UNIVERSITY OF LEEDS

This is a repository copy of Control of a Modular Multi-level Converter STATCOM for Low
Voltage Ride-Through Condition.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/99420/

Version: Accepted Version

Proceedings Paper:

Oghorada, OJK and Zhang, L (2016) Control of a Modular Multi-level Converter STATCOM
for Low Voltage Ride-Through Condition. In: Proceedings of the IECON 2016 - 42nd
Annual Conference of the IEEE Industrial Electronics Society. IECON 2016 - 42nd Annual
Conference of the IEEE Industrial Electronics Society, 24-27 Oct 2016, Florence, Italy.
IEEE . ISBN 978-1-5090-3474-1

https://doi.org/10.1109/IECON.2016.7794143

© 2016, IEEE. This is an author produced version of a paper published in Proceedings of
the IECON 2016 - 42nd Annual Conference of the IEEE Industrial Electronics Society.
Personal use of this material is permitted. Permission from IEEE must be obtained for all
other users, including reprinting/ republishing this material for advertising or promotional
purposes, creating new collective works for resale or redistribution to servers or lists, or
reuse of any copyrighted components of this work in other works. Uploaded in accordance
with the publisher’s self-archiving policy.

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Control of a Modular Multi-level Converter
STATCOM for Low Voltage Ride-Through
Condition

0.J.K Oghorada

Li Zhang

School of Electronic/Electrical Engineering
University of Leeds
Leeds United Kingdom
ellloo@leeds.ac.ykzhang@leeds.ac.uk

Abstract—This paper presents a smulation study on the
implementation of the Single Star Flying Capacitor Converter
Modular Multi-level Cascaded Converter (MM CC-SSFCC) as a
STATCOM operating under voltage sag condition. This paper
proposes a cluster balancing control, using a zero sequence
voltage injection technique for the SSFCC-STATCOM operating
either as a reactive compensator under Low Voltage Ride
Through condition (LVRT) or unbalanced current compensator.
This control strategy enables the STATCOM system to
compensate for both positive sequence reactive and negative
sequence currents. Not only does it compensate for the load
demands, but also keep the module DC-link and flying capacitor
voltages at their rated values.

Keywords—voltage sag; flying capacitor converter; modular
multilevel cascaded converter; Static synchronous compensator

[. INTRODUCTION

voltage level required without the use of step-up transformers
[6]. In addition it gives good waveform qualitat low
switching frequency. The switching and clamping devices in
MMCC are rated at module powemnd voltage levels,
enabling the use of losv rated components operating under
reduced voltage stress.

It has been shown that the MMCC is capable of
compensating reactive power under balanced conditions [7]
However, with the occurrence of a phase voltage sag, the
voltages of the power network become asymmetrical, causing
the MMCC module capacitor voltages drifting away from
their nominal valuesif not properly monitored results to
STATCOM failure [8]. It is of paramount importance that the
STATCOM is able to withstand the adverse effect of voltage
unbalance at the point of operatidkuthors in [9] presented
control scheme for ensuring proper operation of STATCOM

In power distribution systems, voltage unbalance can tak@dnder condition of low voltage ride through (LVRTbut the

several forms including unequal magnitudgsesence of

harmonics and unequal phase shift between voltafleis

STATCOM topology used was a two-level PWM controlled
voltage source converter. Authors in [8] add][proposed a

occurs as a result of; uneven distribution of loads such a&RT technique for an MMCC-SSBC based STATCOM

single phase traction drives and electric locomofivggen ~ Which can prevent module capacitor voltage drifts by
wye and delta transformer banks; asymmetric transmissiofiection ofazero sequence voltage to each phase limb.
impedances; and blown fuses in three phase capacitor banks/ Nis paper presents a new STATCOM with a different
[1]. These unbalanced voltages in power system result in sag8pology to the MMCC-SSBC, known as the Single Star
swells and interruptions [2]. This unbalance Voltage has ah!Ying Capacitor Converter-based MMCC (MMCC-SSFCC).
adverse effect on equipmensystem stability and power Each of the three phase limbs of the MMCC-SSFCC
quality of power distribution system [3]. This in turn increasescomprises  a chained modules of three-level Full-bridge
losses, reduces efficiency and decrease life spaguipment ~ Flying Capacitor Converter (3L-FCC) synthesizing three
The Static Synchronous Compensator (STATCOM) plays ¥oltage levels (0, *0.5% and #\c)[11]. Each 3L-FCC
paramount role in reactive power control and voltageconsist of an outer dc-bus capacitorcC two flying
regulation in power systems. This has alserbapplied to ~ capacitors & G, and eight switch-diode pairs. The voltage on
overcome the problems of unbalanceRgcent development Cocidefines the module voltage rating asc\and this is twice
in the medium and high voltage power converters such as tH8€ Vvoltage rating of two flying capacitors, likewise their
Modular Multilevel Cascaded Converter using stacked H¢apacitance. This configuration offers benefit of more
bridge cell configuration (MMCC-SSBC) [5] enables switching states and voltage levels per module. This MMCC-
STATCOM application in transmission networkWith its SSFCC-based STATCOM has been investigated for balanced
modular nature the topology offers a number of benefits suc¥Pltage application [11], but, to thaithor’s knowledge, no

as scalability by using its modular nature to extend to anyOrk has been reported on its operatiemder voltage sag
conditions. This paper shows that this STATCOM is capable



of operating under grid voltage sag conditions, providing Vs, 3-phase Voltage
LVRT and eliminating the effects of voltage saigthe load OVSb LOAD
whilst maintaining the module capacitor voltage balance. 8;/&

chIic

II. DCVOLTAGE IMBALANCE IN MODULAR

MULTILEVEL CASCASEDFLYING CAPACITOR Le

VWA
-

CONVERTER
Fig.1 shows the circuit configuration of a three phase § § Eﬂ 44
STATCOM using the MMCC-SSFCC. g < =:Ca G
Under balanced operation this MMCC-SSFCC-based 3 § Ve
STATCOM is able to mitigate the reactive power, but when ?E Z F’I_Z—l:
voltage sag occurs it faces challenging issue. This is because

the average active power flowing through the converter is non- Fo 1 Cirout confiaurati ‘e th o OLSSECC
zero during voltage unbalance, but the module capacitors for 9 = _*reutt configuration of the three phase 2

) . ) X STATCOM.
the chained modules do not allow circulating current flowing ) ) ]
within the converter phase limbs, resulting in module DC The first and second terms on the right-hand-side (RHS) of

voltage imbalance. the above three expressions contain positive and negative
The non-zero active power can be analyzed as follows; ~ Seduence terms solely. These terms contribute the zero
Under unbalanced operation, the PCC voltages an@verage active powers which are balanced. This implies that

compensation reference currents are written in phasor form al¢ average three phase power flowing through the
v, =V Lo +V. 2o STATCOM is zero. However the RHS third and last terms are
a p vp n wn

cross products of positive sequence and negative sequence
Vo =V, Z(p,, _zl) +V, Lo, +2l) ) voltage and current respectively, they result in undesired non-
3 zero average active power flowing through individual phases.
2r 2r This causes the DC link and flying capacitor voltages of each
v, =V, Z(o,, +?)+Vné(§0vn —?) module drifting away from their nominal values. Hence,
preventing the STATCOM to function properly as a reactive
power compensator.
) An effective approach to overcome this problem involves
adding a common zero-sequence voltage to each of the three
converter-limb voltages. If accurately estimated and applied to

ira* = IPL%P + Inéq)in

. 27 2w
L A _?) +1,Z4(en, +?)

i =10 +2l)+ | Z(pn _Zl) each phase limb, this zero-sequence voltage cancels out the
3 _ 3 effect of the cross component terms of each phase active
Thus the total per phase active powers are expressed as: power. Thus the control strategy for the MMCC-SSFCC-based
P, =RV, Lo, +V . Z£o,) e Lpp +1,20,,)] STATCOM include the following:
[Vp| > COS@ — @) +V, |, COS@,, —@,) +] 1)  DC link/cluster voltage balancing control
= 2)  Zero-sequence voltage estimation
V.1, cos -@,,)+V,|lcos - . .
pln COSQp = @) Vil » COSO —p) 3)  Converter reference voltage estimation
2 2
P W T T n wn . ink/Cluster Voltage Balancing Contro
Ve L(o 3) tVad(@n + ) A. DC link/Cluster Voltage Bal Control
=9
Po =N o0 o ! The active power flowing through each phase liRRh Po
(I Z(@p —?) + 1, Z(pn +?)) andPc) comprises two elements; the positive sequence active

power owing to converter loss and negative sequence active

V.l cos —@p)+V, I, cos - @) +V;l
PP @ = @) +Val, @i = Pn) +Vel, power due to unbalanced voltage. Both must be compensated

- COSQp — @y, + Zl) +V, |, cos@,, — @, _21) to prevent the phase limb voltages (modd&-link and flying
3 3 capacitor voltagesjleviating from their rated valuegor the
Vo ( +2l) TV /( _Zi)) converter losses, th®C-bus voltage feedback contras
p=\Pip 3 n=\Pum 3 applied as illustrated in Fig.. For MMCC-SSFCC topology
P =% 2 o 1 obtaining the average valu€pc_ag, Of the three phase-limb
(1:Z(pp +?)+ I.Z(p, —?)) DC-link voltages requires calculating per phase limb average
DC voltage. This can be done by averaging the measured
Vol cos@, —@p)+V, |, cose,, —¢,)+V.l, individual module voltages within the corresponding phase
= o0 o0 chain, so the DC-link average voltage for each pleagéven
COS@VP = @i _?) +Vn| p COS@vn ~— Py +?) as

®)



1 Mo 4 Pa = RI(VeLpe +VoZpy, +VoL o) o Lpp +1,20,)]
VDc_(abo = TZVDc_i(abo ) Vil COS@yp — @) +Vel , COSQR —9,) +

mp i=1
wherenmp denotes the number of modules per phase and the =[Val p COS@ = Pp) +Vol , COSQ, =) +
average voltage of the three phase-linvdbc_ag can be Vol p COSE@, — ) +Vol , COSE, —91,)
evaluated as: 2r 2z
\V/ +V +V Ve L(op _?) +V, Lo, +?)+V04(p0)
DC_a DC_b DC_c —
N 5) p, =9l |

2z
. (o ——)+ | Lo, +—
Applying the average voltage value and the required (e 2lop =3+ 1nlon +737)

nominal voltageVoc_re to the DC-bus voltage feedback P+l

2
controller (Fig. 2), the currenty ler is evaluated for active Velp COS@p =) +Vel, COS@p — 9y + ) +

power compensation. o
For compensating the effect of the second element - the = Vn'ncos@%_¢in)+Vn'pC°SW_‘Pﬁp_?)+
negative sequence active power relies on implementing a o0 o
cluster voltage balancing control scheme since it is this power Vol p COS@, — 0 +?)++Vo|n005@o—¢m —?)
flowing in and out of each converter phase limb that causes
the imbalance of the phase limb DC-link voltages. As shown Vo ZL(@p +2i)+vn4(¢;vh _Zl)+vog¢o)
in Fig. 3, this cluster voltage balancing control consists of p =%[ 3 3 ]
three PI regulators respectively for each phase limb. The (|P4(¢ip+2l)+|n4(¢m_2l))
average voltag&/pc_ag evaluated in (5) and the individual 3 3
phase average voltages (Mac a, Voc b andVoc_c) as derived 2r
in (4) are applied in generating the phase cluster powers Vel COSQp —01p) + Vel COSOL _(pi”_?)“L
These cluster powers are further applied to determine the zero or
sequence voltage to be injected. =[Valn €OS@n =91)+Vol , COSOy — @ +—7)+
B. Zer_o Sequence \oltage I_Esﬂma'uon | V.1 costp, — o _%) WV, CoS— +%7f)
Having evaluated the active powéts, Po and Pc flowing
through each phase limb, a zero sequence voitagan be (6)

derived. This follows the principle that the sum of active TO determine the amplitude and phase angle,oany two
power caused by the injected zero sequence voltage and teitthree power equatisin (6) can be used. Assuming the first
of existing active power expressed by (3) should balance tH#o are selected they can be written as:

cluster powers. Thus, the equations for power across eafYo'v c0S{, ~ ) +j: _{Vp'pcosw = 9p) + Vol COS@, — @) +
phase are written as: Vol COSE, = 4,) * Vil cosy, —g,) +V,l cos, —9,)

2 2
Vol COSE, — @ + l) + [Velp cOS@rp — @) + Vel COS@R — @, + i)
Vdc_ref Ky act+Ki ac/S —'Idiref 8 =P - :
— — 2
Vil COS6y - ¢~ ) V100803, - 0,) +V,1, €O, - 9, - 2]
V. 3 3
de avg
Fig. 2. DC link controller @)

and their more compact forms are given as:

X_V, cosp, + X_V,sing, = p, — X
Ky oK o/ Pa a1vo COSQP, a2/0! Do = Pa a3 (8)
XoVo €O, + X, Mo SiNgy = Py, = Xig
Where,
Xa =1,cC0sp, +1, cosp,

Kp a+Ki a/s Agx)& X2 =1,sing, +1 sing,
(VPI pCOS@p — @) +Vel ,COS@E — 0) J

X =
Ve s B4V, 1, c08@, —0,) +V,]  cos@, —0,)

. Pc
Kp atKials 4@_‘ Xbl = [I p COs@ip _%) +1 n Cos@in +2?7[)]

Fig. 3. Diagram of cluster voltage balancing control
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. 2r . 2
xb2 = (I p Sln(wip _?) +1 n SIr](goin + 3)j
Via 20x
2 Val | [Tt
Vil s COS@p —@p) +Vpl, COS@Re — @, +?) Bsb PRASOR (17 ‘(0
X, .= e Brocg  |VscsQvsc P i i Y JPE——
b3 2 ) pLL T 1] [fe) Ve a (d)
+V, 1, cos@,, —@,)+V, |, cos@, —¢, ——) -~ me=s P; ] = i
nn n np P 3 | (b) CLUSTER POWER =3 ZEROSEQUE \|., || CURRENT : nl
. | puwvene  Pol v Vo rp e Vb ?gf;ﬁgg}\; i| GATE
From (7) the zero sequence voltage amplitude and phase angl coxtroL  |P;] voLrscE | | contror | - I SIGNALS
! DETERMINATT! Ve ¢ BLOCK
. N 1|
can be derived as: | pces ovsocs | bR =l ;
4 - [, -
(pa - xa3) (9) -------- T B :
[ . e ref| Lol Iy Ire
X1 COSP, + X, SN, = REFERENCE
S I.[[’abcj , . IR }gy — CURRENT 1}
_ (Ps = X3) X — (P, — Xip3) X (10) | DETERMINATIO £ — DETERMIN. |
@, = arcta e (a) Irc: i | groxsrock !
(pb - sz)xaz - ( P. — Xaa)xbz CAPACITOR |Ls==m e oo e e oo
and its time domain instantaneous voltage is expressed as e
Vv, =V, sin(at + ;) (19 Fig. 4. Block diagram of MMCC-SSFCC STATCOM controlle

where @ = @t is the synchronous rotating angle created by the
phase locked loop (PLL). 1. MODULAR MULTILEVEL CASCASEDFLYING

With the calculated zero sequence voltage applied to each CAPACITORCONVERTERSTATCOMCONTROL

phase, the average active power in all three phases should SCHEME
ideally be zero. This zero sequence voltage will not affect the Fig. 4 shows the block diagram of the control system for the
values of voltage and current at the point of common couplingsSFCC-MMCC based STATCOM. This comprises four parts
C. Converter Phase Reference Voltage Calculation based on their_ re_spective functions, namely: (a) refere_nce
The reference voltage per phase limb of the convertecurrem determination block, (b) cluster voltage balancing
ge per p éontrol, (c) current tracking control and (d) modulator
should enable the current flowing to the PCC to compensa%aomro”er
for reactive power u_nder voltage sag condition. The curren Under .the reference current determination and cluster
controller can be de_S|g|3ed based on- voltage balancing control block, the reference currents to be
Ve(any = Va(ang ~ L Do (12)  compensated are determined along with the cluster powers to
dt _ estimate the zero sequence voltage to maintainDdink
Where \anc)are the 3-phase line to neutral voltages at PCGgltage at their nominal values. The current controller is used
Ve(abe) are the 3-phasconverter output voltagesabc® are the iy generating the converter phase reference voltages. The
3-phase reference compensated currents. This method U$@8rent controller is actualized using the deadbeat predictive
three voltage source current control feachphase of the onirolier. The generated reference voltages are inputted into
co_nverter. The_ voltage source current control is |mplementeﬁj1e modulator to synthesize gate signals. The phase shifted
using a predictive deadbeat control expreseed PWM is applied for this operation as discussed in.[11]

- Rir(ab(j

o ] L]
Ve (K+2) = Vs o () ~1r ang (k){Tj '°<“°(k){R T} IV. SIMULATION RESULTS

s

The three instantaneous converter line to neutral voltages The proposed STATCOM controller is verified through

including the zero sequence voltage: ¢4 is expressed in  simulation under voltage sag condition. The power system,

(14) as: STATCOM and control strategy are implemented via
V. @by = Veqaby T Vo (14 SIMULINK/MATLAB. All parameters are provided in table
Equation (14) ensures that with the addition of the 1. Two different scenarios are studied to highlight the

calculated zero sequence voltage, the module capacit6ffectiveness of this STATCOM controller for MMCC-
voltages are maintained at their desired values. This schemeSSFCC.
verified with the DC-link and flying capacitors maintaining 4, STATCOM Low Voltage Ride Through Test Under Voltage
their desired values as discussed in section IV. Sag Condition
In this test, the controller performance when compensating
for reactive power is analyzed under voltage sag condition.
Fig. 5a shows the results for single phase voltage sag having a
voltage defh of 100% foraduration of 100ms.
The voltage sag occurs when STATCOM is carrying out a
reactive capacitive operation (reactive power Q=K\35R).
The STATCOM output voltage and current are shown in
Fig.5b and 5c respectively.



TABLE 1

POWER SYSTEM CONFIGURATION PARAMETERS §r: 230
parameters Rating 20
Rated network line to neutral voltage (peak) 230V 230
Distribution system resistance 0.5Q o 300F
Distribution system inductance 5mH 3 S )
Filter resistance 20Q —- L
Filter inductance 1600uH SO0 e R R R R
Rated Power System capacity 10KVA g 2
Number of connected cells in per phase Nmp 2 E &: 0
Rated DC voltage of each module 150V N
Rated DC voltage of module flying capacitor 75V N 1:_;5
DC module capacitance rating 260pF 3 N
Module flying capacitor capacitance rating 130uF g = 150
Switching frequencys 750Hz ~ 145
The phase current has a®9phase lead over the phase
voltage. It can be observed that the compensated current:
generated by STATCOM controller are balanced as seen in 100
Fig. 5c¢, regardless of the voltage sag. With the injection of the ;§‘§: 0 TSN W o NN SN S NP
proposed zero sequence voltage (Fig. 5f), it can be observe( -100 = -
from Fig. 5d and 5e that the module and inner flying capacitor Time (sec)

voltages has a deviation of around +2V and +4V respectively rig. 5. simulated waveforms during single phase volegewith a
from their DC voltage reference. This is acceptable because it  voltage depth of 100%. (a) Supply voltage. (b) Cotevephase

lies within its tolerance limit o£10% voltage rating. voltage. (c) STATCOM currents. (d) Module dc-linkiteges. (e)
Module flying capacitor voltage. (f) Zero sequenckage

The effectiveness of the proposed balancing algorithm
during asymmetric fault condition is compared with cluster
balancing control without zero sequence voltage injection. Fig. §I 160----
6 shows that thé&®C bus and inner flying capacitor voltages § ~ 140
deviate from their desired values during fault ride through 120
operation. This arises from the cross coupled power terms
expressedh (3).

Fig. 7 shows the waveforms for three phase voltage sags 15 Time (sec) 1.6
with a voltage depth of 50%. The SSFCC based STATCOM g, 6. simulated waveforms during single phase volsagewith a
continually inject three phase balanced sinusoidal currents for voltage depth of 100%. (a) Module dc-link voltages. Ntmdule
reactive power compensation even when voltage sag occurs  flving capacitor voltage.
(Fig. 7¢). Fig. 7d and 7e show that tb€ bus voltage and
inner flying capacitor voltages are maintained at their nominal
values. Under this symmetrical fault condition, all the dc bus
and inner flying capacitor voltages are also maintained at their
reference voltages even with the exclusion of the zero
sequence voltage as seen in Fig. 8a and 8b respectively.

Regardless of both methods maintaining the module and
inner flying capacitor voltages under symmetrical fault
conditions, their behavior under asymmetrical fault condition
differs. Therefore, the zero sequence voltage injection control
method has better performance for fault ride through
operations.

Time (sec)

Fig. 7. Simulated waveforms during three phase voltage with a
voltage depth of 50%. (a) Supply voltage. (b) Coterephase
voltage. (c) STATCOM currents. (d) Module dc-linklteges.
(e) Module flying capacitor voltage.



Time (sec)
Fig. 8. Simulated waveforms during three phase volsage with a
voltage depth of 50%. (a) Module dc-link voltages. Kiodule
flying capacitor voltage.

B. STATCOM Reactive and Unbalanced Current
Compensation Resulting From Unbalanced Voltage
Condition

In this scenario, the STATCOM operation under unbalanced
grid voltage is investigated. The system operates under
balanced condition until at time t= 1.5s, an asymmetric fault

Time (sec)

(phase to ground fau't) occurs at the Supp'y Side, resu'ting to aFig. 9. Simulated waveforms during single phase volsagewith a

voltage deth of 50% (see Fig. 9a). After t= 1.5s, unbalanced
current is absorbed by the balanced load as shown in Fig. 9c.
This unbalanced condition created by the voltage sag is
completely compensated by the STATCOM ensuring the
current at the point of common coupling to be balanced and
equal (see Fig. 9b). As a result of the voltage sag, a negative
current componentd = 0.4A and reactive curreni¥ 1.4A is
compensated by the STATCOM as seen in Fig. 9e and %f;
respectively. This is completely compensated as the degree of
unbalance created by the voltage sag at the load bus lies withit
the operating limit of the STATCOM controller:-

Vo _@by ~Vs(abg S I

(19 31

VS(ab() iLq
This implies tha.3043> 0.286.

During the voltage sag, it is observed that modd link 41
voltages are maintained within their nominal values due to the
cluster balancing control using the zero sequence voltage]
injection as seen in Figd9

CONCLUSION (6]

This paper has discussed an MMCC-SSFCC based
STATCOM operating under voltage sag condition using zergz]
seguence voltage injection in achieving zero average power
across each cluster. The simulation results have verified the
LVRT capability of this converter based STATCOM enduring[g]
severe voltage sag conditions. Furthermore, this SSFCC-
STATCOM has been operated to compensate for current
imbalance introduced by the voltage sag condition. The¢9]
module DC-link and flying capacitors of this converter do not
show any divergence from their rated values or overshoot due

voltage depth of 50%. (a) Supply voltage. (b) Supplyrents.

(c) Load currents. (d) Module dc-link voltages. (egaRtive

current component: load reactive currénf (red) and supply
reactive currentis; (black). (f) Negative sequence currel
component: load negative sequence curign{red) and supply
negative sequence curregt (black).
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