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Abstract:

Modular multilevel cascaded converters (MMCC) are seen in medium ghdsbitage applications and have
gained attention from industry. This paper presents new controhitpeds to improve accuracy and control
response speed when applied to a delta-connected MMCC- based Awtige Gonditioner used for negative
sequence and harmonic current elimination. A novel referencentuyeneration scheme combining a notch
filter with Decoupled Double Synchronous Reference Frame (DDSRF)posed which can extract the negative
sequence and a selection of dominant harmonic currents accuratelytheitminimum time delay. Fast and
accurate tracking the extracted reference current is obthinjeusing a model-based predictive controller with a
derivative reference current term. The control strateggpiplied to an experimental delta-connected MMCC-
APC and the resultant waveforms are shown and analysed, confirminghthajrid current quality after

compensation has improved significantly.
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l. INTRODUCTION

Power quality issues are becoming more problematic since moderrslgddas computer power supplies,
energy efficient light, draw harmonic currents and consume reactive poweadimg connection of renewable
sourced generators to the utility network exacerbates thei@itwhte to their use of power electronic converters
for grid interfacing and their unpredictable generating capacity [lar] because they are often connected to
only a single system phase. This situation, together wigje Isingle-phase loads, such as traction drives, results
in a continuing problem of accumulating unbalanced system curfdr@se may result in voltage imbalance at

the point of common coupling, posing threats to system stabilityafadperation.

Power converter-based static compensators (STATCOMSs) have beenishegant years to be effective and
flexible in not only compensating load reactive current but alsgatiiig harmonics in real-tim@-5], and so
functioning as active power filters. Most are realised as thin@se two-level dc-ac inverters and hence can only
handle a few kilovolts when transformers are not used. The develophneodular multilevel converters (MMC)

[6] has contributed significantly to medium and high voltage powégrsyapplications [7, 8], such as HV)%&
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11] and reactive power compensation [12-14]. An MMCC commantypeises a chain of full-bridge converters
(sub-modules) connected either in single star bridge cell (SSBC) & deit bridge cell (SDBC) configurations.
Having many series-connected sub-modules, the MMCC is eaalpbte to higher voltages without requiring a
step-up transformer, and it can operate at low switching freteewhile producing lower harmonic outputs. Its
modular structure makes it fault tolerant as it can be reprogranonggptiss a faulty module or to generate
reduced voltagfl5]. The use of an MMCC for unbalanced current compensation has alsepeged, showing
that the delta-connected form is more effective than the staectmthcounterpart in maintaining MMCC phase
limbs voltage balance when compensating unbalanced current [1§]jsHecause the SSBC requires injection
of zero sequence voltage for rebalancing the MMCC inter-cluster gawd9] while the SDBC requires zero
sequence current [20, 21]. The former may cause phase voltageséad é&xeir rated level, resulting in the SSBC
operating in over-modulation mode or even becoming uncontrollabke.Adwever, does not occur in the SDBC-

MMCC, which is therefore chosen for the present work

Regardless of the converter type, simultaneous compensation of neggativence, harmonic and reactive
current presents the challenge of extracting harmonic and negatjivence current elements as accurately as
possible with negligible time delay. Various time and frequencyaitortechniques have been proposed for
harmonic extraction onl{22]. Most widely used in frequency domain is the Fast Fourier TrangfeF) [23],
whose accuracy relies on the conditions that the number of esuispdn integer power of two over an integer
number of cycles, and the waveform is at steady state.ri&thod requires considerable computational effort
[24]. Of the two main time domain techniques, one seriessedban the instantaneous reactive power theory,
proposed by AkadR5], for harmonics extraction [26-29]. Its drawback is in requiringrizadd three-phase grid
voltages with no distortion for current calculations. This canmokfor unbalanced loads since the voltage under
this condition may be distorted or imbalanced, hence affectingctheacy of harmonic current calculation. The
other series is the synchronous reference frames (SRF) proposed by3d0ivahich has the advantage of only
requiring three measured phase currents for computation, but transformfatir@asured currents to tloeq
rotating reference frame needs phase locking on to the grid voltdagle mvay be inaccurate due to grid voltage
distortion. In addition, if the load is unbalanced the transforthigcturrent elements contain additional &os

coupling components due to imbalance may affect the accuraeyritonic compensation.

This paper proposes two extraction schemes which can simultanétersify harmonic and unbalanced
current elements; both use the Decoupled Double Synchronous Referemee (BRSRF)[31]. The first
combines a stationary reference notch filter for dominant harmonictideteand the DDSRF for imbalance
current extraction. The second extends the SRF scheme to bothvenegati positive current sequences and

applies low pass filters to both components. The two technégae®mpared in this paper and relative advantages



of the notch filter-based method are found. Cancellation of load cuméatance and distortion also relies on
fast responding control scheme, hence the paper also proposedekbased predictive controller with a

derivative reference current term. The proposed techniques aree@ligding an experimental delta-connected
MMCC-APC, with a total of six sub-modules, to compensateittmlanced and distorted current of a network.

The resultant current waveforms and comparisons are presentatbéysed

Section Il of the paper describes the system configuration inviestjgaith unbalanced and nonlinear loads,
and the structure of the compensating MMCC-APC. Section lliyseslthed-qg components of the unbalanced
fundamental current, and symmetrical and asymmetrical harmoaitsnts. The proposed harmonics and
negative sequence current extraction schemes are illustratecbmpared in Section IV. The current control,
together with summary MMCC capacitor voltage balancing scheswdiscussed in Section V. Simulation results

are finally presented and compared with experiment.

II. SYSTEM CONFIGURATION

The distribution system used for developing and validating the MMEC is shown in Fig. 1. Bus 1 is
connected to a three-phase ac voltage source representing greggponBus 2 is the Point of Common Coupling
(PCC), connected with the MMCC-APC and a load bus. Therevartoads connected on the load bus: a three-
phase thyristor rectifier load representing the nonlinear and digt@dirent generating source, and a three-phase

R-L load with variable impedance to emulate unbalanced load.
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Fig. 1 System circuit configuration diagram

The MMCC-APC, presented in Fig. 1, consists of three phass @B, BC and CA) in delta connection and

connected to the grid line through a low-pass R-L fileach of the phase limbs is composed of a chain of



submodules (SMs) which are either a 2-level H-bridge (HB) or aé-fall-bridge flying capacitor converter
(FCC). In this work the latter was chosen for its higher number of voltagks land increased availability of
switching states per module. The two limbs of an FCC shammmon dc-bus capacitGsc, each having two

complementary switch pairs and a flying capac@arconnected between them. It synthesises 5 voltage levels,
ie. G§.4 %8/2 w»and 0. Both FCC and HB topologies have been reported in STAT&@IVactive filtering

applications [16, 32].
ll.  ANALYSIS OF UNBALANCED CURRENT

A key requirement for MMCQAPC to mitigate the unbalanced and distorted load current is ttetéxtract

the current elements to be injected into the giith high precision and short time delétyshould also supply the
required amount of reactive power to maintain near unity power fad@@t Analysis of current elements under
unbalanced load conditions is necessary to determine thatctorige injectedone is the unequal fundamental
phase currents due to over or light loading of one or two phases aiitlyrsinusoidal current drawing loads, and
the other is both fundamental and harmonic current imbalance. Taeisamost common, often caused by
distribution line impedance differences due to falttading one or two phases with excessive power electronic
converter-controlled load, and asymmetric connections of single-phds@egronverters for renewable sourced

generators.
A. Unbalanced Fundamental Current

Unbalanced three-phase current can be decomposeR, &L QJ WR )R UW kb\hireeHglehcedK HR U H P
symmetrical phasor systems, namely positive sequence, reegatjyence and zero sequence as given by (1). To
measure the degree of current imbalance a parametdrfz is defined wheref is the negative (-ve) sequence

component in the current in RMS alids the positive (+ve) sequence in RMS. Whén 0, w, =0, load current
is balanced; on the other hand, whep=1, or 100%,¥= ¥ and load current is severely unbalanced. So the load

three-phase current is
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Using the Clarke transformation the expression using is given as
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O\Nlth no neutral connection, zero sequence is cancelled.

Projection of E on positive and negative synchronous reference frames (SRF), ratatirg and +&

respectively leads t& ;and E ;which are expressed as
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where &6, 5 °gL %”ﬁp R B CLcﬁx .

From above expressions, one can see the cross coupling behgeers signals of both SRFs. The positive
d-g components contain actelementDW WZLFH WKH IXQGDPHQWDO ddd dqu kb@e\ & ZLW
negative sequence dc term. Likewise the negatigecomponents have aac H O H P H Q WithRte s&ame
magnitude as the positive dc term. The cross couplingy@ffundamental to +ve elements at the SRF creates
FKDOOHQJHV WR KDUPRQLF H[WUD RW L R RDedmiideshinate inbElahPed cQrieit G WR E

the injected current needs to have not only the negative sEdtietd O H P H Q WpdSiKW/ sdg@eNdR elément.
B. Balanced and Unbalanced Harmonic Currents

Balanced Harmonic Quantitiesthese are equal in magnitude across the three phases @elazagorised
DFFRUGLQJ WR WKHLU KDUP R Qivdsdgueackl @h+K), negative sdg@EWwe® (68-R)\ahd zero
sequence (6h-3). Note that even harmonics are disregardechginegise from asymmetry between positive and
negative half-cycles and are negligible in most power syst€heslowest few three-phase odd order harmonic

currents, such as®35" and 7, can be expressed as (5)-(7
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From(5) the symmetric '8 harmonic (6h-3) set is the zero sequemaeng three phase currents which are all

in phase with one another and have equal magnitude. Hence thisgsexizero sequence element only, and cancel

each other on phase line. In fact this applies to all triplmmaonics. Their synchronous reference frame



translationslo, Iq andlq components can be givais(8). The derivation througtt-g-0transformation equations

is seen in the appendix.
EL+..sAPELTLELT 8

Only zero sequencg exists and varies sinusoidally at three times the fundamietplency with amplitude

equals to+, no Eand Epresent.

The 8" harmonic has three phase currents with the same magnitudesasaiie phase differences between
each other, but the phase sequence is the reverse of ttatapiplied voltage, hence it is a symmetrical negative

sequencébh-1) vector. The synchronous reference frame elerggmtd thed-q components are given by
ELRLEL §ge<:RB EL 4... <P 9)

From aboveE equates to zero, the d-component of curigrtries sinusoidally at 6 times of the fundamental
frequency with magnitude equals #9 and g also varies sinusoidally at the same frequency and amplisulle a

EXW SKDVH VKLIWHG E\ -

For the T harmonic its three phase currents also have the same magmitiittee phase differences between
each other are equal, but the phase sequence is positiveesists as a positive sequence vector. The

transformation to SRE-g-0components are given in the appendix.
BELT EL Ftece!BB BL +...° <0 (20)
It is clear from the above symmetrical positive sequence harmiaitsate to equal magnitudgand g

components with frequency decreased by 1 owing to the matchadnatatirection of the synchronous frame.

The zero sequence component equals to zero.

Unbalanced Harmonic QuantitiesWhen the magnitudes of an individual harmonic in each phase fare no
equal they may consist of positive, negative and zero sequence emtgoegardless of their orders. For
example, a set of unbalance Barmonics with phase A and B oscillate at three-times ofithéamental
frequency and unity magnitude, and phase C magnitude is zero. Theorirai®n equations to SRd-qg-0

components are as

6 -
BL=4 ... *fP (11)
ELS 4@ WiRF +tARE +<s @RFSA F « +APEZ ;A (12)

EL-4@ ..VARE .. #iRE .. ' @PFSAE ... fi@E>AA (13)



Clearly the zero component oscillates at the original thimgu&acy but botld andg components are non-
zero quantities containing two frequency harmonics (3+1) and (8t19y side of the originalBorder harmonic.
These two frequencies represent the +ve ave sequences components of the unbalancédr@er set
respectively. This example shows that for a set of unbalana@dohig, its synchronous reference frame

translation contains multiple frequency elements which musktbeceed for cancellation.

V. NEGATIVE SEQUENCE AND HARMONIC CURRENT

EXTRACTION METHODS

The negative sequence and harmonic current elements can beeeximam the measured load current. The
two extraction schemes for data processing use either a nogchefiiploying Stationary Reference Frame plus
Decoupled Double Synchronous Reference Frame (DDSRF), or a lowdparsgefying on the Synchronous

Reference Frame (SRF).
A. Notch Filter Based Extraction
1) Harmonics Extraction

The transfer function of a simple Notch Filter (NF) is a seconéraiément given as
. . a> .
6.Q;,¢L—'—ae>6 S (14)

where 1}, defines the centre frequency required to be stopped; for exaigplé571 rad/s for notching thé's
harmonic. Fig. 2 illustrates the Bode plot of tHenarmonic NF log magnitude which approachesD W +]
the damping raticdis smaller for a narrower notch. In this ca&around 0.05 gives a narrow notch most suitable

for stopping the B harmonic.
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The analysis of the unbalanced and distorted load current has thatwhe 3, 5", 7" 9" and 11" are the
most significant major harmonics which are required to ppressed. To extract these elements simultaneously,
5 cascaded NFs as shown in Fig. 3(b) are used, with their correspaidieues in (14) aslfiy L
JHwrH tea:J L uéaws Vg éorresponding transfer function of the cascaded notch filtereis gs/

®e>4 .,
@7498555% ;14

6:Q,c,L Ay (19

e o

where & Q riAwn order to give narrow enough notches to stop all the main hazsadifie corresponding Bode
plot of the filter is as shown in Fig. 3(a). Using this NF to proeast measured phase current samples which
are in stationary reference frame, and groupelas shown in Fig. 3(b), the output, groupe@jrare the three
phase unbalanced fundamental current plus higher order harmonics which igiblee§ubtractind® from the
original measured current, the resultant three phase currents, gimhege those harmonic elementgs g v 466 6

selected for elimination.

harmonicsharm
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Fig. 3 (a)Corresponding NFs bode plot and (b) Cascaded- block diagram

2) Negative Sequence Current Extraction

The unbalanced 3-phase currents in GB&s indicated in Fig. 3(b) are further processed to extrgetine
sequence and reactive current elements. Assuming no neutrahkse, currents can be decomposed to the

balanced positive (+ve) and negative (-ve) sequence sets as
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To measure the degree of current imbalance a parametdr — is defined where¥is the we sequence

component in the current in RMS alids the +ve sequence in RMS. Whér 0, w. =0, load current is balanced,

on the other hand, whew, =1, or 100%,+= ¥ and load current is severely unbalanced.

:LWK DQG + LGHQWLILHG IURP 3&& YRQW RIWHP DXW LR Q \& OWVIXHNG HFRE 3
can be projected on the +ve and -ve synchronous reference framgs r@@&tfg at & and +&respectively

leads toE 4and E’éwhich are expressed as

Lted . Lted
>5 + . 'eftP ece fiP +
EaL"ElL@a E L'Ed.<.f+thE'§qz.<.ﬁp ___‘.ﬁpg:-d<-i+j1 a7
and
Lted ‘ ot
2?5 + L'eitP Fece B P +
EéLCEhL(ﬁ(é * L-Ed"'ﬁjhE%B'“ﬁP ...‘-FtPC'd<'T+th (18)
>5 AP e AiP 25 |
where &6, 5 °gL E’:.(ﬁp ...‘ﬁPCL %, 5 7.

Thed-q current elementsg sand E ; obtained are now predominantly fundamental elements, but thigirco
WKHLU UHVSHFWLYH & FURVVLEH &H 88) which Weddl tbd¥ taRéh R b Griad th axtiact

the fundamental reactive current elemefitsand €, , This can be achieved by using the DDSRE]. As
shown in Fig. 4, using th& sand E 4to subtract their respectivifi cross coupling terms, the first terms on the

right-hand-side of (17) and (18) can be extracted.

=7 > 1 g
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Fig. 4 Block diagram of Decoupled Double Synchronous Reénce Frame

The final dc current elements a#, ;and £ , 5 except<£, which is the load real current component, the rest

three are summed to form a part of the reference current, as shéign iB. There is one more elememtAa
required to be in the reference current, this is derived from the modulgeweriéage control loop to maintain

capacitor voltage balance.



All fundamental reference current elements are then inversér®askormed back to theb-cstationary frame
to give % 3 gy 4IBIg is summed up with the, 3 & y » 88&become the reference current sig-gqlo fog converter

current control as shown in Fig. 5.
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Fig. 5 Block diagram of harmonic and negative sequence aent extraction scheme
B. Low Pass Filter Based Extraction
In this operation the negative sequence current extraction iséppthe same way as for the NF-based method

described in the Subsection IV-A above. Extraction of harmonic cuireliiguses a Low Pass Filter (LPF), as

shown in Fig. 6.

Unfiltered componenfda: DC componenBadg:
 1dg+(DC). | 10 (100HZ), | 1dq+ (DC)
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| 1dq-(100Hz), [3(150H2) I5(250Hz), « In
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| 3dq-(200Hz) <« Ihdgx

Fig. 6 LPF harmonic current extraction block diagram

Note the transfer function of LPF is2 (Q L N the cut-off frequencyB, L?N, with a roll-off of 20

)
& >R

dB/decade, which must be sufficiently low to enable elimigathe 2¢ harmonic but high enough to maintain a



fast response speed. However, this scheme cannot distinguismtiatanced fundamental current antl 3
harmonic component when they transformed éhtpformat, which makes the final extracted reference containing
extra 3% harmonic component, as shown in the Fig. 6 red highlightedTjtastbecomes a potential drawback of

the LPF-based scheme and more analysis will be given imetltesubsection.

-U E .. .. .
Subsequently, onlyk g yare subtractedfrom the original measured currents, giving the harmonic
components&i4 and JH 4Which are set as a part of the reference current. The totamegecurrent should also

add the negative sequence current elemgntsand the reactive curren, as illustrated in Fig. 7.
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Fig. 7 LPF-based extraction scheme

C. Comparison with LPF Harmonic Current Extraction Schemes

Fig. 8 compares the three phase PCC currents after harmonidiextea their respective THDs using the
above two different schemes. It can be seen that the NfeHsahieme (red) can extract the harmonics more
accurately (THDs are 1%-5% lower) and faster (around 50 ms) thaoPfdased scheme (blue). This is
particularly evident from 3-phase current THDs; at steadgssthe THDs from the NF scheme are lower showing
it extracts higher percentages of harmonics than its countelfpaitg transient states, wherchanges from 0°
to 30° and 30° to 60°, the NF-based scheme is fastesgond to the change and the NF controlled currents settle

down quicker.
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Fig. 8 Three-phase compensated currents and their TBi comparison under NF and LPF-based schemes



Fig. 9 compares the most significant low order harmonic currenpaoens remaining in the three-phase
load currents measured at Bus2he system shown in Fig. 1 after harmonic extraction usihgreihe NF or
LPF-based schemes. The load currents vary due to firing amglenging from 0°, 30° and 60° respectively. It
shows that the 8order harmonics in three phases are around 308% high6f)(when using the LPF-based
scheme, and even increased to 681% higher whelvanges to 60°, which significant affect the 3-phase PCC

current quality. On the other hand, the harmonic components aféeatively reduced by using the NF-based

scheme.

Harmonic components of PCC current at the most significant low order when a=0°
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Thus in comparison to the LPF based scheme, the NF-basettiertstheme has the following advantages:

x Higher speed in reference current eliminatiorihe NF-based scheme concentrates on a few lower-order
major harmonics in the load current; the bandwidth of thedbelement is higher than that when using the
LPF, hence it incurs less time delay between the original amdatet currents compared to the LPF, and
enablethe controller to eliminate harmonics rapidly.

x  Flexibility in harmonic element selectiarin the cascaded NF block one can adjust notch frequencidsyflexi
to suit the harmonics needing elimination in a particulag.cBer example, when the current fundamental
element is unbalanced while its harmonics are symmetricisagibed in Section Ill, the triplen harmonics
and their multiples are absent, and hence thar@l 9" band-stop filters can be removed from the cascaded
NF block.

X Higher extracting precision with the LPF-based scheme, the tBarmonics are transformed inttf arder
via the Park transformation, which also converts unbalanced funddmement into the 2 harmonic as
shown in Fig. 6. These twd%rder elements will add vectorially and cause the converteett igjdundant
( E 4 4in’100HZz) & harmonic into the grid and result in harmonic extraction error. Usffsgcan extract the

harmonics in tha-b-cstationary reference frame directly and thus avoid this issue.
V. CONTROL AND MODULATION SCHEME FOR MMCC-BASED

ACTIVE POWER CONDITIONER

A. Predictive Current Control

The reference current extracted which is in stationary mderifzame is then applied to a predictive controller
in order to make the MMCC-APC to generate corresponding converter curogrevet accurate current control
may not be obtained by the conventional predictive control schmgeis due to the extracted harmonic current
having high ratesf-change values and is time varying, while there is a 1-satinp delay imposed to the control
action stemming from the predictive R Q W U R O O H UJfe/ als@ tieHuddHa) MWwFidd g dlVextraction scheme
with low bandwidth for harmonic reference current extraction infutiser delay. An example reference current
tracking and the corresponding PCC current are shown in Fig. 10. Tiodgarlyg a tracking error between the
converter and reference currents especially when load currergeshsharply, which causes the three-phase PCC

current to be distorted.



o

&
(=4
o

e
e

:.
.=
"

)‘rl\ [E‘l"‘u

p fh.‘,ei.f \.\/ f! \/ \:\‘”;f

N

&

Current Tracking (p.u.)
o
PCC Current (p.u.)

0.2

%l i i 4 L L L L L
037 375 0.38 0.385 0.39 0.395 0.4 0.37 0.375 0.38 0.385 0.39 0.395 0.4

Time (s) Time (s)

(a) (b)
Fig. 10(a) Simulated converter current reference tracking wavesrms; (b) Three-phase PCC current

The effective way is by adding a derivative term in the cotiweal predictive control algorithm. This is
realised by using the reference current at the last sample androwniizavalue with that at the current sample;
the derivative value of the reference current can be obtainedabyasig the ratio of the difference between
them over the sample time. Adding this derivative term to théaligeference value a new reference current for

the compensator is obtained, as shown below.

&G L &g E pim2fees (19)

Ip

The equation shows a coefficienbeing used to scale the derivative term. The valuaréeds to be carefully
chosen for achieving the desired compensation effect; isttidy, through trial and error, 3<0.1 was found to

be sufficient in all cases. Thus, the MMCC reference voltag@wequation can be expressed ag.(20
aja@sGLgegeFéipEi%c%GE%H%GFsEéipF 4sCo &G (20)

wherem represents phases A, B and C.

Applying this control algorithm, the reference current trackingsishown in Fig. 11Fig. 11(b) shows the

corrected PCC current. All these waveforms show significant improveaseattimpared to those in Fig. 10.
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Fig. 11(a) Simulated converter current reference tracking wavesrms; (b) Three-phase PCC current with
modification (T L UB Y
B. Capacitor Voltage Balance Control

An MMCC-based converter can be used to compensate unbalarttldranonic load current, which results

in two types of dc-link capacitor voltage imbalance: imkase imbalance and intra-phase imbalance. The former



is due to power flowing in MMCC three phase limbs unequally, laadtacked sub-modules in each phase having
their module capacitors isolated from each other preventing activer gaehanges between phases. The latter is
caused by unequal charging and discharging currents to MMCC module capaégtibrsds for preventing dc
voltage drift away for both cases have been developed and presemtetiinn the literatures [16, 33]. A

summary is given below only for the completeness of control scheme.
1) Inter-phase-Cluster Voltage Balancing Control

For a SDBC-MMCC a zero sequence current is applied which aiesuin the delta-configured three-phase
limbs to cancel the power terms due to imbalanced voltadjewrrent, hence bring phase cluster voltage balance.
Derivation is given iff16] and the resultant instantaneous zero sequence current needsredyed into voltage
commandRy 5 sthrough a proportional gain, as shown24)( Consequently thds 5 sis then applied as a part of

the reference voltage to control the converter switches.

Roaal ~eo F Y2 E 4o 4APE 1,:C 1)

2) Overall Capacitor Voltage Control

This controls voltages of all sub-module capacitors within @eletuster due to converter losses using the
well-known and applied feedback dc voltage control. In an MMCC the geveraltage of all sub-modules is

evaluated as

8/2%%&&%? (22)

where &}2%:05@;—:% Aﬁ"g&wu:f)@aq J £ equals the number of submodule in each phase limb.

The resultant values are applied to a PI controller wighréference voltag€pc e, Which is determined by
the nominal dc voltage value for each submadtife output reference current sighal . from this controller

then is added onto the converter positive sequence reference current.
C. Carrier Permutation Phase Shift-PWM

The Phase Shift-Pulse Width Modulation (PS-PWM) scheme hasidely used for MMCCs to synthesise
the desired waveforms in switch-mode operaliat}, and relies on having multiple triangular carrier waves phase
shifted relative to each other by a fixed angle. The number otraisi the number of distinct output voltage
levels n (from O to the peak level) minus 1 and the phasesi®0°/(n-1). This method enables the MMCC to
approximate the reference waveform with reduced and higher frequency hesnabra given switching
frequency. However, in the application to compensate load harmoments, the converter phase voltage

waveforms are distorted, causing submodule capacitor voltages tavehiftfrom their nominal levels. In this



work a Carrier Permutation PS-PWM schej®8] is adopted to prevent capacitor voltage drifting. It still uses
multiple triangle carriers, but instead of applying each of them fireal sequence cycle by cycle they are
cyclically permuted one position forward at the end of each fundammydisd. This enables the charging and
discharging current through the submodule capacitors to vary from oyclle according to the reference

voltage pattern, and hence greatly reduces the voltage drift.

After all the reference current generated, the model prediaivieatier is applied for the converter current to
follow the reference. The overall MMCC-APC control scheme is showFig. 12, which comprises three
essential parts; the reference current extraction and feedback aorgrdl part, the inter-cluster voltage
balancing control and the intra-cluster capacitor voltage control

rrrrrrrrrrrrrrrrrrrrr 3-phase grid line

Control strategies MMCC-
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current feedback control |
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Fig. 12 MMCC-APC control strategies blocks diagram

VI.  SIMULATION RESULTS

To validate the effectiveness of the proposed control scheraddMICC-APC and corresponding system are
simulated through SIMULINK/MATLAB, using the system parametersdish Table I; the three-phase source
voltage rating is 80 V, 50 Hz; the delta-connected MMCC containsstwwmodules in each phase, while the
module capacitor per submodule operates at 80 V. The lel@dturrent imbalance is varied by the rheostat
value Ro. Fig. 13(a) shows the three-phase currents measured at the PCCarldadonverter terminals
respectively. It can be seen that using the predictive cumeirot the MMCC can eliminate 3-phase harmonic

current with high rate-of-change, maintaining the current at @@ Wwell balanced and sinusoidal, even though



the load current is distorted and unbalanced. Fig. 13(b) shows thinmjeero sequence current and MMCC

line voltage. The zero sequence current is distorted due to the hamonipensation, but it only circulates

within the converter phases to ensure the cluster active p@larcbd and has no effect on the grid current.
Hence, the converter line voltage is balanced and shows gedtteels distinct from peak to peak.

Table | Simulated and Experimental component parameters

Components Value
Source Side 3-phase Source Max. voltayeo 2.4 kVA (80 V, 10A)
Distribution Aluminium PI TX line
. in ife = 2mMH
Line (d=10mm, I=1.1km) Rine ik = 2m
1.2 kVA (80 V, 5A)
Load Sid 3-Phase Diode Rectifier Rac bc=8.3mH
oad side R+L Load R {=48mH
Unbalanced resistor Ro IRW=0.4

1.4 kVA (240 V, 5A)
RL Filter R: J=2mH
Converter Side DC capacitor in each sub-module Vi= 400V; Gi= 1.12 mF
(utilized at 80V)

Switching frequency 1 kHzZ

PCC current

Zero sequence current

0.5

_ [pul

[A]

AVaVaVaVal

-0.5

MMCC line voltage
200 : :

, [pul

100

[pu]

-100

L . A i =200 L L L L
1 1.02 1.04 1.06 1.08 1.1 1 1.02 1.04 1.06 1.08 1.1

Time (s) Time (s)
(a) (b)

Fig. 13 (a) Simulated 3-phase current under MNCC-APC compensation; (b)Zero sequence current and MI@C-

APC three-phase line voltage

The 3-phase PCC current harmonics spectrum after and before MMC@resatipn are shown in Fig4.
Its fundamental elements become rebalanced after compensatidheaselveral most significant low order

harmonics are also eliminated.



Fundamental (50Hz) = 5.4 , THD= 18.59% Fundamental (50Hz) = 6.634 , THD= 1.94%
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Fig. 14 3-phase current harmonics spectrum before & afteMM CC compensation

The results of the system operating behaviour are shown itF-i§s can be seen, the device is not in action
between 0< t <0.1sec, the PCC current wavefdgaisare unbalanced and not in phase with the voltage:
From t >0.1 sec, APC is turned on to perform reactive current cwmatien and harmonic elimination, resulting
in the PCC current being in phase with the PCC voltage and sinusnitiphase currents are still unbalanced. In
this case the converter three-phase currentis increased and distorted. From t>0.2sec, the devicet i® s
supply load required reactive current, eliminate harmonics asaweltbalancing the 3-phase current. During
0.2<t<0.7sec whekK; changes from 0.4 to 0.7, the PCC current is shown to be balandesinusoidal. The
converter current is naturally increased and unbalanced. Thesemuence current is gradually increased to
balance the MMCC cluster active power. In a consequence, the 6 rdodoléages are keep maintained in their

nominal value.
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Fig. 15 Operating behaviour of delta-connected MMCC-APC

VIl. EXPERIMENTAL VALIDATION

A. Experimental setup

The experimental tests have been carried out in the power eledtdomiatory of University of Leeds, UK.
A practical three-phase MMCC-APC is shown in Fl§, consisting of two series connected 3-level FCC
submodule per phase. The complete test system is suppliegl thygb-phase power supply of 110V 50Hz via a
variac, and a three-phase inductor representing the converterTiigload includes a three-phase R-L load in
parallel with three-phase uncontrolled rectifietV KH U HbRaseLA inplut) fhe includes a resistor connected
emulating the unbalanced non-linear load, and the three-phase M¥*CCtself, as shown in Fig. 1. The

parameters for this system are same with the simulated sgatélisted in Table. |

The proposed control strategies shown in Fig. 12 are implemeriteg aigligital signal processor (DSP-
TMS320C6713) while the PWM gate signals are generated by a Fielgrammable Gate Array (FPGA-

ActelProAsic Ill), as shown in Fid.6.

3-Phase Voltage Source Converter Filter

Unbalanced Non-linear Load

Fig. 16 Laboratory set-up prototype



Fig. 17 shows the results obtained for one case study When0.4. With MMCC-APC compensation, the
three-phase current and phase A voltage at PCC measured bhyilthecoge are well balanced and giving unity

power factor.

Fig. 17 Compensated and Balanced three-phase PCC current aithase A source voltage

The following describes tests on the practical MMCC-APCaigl investigates and compares the operating
ranges of this device under the two different control requirementsgdrapensating reactive power and
unbalanced load without harmonic cancellation (Fig. 18), andhaittmonic cancellation (Fig. 19)he order of
display in both sets of figures is as follows: (a) shéwsvariation, (b) and (c) are waveforms of the supply
voltages and currents denoted respectivelysas: andlsang Graph (d) shows converter phase cluster reference
voltagesVcand and the converter cluster currenitsshcare displayed in (e)he imposed zero sequence current
for balancing three phase powers denoteld esdisplayed in (f) and finally the 6 modude capacitor voltages,

Voc are in (g).

B. Without harmonics compensation

In this case, the device functions as a conventional STATCOMuyyi\8ng reactive current to the grid
according to load drawing value and, if required, may eliminatedaarent negative sequence elenjdfi. Fig.
18 displays the results obtained. Frort<®.1 second, MMCC-APC is not active, hence the PCC current
waveforms shown in Fig. 18(c) are not in phase with the volta¢le) and unbalanced. At 0.1€2, reactive
current compensation is performed leading to current shown in (c)ibhgihgse with the PCC voltage in (b), but
still unbalanced. In this case the converter compensating cug@gtshown in (e) increased. From t>0.2 second,
MMCC-APC is set to supply load required reactive current akagetliminating current imbalanced up to the
level measured bigi= 0.4 to 0.7. During 0.2<%4 whenKi changes from 0.4 to 0.5, the PCC curiest.are
shown balanced and in phase witkncin (b). The converter terminal currdrtoc (in (€))is naturally increased
and unbalanced while the reference terminal voltages (in (d)) is still balanced. The zero sequence current
(in (f)) is increased and 6 modulie voltages (in (g)) are maintained balanced. Further inci¢ase 0.7, the
converter controller still performs well and 3-phase supply cuisdoglanced and in phase with PCC voltage.

The 6 dc capacitor voltages are still controlled at theirinal value with little ripples.
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Fig. 18 Compensation of load current imbalance without harmonics

C. With harmonics compensation

When the harmonics compensation function is added to the SDBC-MM@QJelvice starts to extract
unbalanced harmonics and compensate reactive pbiget9 shows the waveforms of all the variables displayed
in the same order as that in Fig. 18 wherchanges from 0 to 0.As can be seen, during time 0<t<0.1second,
MMCC-APC does not perform any control, PCC curreaicis unbalanced, not in phase wifBancin (b) and
corrupted with harmonics. Frofl<t <0.2 second, controller performs both reactive current comp@mnsnd
harmonic current cancellation, but not to balance the load cuR€@.currentsancis shown sinusoidal and in
phase withVsascin (b), but three phase values are unbalanced, heisceero and/pcs are balanced/cand is
sinusoidal and balanced bigtncis shown harmonic distortion since MMCC injects harmonic current to tance
those in the load current. From 0.2813% second, MMCC compensates unbalanced current Kp #®.4 while
simultaneously supplies load reactive current and eliminatesohasnAs can be seen frofganc waveforms in
(c), good control is obtainetlsanc is well-balanced with little harmonic corruptions and in phaith the PCC
voltage. The converter phase currebcis increased in this case.in (f) is none zero to balance phase cluster
voltage. It is distorted due to the compensating of harmonics, baffacts the voltage balancing control. Similar
with Fig. 18 case, further increasing to 0.7 PCC currentsanccan still maintain balanced and sinusoidal, while

all the dc capacitor voltag&scs are maintained at their nominal value.

The ability of delta-connected MMCEPC control scheme in compensating unbalanced harmonics is clearly
shown effective. Comparing the simulated and experimental reisghgws that in both test conditions, the zero
sequence current will distorted as long as the device siaetsritinate harmonics current; also, the compensated
PCC current waveforms of the experimental results are lesshdeadimulation results because that the switching

devices and loads are not ideal.
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Fig. 19 Compensation of both load current harmonics and imbalance

VIIl. CONCLUSIONS

K, =0.7

The paper presented a novel control strategy for delta-connected MkCfOaction as active power

conditioners which can simultaneously supply load required vegotiwer, eliminate grid current harmonics and

negative sequence current. The contributions of this paper amasiz@d and shown the following features:

1. Using the proposed cascaded notch filter-based current extractieme can eliminate only a selection

of dominant low order harmonics hence shows a higher flexibitity faster speed in tracking the

harmonic variations. The three-phase grid current using this sclue®es around 50ms faster of the

transient period comparing to conventional Low-pass filter badeshse when load variation occurs.

2. This scheme extracts the negative sequence current and harmpaiegedg, which avoids the mix of

transforming fundamental negative sequence &hadr@er harmonics into"2order elements. Hence, it

provides higher accuracy and the grid current THDs after compensatit¥a 5% lower than the Low-

pass filter counterpart.

3. The cluster active power of the delta-connected MMCC-APCrig@ited to be balanced by injecting a

zero sequence current during unbalanced compensation, while the a@evicempensate up to 1.0 of

load unbalancK;. The simulation and experimental results confirm each othethamdthat the device

can enhance the line current quality effectively.

IX.  APPENDIX

Balance and unbalanced harmonic current d-g-0 transformations:

The balanced"8harmonicd-g-0 components derivation:
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The example unbalancetf Barmonicd-g-Ocomponents derivation:
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