J. Ying, "A novel dead time compensation method for PWM invéienyer
Electronics and Drive Systems, 2003. PEDS 2003. The Fifth Interna@orderence onvol.2,
no., pp. 12581263 Vol.2, 1720 Nov.2003.

[50] Ahmed, S.; Boroyevich, D.; Wang, F.; Burgos, R.; , "Development of a new voltage
source inverter (VSI) average model including low frequency harmonics,” Applied Power
Electronics Conference and Exposition (APEC), 2010 Twiftyh Annual IEEE ,vol., no.,
pp.881886, 2125 Feb. 2010

B1] A. Weschta and W. Weberskir citverteriito nl i ne
power tr aBPEICenbRecl®890op. b3H37.

[52] A.M. Hava, "Carrier based PWM voltage source inverter in diiermalulation
range," Ph.D. Thesis, University of Wisconsin, 1998.

[53] Hava, A.M.; Kerkman, R.J.; Lipo, T.A. Simple analytical and graphical methwds f
carierbased PWMVSI drives.IEEE Trars. Power Electron. 1999, 14,i43.

[54] Kolar, J.W.; Ertl, H.; Zach, F.C. Influence of the modulation method onaheuction
and switching lossesf a PWM converter system. IEEE Trans. Ind. Appl. 1991, 27, 111065.

[55] Casadeli, D.; Serra, G.; Taf,.; Zarri, L. Theoretical and experimental aysa$ for
the RMS current rippleminimization in induction motor drives controlled by SVM technique.
IEEE Trans. Ind. Electron. 2004, 51056 1065.

119



569 L. Sack. #ADC | i nk wereonvetersnithscoordimateouiselpi r e c t i

a tter n -BumpearPowen EldetPlics Conf., pagé239- 4-244, Trondheim,Norway,
1997.

[57] uU. Ay han, A. Mnd chhecstarzationi ok DG bugppde i cerrent of
two-level invertes using the equivalent ceeredh ar moni c a p pECCGER 20AL 0O
Conference, Septemb2011, Phoenix, Arizona, USA, pp. 383837.

58 P. B. Mc Gr at h, nefal.aralyticaHhoethoddaglculatinghinvgrier dc
link curren t har moni cs, O0Applidatg #l. ,rNo.Bb,pp. 1851U8%ED.. Sept./Oct.,
2009.

[59] M.H. Bierhoff, M.W. Fuchs," BC-link harmonics of thre@haseVSCs influenced by
the PWM strategyan analysis”, IEEE Tran®ower Electron., vol. 55, no. 5, May 2008, pp. 2085
2092.

[60] Z. Ozkan, A.M.H a v a ,-budiripple current characterization tfireephase 2/3k
VSIsconsideringth s pectr al Ccdppearand@PETr i stics, 0 to

[61] Z. Wu; J. Ying, "A novel dead time compensation method for PWM inveRemer

Electronics and Drive Systems, 2003.07£2003. The Fifth Internation&@onference onvol.2,
no., pp. 12581263 Vol.2, 1720 Nov. 2003.

120

E



3. MTI Low Pass Harmonic Filter

3.1. LCL Filter Design

Passive filter design for voltage source inverter applications is known to be a complex task.
Typically, a frst order L type filter or a"8order LCL type filter is to be used to filter the switched
voltage waveform and limiturrentharmonic content. The LCL filter has shown to achieve very
effective high frequency attenuation with significanguced inductance requirement || thus
making it a preferred solution for voltage source inverter applications. Because of mentioned
advantages, it is currently widely used in distribugetieration applications [3], ][4s well as
active power filtes [5. Basic guidelines for selection of LEfilter parameters using an iterative
process based on the current rippteeauation are presented in [1] and [6]. On the contrayy [7
focuses on filter parameter selection based on analytical solution afentiarmonics. Multiple
optimization criteria based on minimization of stored engrgylosses[8] and volume[9] have
been proposed. However, all of the aforementioned studies and algorithms are focused on filter
design intended for unity power factmeration, thus not being adequate for MTI application.

The primary role of the LCL filter is to reduce highder harmonics on the grid side.
Inappropriate filter design will lead to poor performance reflected in lower than expected
attenuation levels. @netimes other effects like resonance or inductor saturation may occur.
Therefore, the filter should be designed with several characteristics in consideration such as current
ripple, filter size and switching ripple attenuation. Also filter design shotddigee sufficient
damping and robustness to harmonics and asymmetries. On the other hand, the filter design is

limited by filter size and cost related constraints.

121



The procedure for selecting the LCL filter parameters is based on the frequency approach
ard requires following system level parameters
W, line-to-line RMS voltage (inverter outputdp , phasevoltage (inverter output)}Y rated
apparent powerw , dclink voltage; "Q, grid frequency;"Q , switching frequency; and |,
resonance frequency.

The base impedance, base capacitance and base inductance arerelgiecttelyby:

" Y 8
W ~ oP
p
0 _— 0] 8
U — 098

The peak to peak current ripple remets the difference between the peak-geltonds
and the average vedieconds applied to the inductor over the switching period. For simplification
purpose, the influence of the filter capacitance on the current ripple is neglected. The equation for
apprximation of the maximum peak to peak current ripple for DDPWM modulation has been
derived inchapter 2.5.4and will be used to approximate the maximum pegbeak current ripple

on the inductob :

YO Q0 088

Inverter DC link voltage is targeted to be the lowest voltage that is capable of providing a
full reactive power generation capability at the highest line voltage condition, which is typically
specified as 10% higher than the rated voltage. This condiififars from a standard grid tie LCL
filter design which assumes full active power generation, because thecasesbnditionin MTI

assumes full reactive poweelivery. In order to achieve a capability of providing a full reactive
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power, inverter reques higher inverter side voltage which demands higher dc link voltage values.
Higher DC link voltage values lead to other issues like need for higher voltage ratings of various
components in a circuit, higher switching ripple and overall component |leasggherefore is
crucial for the overall inverter design. Also, for the worst case DC bus condition calculation,
inverter is assumed to always run in the linear region, meaningemnenodulations present under
any condition. The theoretical limit of DDM linear regionhas been deulated inchapter 2.5.1
asp.

At full reactive power generation condition, total voltage drop across the filter in

percentage can be approximated as the:

0 b 0O P p
w [} o®8
PP

Since filtercapacitance has a negligible effect on the overall voltage drop across the filter,

voltage drop minimization cannot be treated as a design constraint.

This voltage drop needs to be added to the highest line condition in order to calculate the
minimum inveter dc bus voltage.

®  pPROUG P —— o8

Since inverter operation at high line voltage and full reactive power generation requires
high DC bus voltage levels, in order to keep all the components within standard ratings, it may be
necessary to use a transformer on the secondary side of theThlienesults in a stegown
condition of the line voltage on the invergde, whichallows usage of lower standard ratings of

components such as semiconductor switches, DC bus capacitors, filter capacitors etc. Also,

isolation transformer can be designe such t hat i1ités | eakage induc
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secondary inductor in a filter. A maximum peak to peak ripple as a fraction of the rated peak
current for the design parameters is given by
WO WO o8
WhereQrepresets a desired ripple current factor and

“YUIC

0 LA
Mo w

o8

The ripple attenuation is calculated ushlejowformula whichis derivedlater in chapter

3.3.1
Qi oY »p 88
Qi i 60 0 i6Y Y Y »p
Ripple attenuation can be calculated for each specific harnfignidilizing the formula
above.

Antiresonant frequency is defined by the following:

. P P
Q — = B
¢ Vo 0P
The resonant frequency is obtained by:
) p 0 0
Q —
¢* Lvuvo 0P 8

Some additional design constraints may be imposed based on actual standards and

application specifics. In the case of microgrid tie invertefd filters are designed to meet the
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harmonic distortion limits according to IEEE152118, which is a standard that provides a set of
criteria and requirements for the interconnection of distributed generation resources into the power
grid. The methodology for setting current distortion limits and for distortion measurement are
adopted fom IEEE5192014.

Table 3.1. (EEE-5192014. Table } defines current distortion limits at the PCC

respectively.
Maximum harmonic current distortion in percent©f
Individual harmonic order (odd harmonics)

‘010 g Q pplpp Q pXlpx Q coco Q cufouv Q v TDD
C T 4.0 2.0 1.5 0.6 0.3 5.0
CT LT 7.0 3.5 2.5 1.0 0.5 8.0
UTL PTITT 10.0 4.5 4.0 15 0.7 12.0
PMMP MM 12.0 55 5.0 2.0 1.0 15.0
pPTTT 15.0 7.0 6.0 2.5 14 20.0
Even harmonics are limited to 25% of the odd harmonic levels listed

Table 3.1. Current distortion limits atthe PCerlIEEE-519-2014

Where

1 Maximum demand load currefi® This current value is established at the point of
common coupling (PCC) and should be taken as the sum ofcutrents
corresponding to the maximum demand during each of the twelve previous months
divided by 12.

1 Shortcircuit ratio: At a particular location, the ratio of the available shocuit
current, in amperes, to the load current, in amperes.

1 Totaldemandlistortion (YO YD The ratioof the root mean square of tharmonic
content, considering harmonic components up to theds@er and specifically
excludinginter-harmonics, expressed apercent of the maximum demand current.

Harmonic components ofrder greater than 50 may be included when necessary.
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B O
YOO 0 p T bPod @
Howewer, IEEE1547, provides tablé$ (table3.2) and27 (table 3.3) which define current

distortion limits a little differently than IEEE519.

Individual odd
harmonic ordeiQ o pp PP Q px| PX Q@ ¢gO0| GO0 Q ou| oV Q um TRD
Percent (%) 4.0 2.0 15 0.6 0.3 50

Table 32. Maximumodd harmoni€urrent distortionn percent of rated current

Individualeven . ., .y y
harmonic ordefQ 2 ¢ @t 2 Voo
Percent (%) 1.0 2.0 3 Associated range specified in TalSl&

Table 3.3. Maximum everharmonic Current distortion in percent of rated currédt ()

| EEE1547 introducescunerwe ntte rDm sft Toorttalo nR g tTRD )
TDD. The total rated current distortion (TRD), which includes the harmonic distortion and inter

harmonic distortion, can be calculated using following:

O
YYO ——— p 1t bop &

Where:
1 "Ois the fundamenthal current as measured aP @€
1T © is theunitsrated current capacity (transformed to B@Cwhen transformer
exists between the unit and tiRCC
1 “O isthe rootmeansquare of the current, inclusive of all frequency components,

as measured at tiRCC
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Also, based on table 3.8ven order curre distortion limits in IEEE1547 above the second
order are relaxed as compared to IEEE519. Finally, opposite to IEEE519, IEEE1547 is free of
voltage distortion limits, since they are not defined in the standard.

In order to meet TRD requiremenfBRD need to be alternately defined by splitting the

root mean square of currei@ into high frequencyO and low frequencyO rms components

such that:

© ©
“YYO 5 p T PO® B
Since high frequency current components represent a unique ripple current characteristic
for each PWM modulation technique, they can be calculasath Table 4 in chapter 2.5.2 and
ripple attenuation formula defined i8.9). Formulas in Table 4 defingple current rms value

for inductord , which if conservatively assumed to ocamly at switching frequenci hallows

to calculate ripple attenuatian that frequency p€B.9), and estimatéD at PCC. This way it is
possible to estimatéow frequency© rms current component value limit, which actually

represents STHD50 value:

YY'@at —;;O O o8
Defined STHD50 limit provides information enaximum level ofow order harmonicsllowed
to occur to meet IEEE1547 TRD requiremeftese low order harmonics ateminantly induced
by nonlinearities defined in chapter 2.5i8er resonanceand PWM moddtor itself
As part of the detailed LCL filter design process for microgrid tie inverter, certain
optimization criteria needs to be adopted. Typically, the most conmt@infilter optimization

criteria are minimum volume, weight and filter stored energy. However, each design has certain

uniqueness based on the application specifics and ratings. This LCL filter design study provides
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general guidelines and is not intended tam@ds those specific Therefore, no optimization

criteria will be imposed.

3.1.1. Calculation Example

The following calculation example is based on pheameters af MVA rated microgrid

tie inverter:
W [V] Y 0 wo Qi UOq ‘D0
430.00 1,000.00 4,140.00 1,49186

Table 34. Parameters of 1 MVA rated microgrid tie inverter

The base impedance, base inductance and base capacitance are calculat€lysing

(3.2) and @.3) formulasas:

@ 0@ 0 O 0 O
0.16641 0.000441416 0.015940042

Table 35. Base impedanc@éductance and capacitanczlculation

As per previous derivations, in order to calculate the minimum inverter dc bus voltage
couple ofassumptions need to be made:
1 Inverterruns in the linear region, with maximum modulation indel pér .21.).
1 Line conditions are the highest at 10% above the rating at 473V.
Total voltage drop across the filter at f u
based on the finallfer parameters and equatidhy).
Minimum inverter dc bus vtage is ckulated based or8(6) and rounded as:
@ X LG
Rated peakurrent is calculated by (8):
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A maximum peak to peak current ripple on the indugtas calculated a85% of the rated

current per3.7):
Yo @ X PO

Inductance is calculated basesh 3.4) as:

0 60 )
44977 10.189

Table 36.Inductancd) calculation

In order to have a resulting current ripple value on the grid side, one assumption needs to
be considered. Due to high attenuation rate @fi2 Q ‘Qab high frequencies, ripple current on
the grid side of the filter can be approximated by a first baimof a triangle waveform at

switching frequency, thus leading to reduction factapibf* as compared to triangle peak value.

Therefore, the resulting ripple attenuation and grid side ripple current isatattyder3.9).

Ripple Attenuation 0 0 ‘O p
0.044 24.39 1.27

Table 3.7. Ripple attenuationiad grid side ripple curreralculation

Ripple attenuation value was extracted from the filter parameter solutiosatishy |EEE
1547 harmonic limits, and will beovered in more details later.
Based on the desired ripple attenuation, an infinite number of combinations of Inductance

0 and capacitanceé can be selected. However, argsonance of the filter is the parameter that

determines the value of the filter capacitance.-##sonant frequencyer @3.10), is selectedo
target the 1% and 13 harmonic that naturally appear in the microgridedtrency of those

harmonics is high enough that, depending on the designed bandwidth, it can cause difficulty for
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the feedforward control to compensate. Arsonant frequency is set jo¢ @dleading to

capaitanced being calculated as:

0 &0 0 b
1.084 6.8
Table 38. Capacitancé calculation

Therefore leading to inductande calculated as:

0 60 0 b
9.711 2.2
Table 39. Inductancé) calculation

Finally, the resondrfrequency is calculated b$.(L1) as:
"Q "Oa  plx p@ty

Also, some of the parasitic resistances need to be introduced into the circuit to represent
individual component losses, therefore, inductors have series resistance values ‘¥diMl to
pb & [y representingp bof the reactance at line frequency, and capacitor equivalent series
resistance is selected asdm

As discussed previously, LCL filter design needs to comply with the current hiarmo
limits provided in tables 3.2 and 30BIEEE1547. In order to obtain magnitudes for each of the
first 50 harmonics in output current waveform, model of an inverter filter and grid is used in open
loop mode in order to evaluate current harmonics based on filtering of switched waveforms
without any ifluence from current controller. It has been previously showigaire 2.32 that
modulation index valuenhas a dominant effect on the values of low order harmonics in switched
voltage waveform. Therefore, worst harmonic performance for any of /M waveforms is

expected at lower modulation indexes. With the fixed DC bus voltage level, lowest modulation

index is expected at low line voltage condition, selectedpescentage ofv , with reactive power
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flow import in direction from grid to inverter. Lowest modulation index underdtilition can

be calculated as

.. O p 0 P 0 "
ad oz p zZ o
PTT PTT p T

op @

For the LCL filter design example used here, lowest modulation index is calculated as 0.64
for ®value selected at 90%. Since this is a zero power factor operating corldaling at Figure
2.32 DDPWM produces highs&t harmonics Also, in order to properly represent all low order
harmonics, dead time and minimum pulse width limitations alongweitiage drops and rise and
fall times of the switches will be considered as well. Since IEEE 519 current harmonic limits are
defined for'OF0O ¢ 115% equivalent line impedance is added in between line and filter.

Based on parameters selected aswtbist case scenaridigh frequency rms component
of current’O is calculatedusing table2.4 in chapter 2.5.2 and ripple attenuation formula defined
in (3.9):

VO MO zZmWMrtTtm@WBINLVOY

Based on calculate® How frequencyO rms current component value limit, represented

in STHD50 value, is derived as:
YYQOU t8x P

STHD50 limit value is very close to TRD level of 5%, which showsokatall harmonic
limitations are almost independent from high fregognipple current, and they mostffect low
order harmonics, dominantly induced by nonlinearities previously defined in chapteffies.3
resonanceas well as DPWM modulator

Simulated current harmonic spectrum for first 50 harmonics is showigume 3.1 |IEEE

1547 harmonic limitatins are not satisfied sincetlBarmonic has a value of almost 20% of the
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rated current, which is a consequence of filter resonance occurripgp gg@owith 5% line
impedance. Therefore, in order to dampen the resonance effect, damping redistor mdmin
series with filter capacitors will be temporarily considered for the analysis purpose only, and other

means of dampening witle introdwed later in the work

20.00%
15.00%
10.00%

5.00%

_JJ_JJ_] g B

V2 V4 V6 V8 V10 V12 V14 V16 V18 V20 V22 V24 V26 V28 V30 V32 V34 V36 V38 V40 V42 V44 V46 V48 V50

0.00%

HARMONIC MAGNITUDE [%]

HARMONIC ORDER
m L CL FILTER

Figure 3.1. Low Order Current Harmonic Spectra for LCL filter with® pé m

Current harmonic spectrum for first 50 harmonics'Yab T is shown inFigure3.2

Along with it is the harmonic spectrum for the case where capacitors are completely removed from
the circuit and filter consists of inductancenly, equal to summation @f w ¢ @. Both filter
solutions meet individual harmonic limits defined iables3.2and3.3. Based on results in Figure

3.2, it is clear that lower order harmonics within the first 50 harmonics are dominant in both

solutions, with LCL filter solution having higher overall magnitudes.
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Figure 3.2. Low Order Current Harmonic Spectra Comparison between LCL filter With100& mand L filter
only

Figure3.3.compares LCL and L filter solution in terms of TRD, which has a limit of 5%
defined in IEEE 1547. Comparison ©RD along with the STHD for first 1@,5, 20, 30, 40 and
50 harmonics for LCL and L fir solution is shown in Figuig 3. Despite lower values of STHD

for first 50 harmonics, L filter solution does not satisfy TRD limitation of 5%.

STHD 50 STHD 40 STHD 30 STHD 20 STHD 15 STHD 10
HARMONIC MEASURE
E | CL FILTER HLFILTER

7.00%
6.00%
5.00%
4.00%
3.00%
2.00%
1.00%
0.00%

HARMONIC DISTORTION [%]

Figure 3.3. TRD and STHD10/15/20/30/40/50 Comparison between LCL filter Witk) 200mOhm and L filter
only
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In order to explain this better, frequency characteristics of LCL filter solution"With
pamandyY p mamalong withO filter solution are shown in Figu@4. Increase of damping
resistor value toY  p mammhas dampened the resonant peak of LCL filter, but has decreased
filtering performance in the high frequency rangesolution shows slightly higher attenuation
rateshan dampened LCL filter solution in the frequency range betyag@oand¢® v "Ogihus
leading to better STHD performance in low frequency range. However, due to lower attenuation
rates in the higher frequency range aba@ ' Q'Qdresulting in hjher ripple current related

harmonics,0 filter cannot meetY'Y @quirements.

i

Framgey 1

Figure 3.4. Frequency Characteristic Comparison between L fitter and LCL filter WithlmOhm and
'Y =100mOhm (missing label)

In order to reflect high frequency performance, first set of sideband current harmonics
around carrier frequency are computed and @reg betweeb andb O Solution in Figure3.5.

Higher high frequency current harmonic levelsbirilter are due to lower attenuation rate for

frequency range above resonance.
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Figure 3.5. First Sideband Harmonics Comsan between L filter and LCL filter

Therefore, using filter for MTI is not a viable solution, since inductance values need to
be significantly increased in order to meet the TRD requirements and that would have a major

impact on the power structure ratings and control performance of the MTI.

3.1.2. Comparison beteen MTI and GTI Filter design

As discussed previously, numerous studies dedicated to design aspects of the LCL filter
under unity power factor operation of the inverter exist. A comparative design of a grid tie inverter
filter that meets IEEE 51fmits, that is designed for unity power factor operation using DPWML1
technique, and is within similar voltage, power and switching frequency ratings as MTI filter
design example is presented in J[LOhe parameter comparison between state of the ant filte
designed for unity power factor operatiwalled Grid Tie Inverter (GTIand microgrid tie inverter

(MTI) is shownbellow in table 3.10
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Inverter| ® ®» O b 0 b 0g¢ b "Q "Oa "Oa
Type

MTI 480 750 9 5 3 1788 892
GTI 430 750 10.19 6.8 2.2 1710 720

Table 3.10. Comparison between GTI and MTI filter design

As explained previously, total voltage drop across the filter at full reactive load had induced
a necessity folowering AC voltage rating in order to keep DC bus voltage within the standard
rating. Also, reactive power import condition requires operation at lower modulation index values
that leads to higher v@lge harmonic generation. Thagsults in slight increse in total filter
inductance and increase in total filter capacitance for the microgrid tie inverter, as compared to
state of the art grid tie inverter design, in order to meet IEEE 1547 limitations.

As part of the frequency analysis further bellow, filban be divided into low and high
frequency range. Within the low frequency range, where all the 50 harmonics defined in Table 3.1
fall within, inductances have a major influence. Within the high frequency range, capaditatsce s
having a major influere

A comparison of performance between the microgrid tie and standard grid tie filter design
is shown in figure3.6. and figure3.7. Transfer functionO i , defined thrug.29), is shown in
the bode plot in figur®.6. A higher attenuation across thél frequency range is noticeable in
case of microgrid tie inverter filter, which is a consequence of the previously described necessity
for reactive power support operation under lower modulation index values. As per previous

calculations, resonance fngency is obviously lower inase of aMTI .
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Bode Diagram
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Figure 3.6. A comparisonofO i between the microgrid tie and standard grid tie filter (blue MTI, green GTI)

Transfer functionO i , defined thru3.32), is stown in the bode plot in figur®.7. Based

on the literature review, the antesonant frequency is not considered as a design target for state
of the art grid tie inverter filter, and clear guideline on how to select it does not exist. Therefore,
there is an obvious difference between the designs in terms of antsonant frequency. A
higher attenuation across the low frequency range is noticeable in dd3e fiter. Also, a lower

attenuation across the high frequency range is noticeable in dslde fter.
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Bode Diagram
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Figure 3.7. A comparison ofO i between the microgrid tie and standard grid tie filter

3.1.3. Influence of main Filter Parameters

In order to provide the ability to properly optimizeTMit is important to fully analyze the

effect that variation of main filter parametérs,0 and0 have on the filter performancEigures
3.8-3.13 show the family of curves for the bode plot of transfer functiGng and™O i for
variation of main filter parameteré , 0 and0 correspondingly. Filter parameters used for the
analysis have been deriveddnapter 3.1.1

Figures3.8 and 3.9 correspond to the filter capacitance variation between 1% and 10%
with 1% increments. Regardin@ i in Figure 3.8, It is noticeable that for low frequency range
filter attenuation rate does not get influenced, and has an takoostant attenuation rate of

¢ @ &FQ'Q dResonance frequency significantly drops with the capacitance increatstheb
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resonance magnitude does not get affected. High frequency range has a constant attenuation rate

of @ @ &Q Qregardless of the capacitance value. However, the resonance frequency determines
the point where high attenuation starts, thus leadingignificantly higher attenuation for a
specific frequency value.

Bode Diagram
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Figure 3.8. Bode plot of transferfunctio® i for capacitancg) variation
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For "O i in Figure 3.9, it is noticeable that neither the low frequency, nor the high
frequency range attenuation gets influenced, and has an almost constant attenuation rate of
¢ @ &FQ'Q Both resonant and antiresonant frequency significantly drop with the capacitance
increase. However, in resonant case magnitude does not get affected, but in the case of anti

resonance a certain level of damping can be observed with the increase in filter capacitance.

Bode Diagram
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Figure 3.9. Bode plot of transferfunctivO i for capacitanc&) variation

Figures3.10.and 3.11.correspond to the filter inductanoe variation between 5% and

15% with 1% ncrements. FOIO i in Figure3.10, both low frequency and high frequency range
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filter attenuation gets affected in the same manner. Curves are linearly shifted in both ranges, with
higher inductance leading to higher attenuation. Attenuation rate in low frequency and high
frequency rangds constant at ¢ R &QQand ¢ @ &Q'Q despectively. Both resonance

frequency and magnitude drops with the inductance increase.

Bode Diagram
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Figure 3.10. Bode plot oftransferfunctioniO i for filter inductance L1 variation

Regarding™O i in Figure3.11, the low frequency range attenuation gets influenced with

the higher inductancieading to higher attenuatioBoth resonant and antiresonant frequency
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decrease with the rise in inductance. As opposed to capacitor variation case iB.figutigure

3.11.shows the antiresonant peak value being lower, leading to higher attenuation.

Bode Diagram

Magnitude (dB)

Frequency (Hz)

Figure 3.11. Bode plot of transferfuction™O i for filter inductance L1 variation
Figures3.12.and3.13.correspond to the filter inductante variation between 1% and
10% with 1% ncrements. FofO i in Figure3.12, both in low frequency and high frequency

range higher inductance leads to higher attenuation. Resonance frequency drops with the

inductance increase.
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Bode Diagram
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Figure 3.12. Bode plot of transferfunctio® i for filter inductarce L2 variation

Regarding "O i

in Figure 3.13, both the low frequency and high frequency range

attenuation gets influenced with the higher inductaincdeading to higher attenuation. Also

increase i leads o higher resonance damping, athges not have the effect on antiresonant

frequency.
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Bode Diagram
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Figure 3.13. Bode plot of transferfunctiofO i forfilter inductance L2 variation

3.1.4. Influence of Parasitic Filter Parameters

In order to address some of the unique phenomena occurringljnthd important to fully
analyze the effect that variation of parasitic filter paramet&rs’Y and’Y have on the filter
performance. These parameters are named parasitic, due to the fact that they are naturally present
in the filter, but are often not considered in theefildesign as one of the targeted design
parameters, mostly due to low impact on filter performance.

Figures3.14.7 3.19.show the family of curves for the bode plot of transfer functionis
and™O i forvariation of main filteparameters , 'Y and’Y correspondinglywith same initial
values as per chapter 3.1.1

'Y represents an equivalent series resistance on the inverter side that produces the amount
of losses equivalent to all the losses on the input side. Input losses are pritvarihdactor
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winding and core losses and wiring losses. In standard desigshould represent only a small
fraction of thed inductor impedanceFigures 3.14. and 3.15. correspondto the input series
resistance variation between 1% and 10% with 1% increments. There is very little effectyof the

on the overall filter performance, except the reduction of the attenuation at antiresonant frequency,
which is undesirable. Due to tHaict, and the overall requirement for loss reduction and increased

efficiency, it is highly recommended to minimiZ¥ parameter as part of the design.

Bode Diagram
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Figure 3.14.Bode plot of transferfunctioi® i forinputresistanceY variation
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Bode Diagram

Magnitude (dB)

Phase (deg)

Figure 3.15. Bode plot of transferfunctio® i forinputresistanc& variation

Y represents an equivalent series resistance on the grid side that produces the amount of

losses equivalent to all the losses on the output side. Output losses are primarily the inductor or
isolation transformer winding and core losses and wiring lossesivdtent resistance on the
micgrogrid side canary dramatically depending on the microgrid structure. This wilboalyzd
separatelyin chapter3.3.1.2 and will not be considered hern standard designlY should
represent only a small fraction fe 0 inductor impedance. Figuré&s16.and3.17.correspond

to the input series resistance variation between 1% and 10% with 1% increments. Similar to
previous Y case analysis, there is very little effect of thve on the overall filter performance,

with positive effect of resonance damping. Howevhke total equivalent resistance required to

provide sufficient damping effect has to be significantly larger thampedance in per unit value.

That would cause excessive losses, heat dissipation problems and decreased efficiency and
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therefore, sintar to Y case, it is highly recommended to minimi2é parameter as part of the

design.

Bode Diagram
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Figure 3.16. Bode plot of transferfunctio® i for outputresistanc¥ variation
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Figure 3.17. Bode plot of transferfunctio® i for output resistanc¥ variation
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Y represents an equivalent series resistance of the filter capacitor branch which is
typically a summation of the capacitor equivalent series resistance and wiring resistance. A typical
GTI will most often have an added damping resistor in series withltigtrechpacitors, which will
increase the value of design&d. However, this will not be part of the current analysis, and will
be addressed in chapt416.1 Figures3.18.and3.19.correspond to the capacitor branch series
resistance variation betwe®% and 10% with 1% increment8’ has almost no effect on the
overall filter performance, except for the dampening effects at resonance and antiresonance
frequencies. As pdfigure3.18.and3.19, very little additional resistance in the capacitoatch
makes a huge difference on the resonance damping. Also, the amount of current flowing thru the
capacitor branch is at least order of magnitude lower than thru the main inducffirese two
factors ensure low losses in capacitor branch and males sesistor a solution of choice for

passive resonance damping in LCL filters.
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Figure 3.18. Bode plot of transferfunctio® i for capacitorresistancé variation
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Figure 3.19. Bode plot of transferfunctio® i for capacitorresistancé variation
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3.2. Impendence and Circuit Based Analysis

3.2.1. Filter Input and Output Impedance

Operating requirement for MTI is to be able to provide varying active and reactive power
support, which reflects into varying apparent power requirement at varying power factors. At rated
voltage condition that translates into varying fundamental curreplitade and power factor
requirement at theCC The simplest way to analyze effect of varying active and reactive power
requirements on MTI operation is by using an equivalent impedance model by calculation of the
converter sidew equivalent lod impedance based on the microgrid side equivalent load
impedance&d  at fundamental frequené@). Single phase representation without any parasitic
elements is adopted. By assuming rated voltage condition, equivalent microgrid side load
impedance&d  will vary both n terms of magnitude and anglhis impedance in combination
with filter parameters will dictate input converter impedance value . Since microgrid voltage

is sensed and the microgrid current is controlled by thetewen the microgrid sid&igure3.20.

shows the equivalent circuit for calculation of the and®

Zconv Zgrid

||

|

(@
N
(o
N
jlox

Figure 3.20. Equivalent circuit for a current controlled MTI with voltage aoudrent sensed on the MTI side
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Based on Figur&.20.the folowing equations can be derived:

(A O Y @ opg

YO QO OO dd ©® b ¢ de Y d O @
= = O

When using previously calculated LCLt&r design parameteis chapter 3.1.1figure

3.21.shows the magnitude ratio betwabn and® in respect tad phase angle®

angle represents aload angleinasesnsence it o6s variation dictates

| Azt

0
ang(Zg}ldeg]

Figure 3.21. & /& ratiodependencyt® phaseangle.

Itis important to notice that while the impedance magnitudés of and®  are almost

matching at active power conditions p ¢ OE R J it is not the case with reactive power

(v w 1).JAt pure reactive power import conditia®d, is represented as equivalent capacitor and
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equivalent input converter impedan@e  significantly drops in magnitude. On the other hand,
under pure reactive power injection conditiem, is represented as equivalent inductor and
equivalent mput converter impedance  significantly drops in magnitude.

For a same set of precalculated set of LCL fit@rameters, figur8.22.shows the angle

difference betweedd  andd  in respectt@  angle.

ang(Zc-Agldeg)

0 50 100 150 200
ang(@g)deq]

Figure 3.22. Phase Angle differencé&( 1 & ) dependencyt® phaseangle.

As per figure3.22, angle difference betweeén andw s either positive or negjae
at active power condiins p Y mE fJ depending on the sign of the impedance, which
represents power flow direction. At reactive power flow conditiow (7),Jangle difference islose
to zero value
Microgrid side and converter side equivalent impedadces and®  provide a simple
set of parameters for qualitative analysis of the operating conditions on the converter side.

However, due to a shunt capacitance present in the filterrdesigverter side and microgrid side
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currents and voltages cannot be fully analyzed using an impedance model, thus providing a
limitation in case of using equivalent impedance comparison. That leads to using actual circuit

analysis as a proper tool for quiaative analysis of the microgrid tie inverter.

3.2.2. Filter Circuit Analysis

Due to the limitations of the filter impedance analysis method described in previous
section, detailed circuit analysis of the filter will be performed. Circuit analysis wikldermed
under the following assumptions:
1 Analysis is based on the fundamental frequency analysis only.
1 Higher order frequencies will be analyzed separately in later chapters
1 Parasitic parameters in the circuit are neglected.
1 Microgrid active and reaste power load is represented as a constant base
impedanced with varying phase angle and base voltagwith 1T phase angle.
1 Circuit is analyzed on a singfhase basis, and symmetry between phases is
assumed.

Equivalent circuit of the MTI used fanalysis is shown is Figu23.
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Figure 3.23. Equivalent circuit for a current controlled T1 with voltage and current sensed on the MTI side

Basic circuit equations are derived as:

Q © ®
w o
'?’Q_lio
Q O] 6 TQWU o]
T 5 B
. 00
00w 2L°Y oe
w
Q0 0 1 00

P
R o8 &

Phasordiagrams are drawn in figui@24 for four distinct ratedoperating conditions:

active power injection/import, and reactive power injection/import.
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Figure 3.24. Phasordiagrams for four distinct operating condition@=3b b)Q=-Sb c)P=Sb d)P=-Sb

In order to quantify the circuit values, previously calculated LCL filter design parameters

are used. Figurd.25.shows the magnitude ratio betwé&@rand’O in respect to power load phase

angle.
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Wilval

Load Anglejdeg]

Figure 3.25. Ei/Eg ratio dependency to power load phase angle.

At active power conditions ratio between inverter and microgrid voltage magnitudes is
close to 1, but at reactive power conditions that is not the case. At reactive power import condition
O significantly drops in magnitude, while at reactive powerciigen conditionO significantly
rises. Necessity for having high@r in order to provide reactive power support requires higher
DC bus value. Highetw requirement has a major impact on the LCL filter parameter and
component selection due tagher current ripple magnitude. It also has a major impact on the
switching losses of the power module device. As compared to impedance based analysis in
previous section, circuit analysis performed in this section shows that the actual voltage magnitude
difference on converter and microgrid side is lower than impedance magnitude difference between
the two expressed in percentos.

Figure 3.26.shows a phase angle difference betw@emndO in respect to power load

phase angle.
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Figure 3.26. Phase Angle differendg - Eg in respect to power load phase angle
Angle difference betweeil® and O shown in Figure3.26. changespolarity and

magnitude based on the active power flow direction. When reactive power flow condition is
analyzed, angle difference is close to zero. Baseresults shown in figurés25.and3.26, it
can be simplified thaD andO magnitude diffeence controls reactive power flow, white and

'O phase difference controls active power flow.

Finally, in order to define complete set of operatimgureements of the MTI, Figurg.27.
represents a converter power factor in respect to power ke @ngle. It is clear that converter
needs to be able to operate under power factor value rangelfton in both leading and lagging

conditions.
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Figure 3.27. Converter power factorin respect to power load phase angle
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3.3. Equivalent modeling of an LCL Filter
3.3.1. Single phase model

3.3.1.1. Basic Model

The initial LCL filter model is to be analyzed based on a single phase equivalent circuit as

shown in Figure3.28

Ll, Rl |—2, RZ

E i} == GR E,

Figure 3.28. Single phase equivalent circuit

In LCL filter model0 is the inverter side inductdb, is the output side inductas, is a
capacitor with a serie¥ resistor,”Y and'Y are inductor equivalent series resistances, and

voltagesO andO are the inverter voltage and output system volt&yerents’Q 'Q andQare

the inverter output current, the capacitor current, and the grid current.

Applying the Kirchoffds | aw on the equival .

YQ w Yo

o i QQ 8
Y90 Qo T o8
Q

w YQ 0 20 YQ O m o8 @
Q0o

0 6nb Q m og
a6 @
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The LCL filter statespace model is derived from the single phase model shown in figure

3.28.as:
v Y ¥ i £I’I 0.
"Q 11 0] U U o TT "_ll
Q Q I Y Y Y p “"Q 11 Ul’lo
Qog 11 D G 0 hg P ogto OBF
o 0 ne Uy Mo
1] 1l g
—_— — m . u v
u O 0 U n n

3.3.1.2.  Grid/Microgrid Effect

Equivalent model of a grid/microgrid on the output side can become very complicated
based on the overall system level topology and its operating state, but most often it can be
simplified to a first order wdel using a simple equivalenh@venin circuit with parametei® ,

0 ,Y asshown in figur8.29

L1 Ry L2 Ry

Figure 3.29. Single phase equivalent circiricluding grid model

These parameters can be merged into a following single phase LCL filtesisbate
model:
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From the state space modelit is clear f3dQ2andw represent three states corresponding
to the only three elements in the circuit, 0 ando , that posess energy storing capability.
To study the effect of the choice @f, 0 and0 on filter characteristics, a set of transfer

functions needs to be derived.

161



91 Transfer function from the inverter voltageto the grid currentQ

. Qi i6Y »p
Ol = o O — — o I — o o . o8 @
Oi i 60 0 O i60Y Y Y 0 0 Y Y i 6 Y'Y Y Y Y Y 0 0 0 Y Y Y
1 Transfer function from the inverter voltageto the inverter currenf
Qi io0 0 i6Yy Y'Y »p
= T PR — . o T — VIV oS B
Oi i 60 0 O io0Y Y Y 0 0 Y Y i 6 Y'Y Y Y Y Y 0 0 0 Y Y Y
1 Transfer function from the inverter volta@eto the capacitor voltage:
w i i0 0 YooY
Oi {1600 0 fiouv'yY Y Y v v Y Y ioYY Y Y Y Y v U UL Y Y Y
9 Transfer function from the grid voltage to the grid curreniQ
uO 4 'Qi
[ -
O i
i6o0 i6Y Y »p
— P T , . , . P . - . , . o @
iovuv v {1TouvyY Y Y v v Y Y {To¥YY Y Y Y Y v v uv Y Y Y
1 Transfer function from the grid voltag® to the inverter currenf
Qi i6Y »p
T TR e o o o o ——— — - Y — — o . o @
O i i 60 0 O i60Y Y Y 0 0 Y Y ié6 YY Y Y Y Y 0 0 0 Y Y Y
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1 Transfer function from the grid voltag® to the capacitor voltage :

W i io vy

O i i 60 0 0 i60 Y Y Y 0o 0 Y Y i6YY Y Y Y Y 0 0

91 Transfer function from the inverter volta@eto the capacitor curreff

Qi i 60 O 6y 'Y

O i i 60 0 0 i 60 Y Y Y 0o 0 Y Y i 6 Y'Y Y Y Y Y 0 0

91 Transfer function from the inverter curréfitto the grid curreniQ

Qi oY p
Qi i 60 0 i6 Y Y'Y p

oD @

1 Transfer function from the inverter volta@eto the point of common coupling voltage :

W i i6Yd iT0 O6YY Y

O i i 60 0 O i60 Y Y Y 0 0 Y Y io Yy Y Y Y Y 0 0

1 Transfer function from the grid voltag® to the point of common coupling voltage :
@ i i6o00 {60Y 0Y Y i0 0 o6Y'Y Y Y oY

O i i 60 0 0 i60 Y Y Y 0 0 Y Y io Yy Y Y Y Y 0 0
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It is important to take into consideration the effect that line impedance hie ditter
performanceFigure3.30.and Figure3.31.show the family of curves for the bode plot of transfer

functions™O i and™O i . Family of curves correspond to the line inductance variation between

0% and 40% with 1% increments. It is noticeable thatfor both low and high frequency range filter
attenuation increases with the increase in line inductance, which generally meané$ilteging
performance. However that means that filter has a longer time constant and response time of the
filter increases. Also higher line inductance requires higher inverter output voltage in order to be
able to push enough current thru the filteridg the reactive power support phase. One important
characteristic of the filter changes with line impedance increase, which is that the resonance
frequency shifts lower in the frequency range. In the case of our LCL filter design, a 40% line
impedance mults in 1001 Hz resonant frequency. In the cas®df , line inductance does not

have any impact on the magnitude at resonance frequency. Low order voltage harmonics produced
by the inverter DPWM based switching are lower at lower frequencies, thilgvavide less
excitation of the resonance in this ca@a the other handow order harmonics produced by
nonlinearities defined in chapter 2.5.3 are more likelyxite resonanceat lower frequencies.

However, in the case 60 i , shifting to lowerresonance frequencies also results in additional

resonance damping. This means that low harmonics naturally present in a microgrid, may not be

sufficiently high to cause resonance at low frequencies due to additional damping of the filter
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Figure 3.30. Bode plot of transferfunctio® i for line inductance variation
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Figure 3.31. Bode plot of transferfunctio® i forline inductance variation

Figure 3.32. and Figure3.33. show the family of curves for the bode plot of transfer

functions’O i and"O i . Family of curves correspond to the line resistance variation between
0% and 40% with 1% increments. Itis noticeable that the line resistance has a dominant influence

in low frequency range where the filter attenuation increases with the increase in line resistance.
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Also there is an influence on the phase in the low frequency domain, meaning that the filter does
not have a dominantinductive component any more. Thehlmastano effect of the line resistance

on filter performance in the high frequency range, since reactance become dominant in the circuit.
The resonance frequency value also does not change, but there is a noticeable damping effect that

smooths out the resant peak at resonant frequency.
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Figure 3.32. Bode plot of transferfunctio® i for line resistance variation
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Figure 3.33. Bode plot of transferfunctio® i for line resistance variation

3.3.1.3.  Inductor Coupling Effect

LCL passive filters are quite bulky and represent one of the most expensive components in
inverter system design. In order to reduce the cost and improvpother density, magnetic
integration technique is often adopted by means of utilizing a single integrated inductor solution,

resulting in minimized magnetic core des[da][12].

In cases of inverter designs that are not using isolation transformer a¥ paatfilter,
coupling effect between two filter inductors can be achieved in two different ways:

1) Positive Coupling

2) Negative Coupling

An example of the typical positive coupled configuration of two filter inductors is shown

in following figure:
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Figure 3.34. Positive coupled filter inductor symbols
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Figure 3.35. Typical Positive coupled filter inductor configuration

An example of the typical negative coupled configuration of two filter inductors is shown

in following figure:
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Figure 3.36. Negatively coupled filter inductor symbol
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Figure 3.37. Typical Negative coupled filter inductor configuration

A set of equations explaining the coupling effect legmthe two filter inductors becomes:

v 90 9
Yo Y qo ¢

vo o 2 5 a4
" g0 Y Qo °

169



The mutual inductance between the two cils can be expressed in terms of the self
inductance of each of the coils and0 , the amount of inductive coupling between the coils
expressed via coefficient of coupling and its sign representing either positive or negative
coupling between the coils:

0 0 00 o8 @

Generally, if@0S p the two coils are perfectly coupled 3ifs 1@ the coils are said to
be tightly coupled, and /'S @ the coils are said to be loosalgupled.

In a typical coupled inductor configuration, like the one shown in fig8i&s and3.37,
inductors are loosely coupled in order to preserve the overall performance of the filter.

Considering the coupling effect between the filter inductorseethphase filter is

represented by a following linear state space model:

o U 0 Y 0 0 0O Y 0 0 0 0 Y 0 0 0 0
. 11 0 0 0 0 0 L 0 0 L L 1
Q g y BY 0 0 Y Y O 0 Y o 0 i
. y] ~ - 1
Q s
06 0 00 © 0 00 O 0 00 O 0 PR
U 1 P - M
u 0 o] Vg
0 0 .
laY I
O 0 0 0 00 0 0
H 0 0 0O 08 @
1 o)
nm o 0 0 0 00 0 o
u T T U

The equivalent circuitmodels describing the coupling effect between inductors is shown

in following figure:

170



/\ L+l L+Ly,

Ly
p— O

_— G

Figure 3.38. Equivalentircuit model for Positive coupled filter inductor
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Figure 3.39. Equivalentircuit model for Negative coupled filter inductor

In orderto properly optimize filter design, it is important to understand the effect that
variation of coupling factdk has on he filter performance. Figureés40.i 3.43 show the family
of curves for the bode plot of transfer functié@si and™O i for variation of coupling factar
for both positive and negative coupling correspondingly. Filter parameters used for the analysis
are based on values from chapter 3.1.1, and summarized in table 3.11
Figures3.40.and3.41.correspond to the coupling faciowvariation betweem andp with
181 ¢ mcrements, meaning positive coimgl. RegardingO i in Figure3.40, for low frequency
range filter attenuation rate has an almost constant attenuation rate ®férQ ‘Q dowever the
attenuation gets increased with the increase in coupling factdbserving the equivalent model

for positive coupling in figur@.38, it is noticeable that the overall series inductancegetsased
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dueto mutual inductance adding to eatthe selfinductances. Knowing that the equivalent series
inductance has the dominant effect in the low frequency range, higher attenuation is expected with
higher levels of0 . Higher attenuation means better filter performance in low frequency range.
Resonance frequency significantly increases with the coupling factor increase, but the resonance

magnitude does not get affected. Formula used fonegs® frequency calculation is:

Q o8 &
c“ 0 0O

High frequency range provides attenuation rate of oy &FQ ‘Qafbter a break frequgn
"Q, which is substantially lower thang @ &fQ Qfound in standard LCL filter with discrete
inductors. That leads to decreased attenuatidrequencies higher tha@ which is a sign of

degraded filtering performanc& can be calculated as:

0

o8 B

p 00 ¢0 O O o0
c” O0 0O 00

Bode Diagram
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Figure 3.40.Bode plot oftransferfunctionO i for coupling factorK variation
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For'O i in Figure3.41, Itis noticeable that higher levelsfleads to higher attenuation
at low frequency, while preserving an almasinstant attenuation rate of¢ ® &Q'Q dlso,

resonant frequency gets increased. Both of these parameters get affected in the same manner as

described in the case & i . Antiresonant frequency does not get affected with the coupling

factor increase. Filter overall high frequency behavior gets degraded.

Bode Diagram
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Figure 3.41.Bode plot oftransferfunctioiO i for coupling factorK variation

Figures3.42.and3.43.correspond to the coupling factowvariation between 0 and with
T8I ¢ increments, meaning negative coupling. Fari  in Figure3.42, it is obvious that the
bode plot has a form characteristic for trap filter. By obsertiregequivalent model for negative
coupling infigure 3.39, equivalent circuit of a trap filter is recognized. It is noticeable that the
overall series inductance gets decreased due to mntiuatance being subtracted from each of

theself-inductancesleading to lower attenuation at lower frequencies. Resonance frequency gets
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increased with the coupling factacrease antbecomes less damped. Trap frequency significantly
decreases with the coupling factor increase, but the resonance magnitud et dyptsafi@cted.

Following equations describe the resonance and trap frequency equations:

go) _P o8 &
¢‘ 0O
Q P o8 @
c“ 0 O

The 0 factor for the trap filter can be taken as follows:

T Ogﬁ

CR

In standard trap filter design equationg, represents the sum of the equivalent series
inductor resistance and the equivalent series capacitor resistance. In this particular case of coupled
inductors, there is no physical connections for the capacitor branch inductor, so equivalent series
inductorresistance does not exist. This provides a huge advantage, because the inductor equivalent
series resistance provides additional damping at the trap frequency, thus reducing filter
performance.

Same as in positively coupled case, filter provides att@rugdte of only-¢ 1 &FQ Qi
high frequency range due to increase of inductance in filter capacitor branch. Increased inductance
minimizes the filtering performance in high frequency range, due to increased impedance, thus

minimizing filtering perfomance.
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Figure 3.42. Bode plot oftransferfunctioiO i for coupling factorK variation

RegardingO i in Figure3.43, the low frequency range attenuation gets influenced with
the coupling factor K leading tlower attenuation. Similar to positiveupling case shown in
Figure3.41., Resonant frequency getereased, and antiresonant frequency does not get affected

with the coupling factor increase. High frequency attenuation gets decreased, leading ttepoor fi

performance in high frequency range.
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