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Iparticularly difficult when the unbalance is continually varying
as occurs with large industrial loads such as arc furnaces.
Various schemes reported have been shown to be effective for
Abstract compensators based on converters with common dc links such
as the two-level full-bridge or classical multilevel converters
This paper presents a simulation study into the implementa[f_g_ir]j The general approach has been extracting, and hence
cascaded converter (SSFCC-MMCC) as a STATCOM fgirrent and cancelling as much as possible the harmonic
unbalanced load compensation. The paper proposes a ggMiponents on the dc-voltage. There is no issue of converter

concept of voltage source current control for the referquease limb voltage imbalance even though they supply
current tracking of the compensated currents. This contf@lalanced current.

strategy enables the STATCOM system to compensate for both ]

positive sequence reactive and negative sequence currents.JN8tModular Multi-level Cascaded Converter (MMCC) have
only compensates for unbalanced load, but also keep @§&n investigated as_an effective STATCOM device for
module Dc-link and flying capacitor voltages maintained gglanced compensatl.-zq:on_trastmg to their two-level
their rated values. Simulation results verify the performancei@nverter-based form, the benefits offered by the MMCC are:

Keywords: STATCOM, Unbalanced load, flying capacito
converter, Modular multi-level cascaded converter.

the chosen topology. scalability by using its modular nature to extend to any voltage
i levels required, thereby dispensing with the need for a multi-
1 Introduction winding phase shifted line frequency transforr@r [5], good

Current imbalance in power distribution systems is due \t/vgv:\fﬁtré?“;r)‘er;c)r:énggcrﬁ,iind dlg\\;\il(?éssmt&heml\%Jg%ug?g):ééﬁoa{t
uneven distribution of single-phase loads, such as commercidl 9 Ping .
dule power levels, enabling the use of low-rated devices and

" . ' . m
facility loads, single-phase electric traction systems, rutap o : .
electric systems, etc. causing mild voltage unbalance. Lar eedrucmg the voltage stresses on th.em' This allows this
ology to offer higher converter efficiency compared to

short-term unbalances can be caused by power system faulls. . . .
The problem is exacerbated by the recent unprecederﬁﬁs'cal multi-level converters. The three phase limbs of an
growth of power electronic-based energy-saving schemes suc CC-based STATCOM can be star or delta connected,

as single-phase adjustable speed drives (ASDs) and swild med as single-star or sn_"ngle—delta._ When using them f_or
Unpbalanced load compensation a special problem occurs which

mode power supplies, and the trend towards interfacin ) ) :
. st be addressed; cancellation of the negative sequence
renewable energy sourced power generators, particular

photovoltaic panels, with the grid phaseelinThe adverse Cufrent leads to an undesired non-zero active power flow

effects of load unbalance include low power factor, added Iiﬁ%%ﬁig grr]asael\?égilégus 'néil::g ddc%l;:;ls(s iiu?ﬂgmgaﬁfezt?ﬁged
losses and heating effects in power systems. 9 y : ' '

individual dc-link voltages to drift away from their intended

Voltage Source Converter-based Static Compensators (VS@lues. Different control methods have been reported in the

STATCOM) have been investigated as an effective mitigatitterature [[6-9] to solve this problem for either star or delta

technique for unbalanced operatidiey are required to beconfigured MMCCs, but these are restricted to modules of full

able to actively compensate unbalanced load and overtitidridge topology.

. enc i paper resents  nw STATCOM for unblanced load
X ’ ' comipensation using a variant of the SSBC-MMQQ known

to generate negative sequence current to overcome Igg he single star flying capacitor converter MMCC (SSFCC-

unbalance while simultaneously supplying positive sequerm&cc)_ Each module is a basic single phase three-level full

reactive current for power factor correction. The connection Ol 1 0e flving capacitor converter (3L-FCC) which synthesizes
a VSC-STATCOM to an unbalanced network causes t&e ge fiying cap y

. fee voltage levels (0, +0.5VDC, +VDQ)]]. Comparing to
appearance of a second harmonic component on the ; . - :

, : s o € MMCC using H-bridge cells the main advantage of this
converter’s dc side. This, if not eliminated, generates low ordgr

harmonic current on the ac side resulting in furth(te?pObgy is having more degrees of freedom in control at the

deterioration of the power qualim[l]. The situation becomggb'mOdUIe level, hence it is more flexible for converters
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requiring high performance dynamic control. SSFCC-MMCC auaon, | ROCEE

. ) line impedance 539y, g G4KVA Load Bus
has been used in the literature for balanced STATCON @&-I-Wx—m | |
ot | Rrtixr = =
appllcanon. [13], but not yet for unbalanced load ] ; | Cnbatanced
compensation. In such a case the challenges, apart from tha U RewiXr i—| l—| Inductve
. . . 1 04

described above for SSBC-MMCC, also include keeping the @V_W_m I |

module and flying capacitor voltages balanced. This leads to = A2 a

new concept for a voltage source current control scheme usezsov, roxv: b I Ly

in tracking the three phase reference currents, and an efficie RERERE e

method for splitting the calculated zero sequence voltage wil Load
SSFCC-MMCC

also be presented. STiTCo a0,

3.6KVA

2 SSFCC-MMCC-based STATCOM and
Power System Configuration

The circuit diagram of a SSFCC-MMCC-based STATCOM
and the powesystem used for developing the control scheme
are shown in igure 1. The phase limb of the converter
comprises a cascade of BIGC’s which serve as the basic

modules. Each module consists of 8 switch-diode pairs, a
outer DC-Bus capacitd@oc: and two flying capacitors £&and

Cov. The voltage orCoci defines the module voltage rating as
Vpc and this value together with the capacitance is twice tha
of the two flying capacitors. This 3L-FCC can synthesize &
total of 5 voltage levelsQ( +0.5\bc, +Vbc) using 16 valid

switching states. The number of cascaded modules i

determined by the voltage of the power network, though in thigyure 1: (a) SSFCC-MMCC STATCOM distribution power

study only six 3L-FCC modules, two for each of the three system diagram, (b) STATCOM circuit diagram
phases, are used, hence each phase limb has 9 voltage levels

(0, +0.5\bc, *Vbc, +1.5Vbc, +2Vbc). Three phases are Va=Ve<Pp

connected in star configuration with the neutral point floated. 2z )
Yo =Vo L(pp — )

The three phase voltages of the power network studied are

balanced and rated at 230V, 10KVA, 50Hz and supplies powery =V, /(¢ +21)

to the load through distribution lines with impedance 3

represented asrZRr +jX1. At the Point of Common Coupling i

9 3SVHd
J 3SVHd

ra* = IPA(DiF’ + Iné(pin
(PCC), two inductive loads are connected, one is balanced and , o o
another unbalanced, both rated at the same voltage 230M., =1pZ(0p ——) +1,4(pn +—)
. 3 3
These loads draw both reactive and unbalanced current from 5 5
the source, causing low power factor, low efficiency and poorirc* =1, 4(pp +i) +1,. (o, —l)
quality of supplied power. The STATCOM is interfaced to the 3 -3
PCC through a filter inductance. to reduce the harmonicsThus the total per phase active powers are expressed as

generated by the converter switching action. Also, the powePa = RI(VeZ@p )64 = pp +1,4-9,)]

()

losses of the STATCOM are modelled by resistance R =V,l,cos@p — @) +Vel ,, COS@, — 0,,)
3 DC voltage imbalance in the SSFCC-MMCC  p, = ®[(V, Z(a, —%”))u (s —2?”)+ | (o, +%”))]
Under balanced operation this SSFCC-MMCC-based o

STATCOM is able to mitigate the reactive power, but when the =Velr €COS@ — @) +V5l , COSQL, — ¢, +§)

load is unbalanced it faces challenging issue. This is because or or o

the average active power flowing through the converter is nomP, = R[(Ve Z(@e + N £ = (@p +—) + 1,4 (@ =)
. ? 3 3 3

zero when load is unbalanced, but the isolated DC sources for 2

th_e phained modules do not allow circulat_ing gurrent flowing =V,I,cos@, —¢p) +V,l, cos@, — o, _?”)

within the converter phase limbs, resulting in module DC

voltages imbalance. The non-zero active power can be _ , , (3)
analysed as follows. The first terms on the right-hand-side (RHS) of the above three

expressions are the respective positive sequence phase powers
Under unbalanced operation, the PCC voltages aR#ich are balanced and hence having a zero sum. This implies
compensation reference currents are written in phasor formgggt the average three phase power flowing through the
STATCOM is zero. However the RHS second terms are cross
products of positive sequence voltage and negative sequence
current and result in undesired non-zero average active power



flow through individual phases. This causes the DC link amdaluated in (5) and feedback voltages are the respective phase
flying capacitor voltages of each module drift away from thdimb average voltages (i¥pc a, Voc b andVoc ¢) as derived
nominal values hence preventing the STATCOM to functidry (4). The output of each regulator generates the reference
properly as a reactive power and unbalanced load compensaittive power for the corresponding phase of the STATCOM

. . . . converter and will be used to determine the zero sequence
An effective approach to overcoming this problem 'nvow%%ltage

adding a common zero-sequence voltage to each of the tF™
converter-limb voltages. If accurately estimated and appli
adequately to each phase limb, this zero-sequence volt
should cancel out the effect of the cross component terms
each phase active power without disturbing the three-ph

Vdc_mg —_ K .+ i_ K.

line-line voltage and current at the network side. Thus t ggff‘:fm

control strategy for the SSFCC-MMCC-based STATCOI K,.+LlK, by Voltage

must include the followings : C‘ai;;ﬁa;jan
C.

e Converter active power/current evaluation

e Zero-sequence voltage estimation

e Converter reference voltage estimation with zer
sequence voltage injection

K, . +1lK,

29

3.1 Active power/current evaluation v
The active power flow across each phase lifp P, andP;) Figure 3: Diagram of cluster voltage balancing control
comprises two elements; the positive sequence active power
due to compensating converter losses and negative sequence
active power due to unbalanced load. Having evaluated the active powé?t,, P, andPc, flowing

, . . through each phase limb, a zero sequence voltagan be

The f|r§t e!ement depends on the active curranis Irequ!red derived. This follows the principle that the sum of active power
for maintaining the average value of the three phase-limb DGised by the injected zero sequence voltage and that of
bus voltages to the nominal level. This current can be evaluaé ting active power expressed in (3) should balance the

using the well-known DC-bus voltage feedback contrple. oo ;
. .. powers. Thus the equations for power across each
scheme as illustrated ifgtire 2. For SSFCC-MMCC topologyphase are written as

obta@ning the average valu\i‘pc_avg,_ of the three phase—limb D, = RIVo Lrp +Vol 0 )1 02 =0 + 1.2 0]
DC-link voltages requires calculating per phase limb average Vo V|
DC voltage. This can be done by averaging the measured( ol COSGr, — ) +Ve "COS@‘”’_%H)
individual module voltages within the corresponding phase \Vo!» €030 =p)+Vol, COSQ, —¢;,)

i i i 2 2 2
chain, so the DC-link average voltagesdachphase are given , _ w1, £(g. - %) +V,20,)(1 o Z — (@ — ) 1,2~ (0, + L))
respectively as 3 3 3

ero-sequence voltage estimation

2r

1 & V.ol ,cos@e — @p) +Vel , COSQe — @, +—)

VDc_(abo = ZVDC_i(abs) 4 - " "3
nmp i=1

where nmp denotes the number of modules per phase and

Vbc_avg Can be evaluated as

VDC_an _ VDC_a +VD;_b +VDC_C (5)

+V0I P COS@O ~Pp t 2?7[) +VOI n COS@O ~Pin — 2?”)
27

P = Vo £ + ) Vo L)1 2= (P + ) 1,2~ (g - 2]

Vilp COS@p — @) +Vel ,COSPE — @, _Zl)
The positive sequence active current can be evaluated using 3 5
T

feedback P+l controller as shown igdre 2. +V,l, cos@, — ¢p _%”) +V,l, cos@, — o, +?)

Reference

Vie_ref Kpact LKpa. [drg| Current . . (6) .
- T Block Any two power equations in (6) can be chosen for use in

determining the amplitude and phase anglaofissuming the

Vaclass first two are selected they can be written as:

Figure 2: Active current compensation controller Vol COS@, — ) +Vol , COSE, — @) =

. , -Vl cos - @p)+V,l, cos@, — o,
Evaluation of the second element - the negative sequencepa Vel » c0S@re —0p) +Ve Pe =0 )2)
JT

active _power relies on i_mple_m_entirjg a cIuster_ vpltage V. COS@, — 0 +2l) +V, |, cos@, — @, ——) =
balancing control scheme since it is this power flowing in and 3 3
out of each converter phase limb causing the imbalance of the 27
phase limb DC-link voltages. As shown in figure 3 this cluster P ~|Ve!e COS@w — @) +Vel, COSQw — 9, + 3))
voltage balancing control consists of three PI regulators @)

respectively for each phase limb. The reference voltage for ey iheir more compact forms are given as
three voltage controllers is the same average voNageavg



XV, Cosp, + XV, sinp, = p, — X4 ) 4 Control Scheme for a SSFCC-MMCC

XV, €OSp, + X, .V, SiNg, = P, — Xis STATCOM
wherex_ =1 cosp, +1,cosp, X, =1 ,sing, +1,sing, Figure 4 shows the schematic diagram of the STATCOM
X,z =Vol » COS@p — ) +V,l . COS@Qp —0,,) controller. This comprises three parts based on their function,
namely: the reference current and zero sequence voltage

)s determination block, the current tracking controller and the
modulator controller. Under the reference currentwaridock,
the reference currents to be compensated are determined along
with the DC-link voltage control ang. The current controller

2 is implemented using the reference currents, PCC voltages,
Xoa =Velp COS@e —9p) +Vel , COSQp _‘/’i"+?) zero sequence voltage and STATCOM current as inputs to
From (8) the zero sequence voltage amplitude and phase a@ighierate the converter reference voltage. This current control
can be derived as is actualized using the deadbeat predictive controller. The
(p, - X.3) ) generated reference voltage s is inputted into the modulator to

synthesize gate signals. The phase shifted PWM is employed

for this operation as discussediZ]

Xy =1, 080, —2—§)+ |, cosg, + 23”

Xy, =1, 5N, —%)+ l,sin(p, +2§) and

o X4 COSp, + X, Sing,

0 = arcta’ii (Pa = Xa3) Xps = (P = X)X (10
(Ps = Xp3) X = (P2 = X3) X -
. . . . . sa & Pusa
and its time domain instantaneous voltage is expressed as :,’: recumes Ty, L
Vo =V, Sin(at + @) a v
. . wl
where @ = ait is the synchronous rotating angle created by t Frrr LN prm— pem LA
phase locked loop (PLL). oo (2 peeminaton [ 2| Gl LT S
With the calculated zero sequence voltage applied to e Hlock Hock =
phase, the average active power in all three phases shi lfw o ,-J ,-,J ,-J
. . . Reference — ot
ideally be zero. In additionV, ensures the capacitor voltage poCument 8L Qe et
. - I Re 2 Qirc -
of the individual phase legs do not fluctuate away from th Phostr Block =

nominal values regardless of the unbalanced load current béiigyre 4: Block diagram of unbalanced load SSFCC-MMCC

compensated. This zero sequence voltage will not affect theSTATCOM controller

ggteprl?ggl].\/alues of voltage and current at the point of comm,gn Simulation Result

3.3 Converter Phase Reference Voltage Calculation Matlab Simulink has been used to implement the system

configuration highlighted in figure 1., ic andis denote the

The reference voltage per phase limb of the converter shaglgl, STATCOM and source currents respectively. The

enable the current flowing to the PCC to compensate ®TATCOM controller is designed to compensate for both

reactive power and current imbalance created by the unbalanssitive sequence reactive and negative sequence currents

load. The current controller can be designed based on  denoted as.q andiwn respectively. The operating limit/range
. (12) of the STATCOM controller is determined by the maximum

~Ri(avy ) attainable output voltage on each converter phase legs. This

Where va Vs» and  are the line to neutral PCC voltages, v ©Perating range is the ratio of the STATCOM converter DC-

ver and v are the converter output voltages, i’ and jc are link phase voltag&/oc_(anoto the line to neutral voltage of the

the reference compensated currents. This method ensure@PHEEr SYSteM Yane) (Voc_abefVs_anc). This operating limit

usage of three voltage source current control for three phad@igrmines the degree of unbalanced|d;) compensated

of the converter. The voltage source current control G&rrent. This implies that the converter voltage rating must be

implemented using a predictive deadbeat control as expreddgfer than the line to neutral voltage in other to compensate
in (13. unbalance load current using star configured single star

} cascaded converters. For this simulated system, the DC-link
_ic(abc)(k)|:R_C:|

d'r(am)

Veabg = (Vs(abc) - Lc

phase voltage amplitude V®c=300V and 230V for the line to
neutral PCC voltage. The converter operates within its linear
(13 modulation region for In/lcq<30.43%. Above this, the
The three instantaneous converter line to neutral voltagesverter rides into over modulation region and with extreme
including the zero sequence voltage {vv. » and ¥ J is high unbalance, the converter operating range becomes invalid.
expressed in (14) as In investigating the effectiveness of this STATCOM controller
Ve @by = Veaby + Vo (14 for SSFCC-MMCC two different scenarios are studied based
(14) ensures that the zero sequence component of the conv8ftdpe exclusion and inclusion of the zero sequence voltage
output voltage & resulting from the average power across eatth the controller. The parameters of the power system are
phase leg not being zero is equated to the counterpart ofifgtrated in table 1
calculated supply voltage¥\co) through the injection ofev

. « L
Verabg (K+D =V, ape (K) =1 apg (k)|:.|_C

S S



parameters Rating ;E 5
Rated network line to neutral voltage (peak) 230V bt "
Distribution system resistan&& 0.5Q (ﬂ) 3 0
Distribution system inductander 5mH B -5
Filter resistanc®c 20Q Q 10
Filter inductancé.c 1600uH N~ K
Rated converter capacity 10KVA (b) ] 0 3
Number of connected cells in each phaseNep | 2 Z-10
Rated DC voltage of each module 150V “:\ 35
Rated DC voltage of module flying capacitor 75V ~
DC module capacitance rating 260uF (¢)% 0
Module flying capacitor capacitance rating 130puF S-3.5
Switching frequencys 750Hz 2 e e
S T S S
Table 1: Power system configuration parameters (d) ‘}E(g ’ """" ]
ALY 1 i
At time interval 05<t<la balanced inductive load is S S ———— A
connected to PCC through the load bus making STATCOM (e):;:\5f;-—————
converter compensate for the positive sequence reactive &~ ; e e
currentiig=0.5A. At time t=1s, the unbalanced load is tied to 0.9 1 L1
the grid resulting in a negative sequence current component Time [Sec]

itn=0.57A and a newq=1.8A. Figure 5 shows the waveformgigure 5: Simulated waveforms having calculated zero
of the three phase loads, STATCOM and PCC currents. Beguence voltage with 30.98% of unbalanced. (a) Unbalanced
degree  of unbalanced created by the loagad currents. (b) PCC currents. (c) STATCOM currents. (d)
In/lcq=0.57/1.84=30.98%es within the operating limit of the Reactive current component. (e) Negative sequence current
STATCOM controller. It is observed that the STATCOMomponent.

totally compensates for the positive sequence reactive and —~

negative sequence currents as illustrated in figures 5(d) and (e) B 0.5 : ; :

respectively. ()< 0

With the calculatedss included in the current controller, the al -0.5

average active power in each phase legs as seen in figure 6(a) =180 : : :

are zero. This implies that the DC-link and flying capacitors of (b)) g 150 : S el e
each modules are operating within their nominal values as ~ 120 : : :

shown in figures 6(b) and (c) respectively.

Figure 7 highlights the effects of the exclusionwfon the

STATCOM operation. Without, the average active power in X
each leg does not maintain a zero average power, although the Time [Sec]

total three phase active power sum up to zero. This result§igure 6: Simulated waveforms having calculated zero
the DC-link and flying capacitor voltage drifting from theisequence voltage with 30.98% of unbalanced. (a) Three phase
nominal operating voltages as shown in figures 7(b) and éetive power. (b) Module dc-link voltages (c) Module flying
respectively. The degree of unbalance determines the seveyifyacitor voltages.

of drift experienced by these capacitors. =
From figure 8, it is observed that if the degree of unbalance is = 0.5 ; ; —
10% higher than the operating range of the STATCOM (a) 2 0 1 P
controller 1n/1c4=0.8/2.02=39.6% the DC-link and flying al-0.5 ' '
capacitors voltages are still operating at their nominal voltages. 180 : : . p——=

) _ g | s e L A
With a further increment on the unbalanced level 5 120 i j ket b
In/lcq=1.14/2.2=51.8% the reactive component of the load = 99 , ; :
current and negative sequence load current are still (c)\‘*’% 75 (e e e,
compensated for by the STATCOM as shown in figures 9(a) f 600 3 i i H =5

and (b) respectively. This degree of unbalance results in the

1
converter controller working out of its operating range. This . Time [Sec]
can be observed in figures 9(c) and (d) that the converter carii@¢re 7: Simulated waveforms highlighting the effects of zero

work effectively resulting to the DC-link and flying capacitorS€dUence voltage exclusion. (a) Three phase active power. (b)
drifting away from their actual rated voltages. Module dc-link voltages (c) Module flying capacitor voltages.



(3]

[4]

S [ ! -
(¢) g 150 ; o OOGEOGNH
E\I 20 i i
: M 8
(@S 75 -
S 059 I 11
Time [Sec]

Figure 8: Simulated waveforms with 40% of unbalanced. (&)
Reactive current component. (b) Negative sequence current
component. (c) Module dc-link voltages (d) Module flying

capacitor voltages. -

(8]

(9]

1
Time [Sec]
Figure 9: Simulated waveforms with 52% of unbalanced. (a)
Reactive current component. (b) Negative sequence current
component. (c) Module dc-link voltages (d) Module flying

(10

capacitor voltages. [17]

6 Conclusion

This paper has discussed an SSFCC-MMCC based STATCOM
operating under unbalanced condition. A Voltage Source
Current @ntrol Concept has been used in tracking t
reference currents and obtaining the zero average power in
each phase. An arm/per phase balancing technigue along with
a calculated zero sequence voltagdas enable the DC-link
and flying capacitor voltages of each module to be operated at
their rated values. The operating limit of the STATCO
controller using SSFCC-MMCC is also analysed. This
operating limit was found to depend on the maximum output
voltage of each phase leg.
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