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Abstract

This paper presents a simulation study for a built prototype of modular pugtiflying capacitor
cascade converter as a STATCOM. The converter modulation scheme applied is baseceon Phas
Shifted PWM and the two scenarios which require compensation are investigated tothisrify
topology. The two scenarios are PCC voltage regulation and unity power ¢aatection through
reactive power compensation. Simulation results verify the performance of the chosen topology.

1. Introduction

The STATCOM, as an established FACTs device for providing reactive power compensation and
voltage regulation for power networks, is in increasing demand for distibuystems. Major
changes are posing challenges to the stability and power quality of distribetisorks, notably the
growth in distributed generation, particular in the form of widespnastgdllations of grid connected

PV panels and accelerated use of electric vehicles, requiring battery chaggiogssto provide
redundant power supply. Consequently, excessive and often bidirectional currem fioesiand
transformers, causes severe voltage fluctuation, and waveform distortion. In combination with these i
the presence of predominantly reactive and non-sinusoidal load due to unprecedented widespread us
of power electronic based equipment by industrial consumer. The consequent current aed voltag
harmonics have detrimental effects, including electro-magnetic interference, (&Mtloading the
cables and may even result in voltage swell or drop proportional to the load ,cuntenebnnected

line impedance and frequency. Also, the presence of reactive current on tlesuite in low power

factor and reduced efficiency. STATCOM offers effective solution to some of these moblem

The use of STATCOMs in distribution networks with voltages up to a fewdits has spread over
the past decades. Most of these installed devices use voltage step-down transformersleasd two
voltage source converters with harmonic filters. This combination makes the devicaubdlkgstly,
and the converter needs to be switched at high frequencies to achieve low totaditalistortion,
hence generating high stresses and losses in the switches. A different configuetiatassical
multilevel inverters such as the 3-level neutral point clamped (NPC) type fotagegea waveform
with low harmonic levels at the reduced switching frequencies. These, usually combinagdise
shift transformer (PST), form the multi-pulse converter topology and can geskiatase sinusoidal
waveforms at high voltages. However the PST is an expensive item and contrsltopthogy is
complex.
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Recent development in Modular Multi-level Cascaded Converters (MMCC) makespthlegy an
enabling technology for STATCOM in medium and high voltage network applicdtior]s [1-4]. The main
advantage of the modular structure is in allowing the circuit to be scalable koatvany voltage
level, so that a transformer may not be needed. With lower voltage stresstasassihes and lower
switching frequencies, the topology offers lower power losses and higher comftictency whilst
generating good quality waveforms. MMCC-STATCOM schemes implemented in practicasack

on the Cascaded H-bridge MMCC topoldgy [5-7]

This paper presents a STATCOM built on a variant of the MMCC, the MoMuétilevel Flying
Capacitor Converter (MMFCC). In this form, each module is a basic single-phasdeabel full-
bridge flying capacitor converter which can generate three voltage levelsjf@2+¥Vpc) and can be
individually controlled[[8-11]. For an MMFCC-based STATCOM the main challeage achieve
flexible and high performance line voltage control and reactive power compensahilst
maintaining module and floating capacitor voltages balanced. In this workpal&mPhase Shifting
PWM modulation scheme is discussed as the chosen switching control method which ee@ achi
natural floating capacitor voltage balance. Subsequently an MMFCC can be treated aadtaded
H-bridge converter but having more voltage levels per module. Such a topology mayiee apg@
STATCOM for reactive power control in a power system. The paper will shatrodule capacitor
voltage can be balanced by controlling the average voltage of phase limbstwithcerning about
the floating capacitor voltages. Simulation results of this STATCOM foagelicontrol of a small
power network are shown giving desired responses and discussed.

2. MMFCC and Phase Shift PWM Control

The phase limb of an MMFCC comprises a chain of three-level flying capéditbridge converter

as the basic module. Each module, as shown in Fig la, having two floating capacitncs@Cand

an outer DC Bus capacitorpg; is capable of synthesizing a total of 5 voltage levelgct¥Vpd/2,

and O volt. For three phase applications the three-phase limbs can be in githredasita connection
which may be referred to as Single Star Flying Capacitor Cell (MMC-SSFCC) and Single Delta Flying
Capacitor Cell (MMC-SDFCC) following the nomenclature presented by AkqgF{B]this work an
MMCC-SSFCC consisting of six modules is used as shown in Fig 1la. Each phaseriprsing of

two modules synthesise a total of 9 voltage levels £2¥1.5Vpc, £Vpe, £0.5Vpc, 0 volt). Recent

v‘)rk has investigated using this topology to function as a STATCOM in a meditage network

8].

One of the key issues when using a MMCC-SSFCC as a STATCOM relates fladtuations of
capacitor voltages. With two floating capacitors in each module, an ideal s:gisdtieme should be

one which can maintain these voltages balanced, so that the modules can be trediddges Hut

with the advantage of having more voltage levels. The unipolar phase-shifted PWM (PS-PWM)
scheme is considered most suitable as it can ensure natural balance of the floatitay eafiages.

As is known a unipolar scheme uses two reference signals which are anti-phase tihneracdna

these determine the switching actions of two legs in a two-level Hebadghat they do not switch
simultaneously. When using the unipolar PS-PWM for an MMFCC, each 3-level FC module also has
two legs, labelled top and bottom in Fig. 1(a). The top leg is controlled awgdaithe positive
reference sighal Rand comprises two cells: cell 1, consisting g€ C, — Sa — Sa and cell 2
containing G— S& — Sa. Similarly the bottom leg, comprising cell 3 containing:€ C, — Shb; — Shy

and cell 4 containing & Sh, — Sk, is switched according to the negative sighal R

The two reference signals are compared with four triangular carriers phasd bijii constant angle
0c = n/4 between each other. The interceptions of each of them with the positive referefigeRerate
four identical but phase shifted pulse trains as shown in Fig. 1(c); thes®radriving four
complementary switches in cell 1 and cell 2 in the top legs of the two modules. Sirthkarly
interceptions of the same four carriers withalRe used to control the four cells in the bottom legs. In
general the number of carrier waves ‘n’ is equal to the number of distinct voltage levels between zero



and positive peak phase voltage that an MMFCC can generate. For example for three modules pe
phase, the number of distinct voltage levels is six, hence six carriers are required.

Applying four switching pulse trains to control the four cell switches ohglesimodule, the natural
floating capacitor voltage balances are maintained within a cycle. This can be dtisisitg cell 1 in

the top leg of module 1 as an example. The PS-PWM waveforms shown in Fig. 1 (b) haveeaeferenc
and carrier frequencies of 50Hz and 250 Hz respectively, giving a frequency rioyduddex m=5.

The floating capacitor is set as 5mf and 70V, while the module capaeitds Get as a DC supply

with 140V.
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Fig. 1: (a) MMFCC-STATCOM Power Circuit diagram, (b) Reference and Carriezfasans for PS-
PWM Modulation Technique (c) switching pulses for top cells and (d) bottom cells of two modules.

The top two switching pulse trains given in Fig. 1(c) are for controldr®l S, in cell 1. Attime ta
pulse is applied to turn onSsetting the module top leg terminal voltage ta,¢/¥2; C,; discharges
hence its voltage level falls. This continues untiwhen $;is turned onDuring t to t e top leg
terminal voltage rises to +#¢; C,; is neither charging nor discharging, so its voltage stays at the lower
discharged level. A&tS,, turns off while §; stayson; this makes the terminal voltage return to,¢/%

as during t - t,, but the switching state is different. In this case the load current path englieb€
charged, and hence its voltage rises above the nominal level. In the same way, inspecting t
switching states and capacitor voltage changes as shown for the resthaff tbgcle from £ to 1,
Likewise for the negative half cycle the switching actions are reverse symmetribairt@dsitive
counterparts. Thus provided the same reference signal is used the voltageidal@ays balanced.
This clearly applies to all the floating capacitors in the other modules.

The above discussion shows that, using PS-PWM control, the MMFCC can be regarded as an H-
bridge converter in the steady-state, and hence the consideration of voltage balanceamriteol
mainly focused on the voltages across the module capacitors rather than thg @ap#citors. It is

also important to note that the unipolar PS-PWM scheme results in equal utilizatiensvfitching

states. Thus the voltage stress and switching losses are shared evenly acrosshing sisitices.

Clearly when more modules are added in the chain while retaining the sactd@rgyitequency per
module per cycle, the effective output voltage harmonic frequency increases. 8 igsult of the
increased number of carrier waves becoming more tightly packed together addtihtegtio across

the unit cells almost identical.

The unipolar switching action on the 4 unit cells in each 3-level FC modulesrestiie harmonics in
the output voltage waveform to appear at 4 times the actual cell switching fre&fweﬁéﬁf fs). Each



additional 3-level FC module stacked per-phase pushes this further the spectaatby @fn, hence
the harmonic frequency would be

h= j(nx4m,)xk 1)
where, h= harmonic order,j = harmonic positionm, = frequency modulation indeX = index of
side band. Fourier spectrum analysis of the converters output voltage waveform is shown in Fig. 2

A comparison of total harmonic distortion (THD) at varioms and m, is shown. The THD is

primarily governed my™ and varies slightly for various valuesmf . Based on this result, a feasible

range in this investigation to maintain good harmonic characteristics would be a modulationcfreque
index m; > 3 and modulation amplitude index withi/ < m; < 09.
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Fig. 2: Fourier Spectrum Analysis of Voltage waveform

3. Control Schemefor an MMFCC-based STATCOM

The power network is rated at 230V, 8.28 KVA, 50Hz. The supply side of the distribunéois |
modelled as a piection equivalent distribution line made of aluminium and of length 2.5km (0.5€Q,
SmH, 10nF per km) corresponding to a reactance of 1.57 €. The X/R ratio (short circuit ratio) is
greater than 1 showing that the line reactance contributes more to voltagerdsspthe distribution
line. Also connected at the PCC are two loads, a variable load with a poteerdg6.8 drawing a
reactive power of 2.07 kVAR, and a static load drawing an active power ok@/0An R-L filter is
used at the converter side to reduce the harmonics due to converter switching.idgdefchitering
inductance is based on IEEE 1547 specifications [12vHich recommends about 30% of the total
load impedance. A 20 Q damping resistor is used to reduce the resonance of the floating capacitors
which in this case have no feedback. Each module bus capacitgr,afd the module flying
capacitors (¢ G,) set as 0.26mF and 0.13mF respectively.

Variable Load

Supply bus z 1 PCC bus
Vsa ] S 230V, 6.9 KVA
@ 1 laas — 1
I rex H
» Vsb L 1
I RrReyxs |—|
Vse
O+ I
Rs+jXs
3-Phase Supply Ie T _[_fé Ly Ly :

230V, 8.28 KVA

MMFCC-STATCOM
280V, 4.2KVA

Fig. 3: MMFCC-STATCOM Power System diagram

Static Load
230V, 3.45KVA

230V, 3.45KVA,



Crucial requirement for the control scheme is to maintain constant module vatayemsure that
load disturbances/transient changes are maintained within limits. Based,dhdhilosed loop system
comprises the following compensator controllers

. Capacitor DC Bus balancing control,
. PCC voltage regulation control, and
. P+1 Current Control

3.1 Capacitor DC Bus Balancing Control

The DC-Bus voltage in each module should ideally be maintained at its required latelohyer
module capacitor, but load and switching pattern variations may cause it to 8ucdu&tC-bus
voltage controller is, therefore, required to ensure that the DC voltage agenganodule remains at
the specified DC value. The block diagram of the DC bus voltage controller is sh&ign 4a. The
scheme assumes that the three phase voltages at the PCC-bus are balanced aAiiQO®M ST
delivers balanced compensation currents. Hence the controller takes the average valubreé the

phase limb voltage#, ., as the controlled signal, which is calculated as

6
Zvdc M (i)
_ =1
Vdc(avg) - 3 (2)

where, i = number of modules and in this study only six modules are Mg, represents DC-
voltage across each individual module.
The reference DC-bus voltadg,,..is compared withV,,,,,and the error is passed onto the P+l

regulator in order to generate the d-component of the controlled current vector.
The use of PS-PWM modulation scheme has enabled natural floating capacitor balanbescand

they do not require any feedback control. U@ [15], the proportional andaingzgn kp and k;
were chosen as 10, 500 respectively.

3.2 PCC Voltage Regulation Control

The PCC Voltage regulation loop aims to maintain the PCC voltage at the requieédilen as
Vicrer- A simple P+l controller is used to generate reactive current eleinggt based on the

difference between the PCC voltage and the desired AC voltage seVpoint The feedback

variable V.. represents the measured magnitude of the AC voltage at the PCC calculated by
resolving the three phase voltage vector into d and g components as shown in (3).

2 2
[VPCC| = Vd pcc +qucc (3)
The proportional and integral gains were chosen as 9, 500 respectively.

3.1 P+l Current Controller
The compensation current generated by the STATCOM provides a means of regiodatiolgages at
the two terminals; at the AC side to influence reactive power flow and at thertemC side to

compensate the converter losses. In Fig. 4c, the d and g comggngntsl of STATCOM

qconv
current vector are measured from converter bus, whildt,the | .., components are the required d-

g current values to be supplied by the converter. They are compared and the erroasdgaidied

to the PI controllers respectively. The d-q output signals from the P+l corgraiie combined with

the coupling terms;-wl,; and wlL,; respectively to form the d-q elements of reference voltage vector

required by pulse-width modulation. The pulse signals generated are applieel torverter to
achieve compensation. The proportional and integral gain were chosen as 9, 500 respectively.
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Fig. 4: (a) High level system control diagram, (b) Capacitor DC bus voltag&atagcontrol (c) AC
voltage regulator control (d) Compensation current controller

4. Analysisand Simulation Results

Matlab Simulink was used to investigate the systems configuration outlined aadi¢wo different
scenarios were simulated. Fystreactive compensation of voltage drop realised at the PCC of the
distribution line. Next, unity power factor correction at the PCC when thablarload draws a
reactive power of 2.07 KVA. Total simulated time is 3 seconds, converter switithipgency =

750Hz. Converter start/charge-up was completed at approximately 0.04 seconds (2 fundamental
cycles) while complete system steady state was achieved at approximately 0.08s (4eRtaiddam
cycles). All investigations are performed under balanced conditions as such; only siagée ph
representation (Phase A) waveforms are shown for clarity.

4.1 PCC Voltage regulation based on MMFCC-STATCOM

At the start of the simulation (0 <t < 1), a small static load is coedextd draws an active power of
2.07 KW causing a voltage drop of 1.6 V across the line. At time interval @ 2)ta larger static
load is switched in addition drawing an active power of 3.45KW correspondimyatiage drop of
4.3V. At the time interval (2 <t < 3), the large static load is switched off anslytem returns to
back to a voltage drop of 1.6V. The converter compensates by injecting reactivaipowghout the
whole simulation. The voltages and currents have been normalised to per unit vadisdiby by
their respective base values.

Fig. 5 (a)-(f) shows the PCC side waveforms. Within the time intervals (1 < ard2(2 < t < 3) the
STATCOM supplies reactive power (capacitive) in order to return the eottagts nominal value.
This operation of the STATCOM converter causes the magnitude of the PCCGevioltegmain the
same as shown in (c)-(dlhe reactive power at PCC hence is -365 VAR and -175 VAR respectively
is as shown in (e)-(f). The power factor is no longer unity as expected for PtaGevatgulation and

the response of the converter to generate reactive power is fast at 3ms.

Fig. 6 (a)-(f) shows the converter side waveforms. Within the time intervals €125 &nd (2 <t < 3)
the STATCOM supplies a capacitive current ($96f 1A and 3.5A respectively in (a)-(b). This
operation of the STATCOM converter (1 <t < 2) causes a modulation indexadecfrom 0.81 to
0.78 and increase in the converters angle from -0.11 rads to -0.35 rads as show)inTfe
reactive power generated from the converter is -685 VAR and -235 VAR respeidiasl shown in

(e).



Fig. 7 shows the resulting control signals at the different control blocks asthoam voltage
regulation achieved between the time intervals (1 <t < 2) and (2 < flh8&)esponse times are fast
seen to 40ms and 30ms respectively.

Fig. 8 shows the DC bus balancing across the capacitors of a single phasC Bwes voltage
controlled to a nominal value of 140 V across the 0.26 mF capacitor. At the tanairn{l <t < 2),
the module bus dc capacitors experienced a higher voltage variation of 7 V (+0.05&4heliling
capacitors experienced a deviation of approximately 3.5 V (£0.05%). The ripgieraze maintained
within (£ 10%) its nominal value. As noticed natural balancing occurs using PSWPMeinther
flying capacitor voltages are also balanced.
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3.1 Unity Power Factor Correction based on MMFCC STATCOM

At the start of the simulation (0 <t < 1), the static load is conneotkdraws an active power of 2.07
KW. At time interval (1 <t < 2), a variable inductive load in aaditis switched in absorbing a
reactive power of 690 VAR . At the time interval (2 <t < 3) , the Wdeitoad is switched off and the
system returns to normal. The converter compensates by injecting reactive powénevimeluctive
load is switched in.

Fig. 9 (a)-(d) shows the PCC side waveforms. Within the time intervals (1 < the ZTATCOM
supplies reactive power (capacitive) in eliminate the reactive power absorbed BC@ This
operation of the STATCOM converter ensures there is no reactive power at the Bi@g@®@vasn (c)-
(d). The response of the converter takes 0.1s to compensate for reactive power.

Fig. 10 (a)-(f) shows the converter side waveforms. Within the time intervals (k <)t the
STATCOM supplies a capacitive current (¥96f 2.6 A in (a)-(b). This operation of the STATCOM
converter (1 <t < 2) causes a modulation index decrease from 0.81 to 0.78 raadeino the



converters angle from -0.02 rads to -0.28 rads as shown in (Gh@ljeactive power generated from
the converter is -560 VAR as shown in (B)-

Fig. 11 shows the resulting control signals at the different control bkaksas shown unity power
factor correction is achieved between the time intervals (1 < t €h2) response time is seen to be
0.1s.
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Conclusion

This paper has achieved the modelling and analysis of modular multilevel cascade converter based on
single-star FC cells (MMCC-SSFC) and discussed how Phase Shifted PWM STATCOM scheme
effectively maintains the balancing of the floating capacitors with a modular multilgve fl

capacitor cascade converter based on single-star FC cells (MMCC-SSFC). Simulation results obtained
from a 8.28 KVA rated simulation model verify this topology and its operation for voltageatiegul

and unity power factor correction. This paves the route for experimental validatienMMRCC in

the laboratory.
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