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Abstract

A new inter-cluster DC capacitor voltage balancing scheme for a delta connected modular multilevel
cascaded converter (MMCQC)-based static synchronous compensator (STATCOM) is presented. A detailed power
flow analysis of applying negative sequence current (NSC) and zero-sequence current (ZSC) injection methods
in addressing the issue of inter-cluster DC voltage imbalance under unbalance grid voltage is carried out. A
control scheme is proposed which integrates both inter-cluster methods using a quantification factor Q. This
is used to achieve the sharing of the inter-cluster active power between the NSC and ZSC injection methods.
An accurate method of determining the quantification factor is also presented. The proposed method offers
better sub-module DC capacitor voltage balancing and prevents converter overcurrent. The influence of
unbalanced grid voltage on the delta connected MMCC-based STATCOM rating using this integrated cluster
balancing technique is investigated. The control scheme is verified with a 5kV 1.2MVA MMCC-STATCOM using
3-level bridge sub-modules, and the results show the advantages of the proposed method over other inter-
cluster methods.
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1 Introduction
Grid voltage unbalance can be caused by remote faults,
uneven distribution of loads such as single-phase traction
drives, open wye and delta transformer banks, asymmetric
transmission impedances, and so on [1]. The increasing
connection of renewable source generators to the utility
network exacerbates the situation because of the use of
power electronic converters for grid interface and the un-
predictable power generation [2]. As a consequence, all
grid-tied power electronic converters are required to oper-
ate under normal and abnormal grid voltage conditions,
and support the grid voltage during transient grid faults.

The modular multilevel-cascaded converter (MMCC)
is attractive for medium and high voltage applications
for a battery energy storage system (BESS), reactive
power compensation and harmonic mitigation of a
power system network [3—8]. The modular structure of
this converter offers the merits of scalability, i.e. scaling
up to any desired voltage level, thus eliminating the use
of step-up transformers. This also helps achieve good
waveform quality with low total harmonic distortion of
the output voltage while only using low switching fre-
quency leading to reduced power losses [8, 9].

MMCC-based STATCOM has been studied to ad-
equately provide reactive power support to the grid
under balanced conditions [4, 10]. However, under an
unbalanced grid voltage condition, it faces a challenge of
active power imbalance across the converter phases [11,
12]. This unequal converter phase active power leads to
inter-cluster voltage imbalance and causes sub-module
DC capacitor voltage imbalance. If this inter-cluster volt-
age imbalance is not properly managed, distorted cur-
rents are injected into the grid via the MMCC-STAT
COM. In addition, excessive drift of sub-module capaci-
tor voltages may overstress the MMCC semiconductor
switches and potentially damage the devices [13].

In [14-17], inter-cluster DC capacitor voltage balan-
cing is achieved under an unbalanced load condition by
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injecting a zero-sequence current (ZSC) to circulate the
three phases of the single delta bridge converter (SDBC).
However, this injection method can lead to currents ex-
ceeding their rated limit and damaging converter
switches. The use of a negative sequence current (NSC)
injection method has not been analyzed and applied to
this topology. In addition, the influence of zero sequence
current and negative sequence current injection tech-
niques on the voltage and current rating requirements of
the delta connected MMCC STATCOM under grid volt-
age fault conditions has not been investigated.

This paper proposes a new control scheme for phase-
cluster voltage imbalance and overcurrent of delta-
connected MMCC-STATCOM operating under unbal-
anced voltage conditions. Different from conventional
methods, the new scheme incorporates both methods to
overcome the overcurrent problem. In applying this
scheme, a quantification factor Qr is determined based on
the maximum allowable converter current. A detailed
power flow analysis of delta-connected MMCC operating
under unbalanced voltage condition is carried out, and the
influence of an unbalanced voltage level on the voltage
and current ratings of this configuration is investigated.
The MMCC sub-module considered in this paper is the 3-
level H-bridge (3 L-HB), though the scheme presented can
also be applied to a 5-level flying capacitor H-bridge (5 L-
FC) [16, 18]. Digital simulation test results are presented
to validate the proposed method.

2 Circuit configuration of delta MMCC-based STAT
coM

Figure 1 shows the system configuration of the delta-
connected MMCC STATCOM. Each cluster consists of
N three-level H-bridge (3 L-HB) sub-modules connected
in series. The filter reactors are connected between the
SDBC phases to handle their voltage difference between
phase clusters and limit the current circulating inside the
converter. The DC capacitor sub-module voltages, V.,

Grid Vo
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0—y
r\/ VCO
(PPCside)[ i " |
| Lac liab Lac libc Lac i/cal
(Converter side) | |
| SM: T 1
I . . . I = Cdc
| I .
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Fig. 1 Delta connected MMCC-STATCOM system



Oghorada et al. Protection and Control of Modern Power Systems

(where m = ab, bc, ca; n= 1, 2,...N) in each phase cluster
of the MMCC need to be regulated to keep their desired
values even under a grid voltage unbalanced condition.
The converter voltages and currents are expressed in (1)
and (2), where k=0, 1, 2. Superscripts + and -, and sub-
script O represent the positive, negative and zero sequence
components. V,, V_, I, and I_ represent the positive and
negative sequence voltage and current magnitude. I is the
magnitude of the zero-sequence current. ¢v,, ¢v., Pr.,
and ¢, are the phase angles of the positive and negative
sequence voltages and currents, respectively, while ¢, is
the phase angle of the zero sequence current.

2. 2
= \/g(V+ sin(thrqﬁv}—k?”Jr%) + V. sin(—wt+¢v,—k?ﬂ+g))

(1)
bmo = by + iy + o
1 ) 2 7 ) 2m 7
= 7 <1+ s1n<wt+¢1+—k?+g> +1- s1n<—wt+¢,_—k?+g)>

(2)

3 Delta connected MMCC-STATCOM power flow
analysis

The inter-cluster DC capacitor voltage balancing control
of the delta-connected MMCC sub-modules is the main
focus of this paper. The inter-cluster power flow of the
system is analyzed, while multiplying (1) and (2) gives
the instantaneous and average power across each phase
of the delta MMCC-STATCOM. The average cluster
powers are expressed as:

P, = 0.5(P%,: + Pg,, + P¢,, + PG+ Poy + PE)
P, = Vil cos (‘/)v+ ~9r.
P, =V_I_ cos(¢y,_~¢,_)
PL = —q%VJ, cos(¢py, + ¢, ) + r?
Vil sin(¢y, +¢;)
P = —q% V_I cos(¢y_+ @) + e
VI, sin(¢y_ +¢y,)
PGy = ’”g Vo C05<¢v+—¢10)—q\/7§
Vi lo sin(¢y, ~¢p)
Pé(fn = ‘V% V_Io cos(py_ + ¢p) + q\/jg
V_Io sin(¢y_ + ¢p9)
(3)

where g =1, -2, landr=+1,0, -1 for m = ab, bc, ca
phases, respectively.
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The overall average active power Py and Py ~ are
solely determined by Pc,,"" and Pc,,”~ while the sum of
the other power terms is zero, i.e.:

3
Prt =P, + P+ P, = 5 Vst COS(¢V+_¢I+>

PT =L +Pbc +Pm :EV*I* COS(¢V,_¢L)
Pi = sz +P,}; +P£ =0
O G INEC TN
Prl =Py + Py + P =0
P;" :P;zb+P1;c+Pc_u:O
(4)

The zero sequence current active power Pc,,*? and
P, % do not contribute to the overall active power of
the converter, as seen in (4). Thus, the zero sequence
current does not influence the overall average active
power control, and the overall average active power in
(4) is equally provided by the individual converter
phases.

The phase average active power for the delta MMCC
is defined in (6).

The total average reactive power injected to the
grid based on instantaneous power theory [19] is
given as:

3 .
QR = Qi + Qi + QL =3 VL sin(9y -0, )

3
Qr = Quj + Qe +Qq = 5 V- sin(py ¢, )

(5)

Three possible ways of regulating the delta-
configured MMCC are available based on (6), i.e., the
positive, negative and zero sequence currents. The
positive sequence current is applied in providing the
total average active and reactive power control. Thus,
only the negative and zero sequence currents are the
control terms available for inter-cluster active power
balancing control.

4 Control scheme

The block diagram of the MMCC STATCOM con-
trol is shown in Fig. 2. The converter control is di-
vided into three sections of overall power control,
inter-cluster average active power control and indi-
vidual control. The overall controller regulates the
total average active and reactive power require-
ments of the converter by controlling the overall
DC capacitor voltages of the delta-configured
MMCC and the positive sequence currents
(I,cospr,, 1. singr,), while the negative and zero se-
quence currents are the control terms that influ-
ence the regulation of the inter-cluster average
power controller.
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P, [0.5(-V cospy, + V3V singy, ) 0.5(V. singy, + V3V, cospy, )
a
P, :% V. cospy, -V sing,, [5 - Z?;;)I:|
X - 1
[ Plea ] O.5(—V+ c0s¢>v+—\/§\/+ sincpw) 0.5(\/+ sin¢v+—\/§V+ cos<pv+>
-+ ] _0.5(—\/_ cosgp,, + V3V singy, ) O‘S(V_ sing,, + V3V cosgy, )
Cab 1 - - - . I, cosg,
e | =3 V_ cos¢py, =V _ sing,, I sing.
ot ) ‘ + sing;
Cea | 0.5 (—V, cosg, —V3V_ sm(pvf) 0.5 (V, sing,, —V/3V_ cos<pvf)
-0.5(—V+ sing,, + V3V, COS¢V+) 0.5(V+ cospy + V3V, sin¢v+)
Vi sing,, -V cospy +
Pcoap V3 0.5(—V+ sing,, —V/3V, cospy, > 0.5(VJr cosgy, V3V, sing, ) Iy cosg,
PCOb _Vv° L + + + + |: ) o :|
PCOC; 2 0.5(\/, sing,, —V3V_ cos¢vf) 0.5(\/, cosgy +V3V_ simpVi) Io sing,,
-V _ sing,, -V_ cos¢py,
O.S(V, sing,, +V/3V_ cos«pvf) O.S(V, cosgy, —V/3V_ sincpvi)
(6)

4.1 Overall average active and reactive power control
This controller is used to provide the active power required
to compensate for power losses and maintain the MMCC-
STATCOM overall DC capacitor voltages to their required
values, while controlling the reactive power to be injected by
the converter. This active power required by the DC capaci-
tors is determined through a PI regulator as shown in Fig. 3.
The direct component of the positive sequence current is:

. K; g .
I; = (I<p_dc + IS C> (Vdc_vdc_avg)

(7a)

where &, 4. and k; 4. are the controller proportional and

integral gain constants, and V4 and Viic ave are the reference

and average values of all the sub-module voltages, respectively.

The reactive current applied in the regulation of aver-
age reactive power injection is given as:

9 (7b)

Qref

3V,

+
I, =

Where V;" and Q. are the direct component of the
positive sequence voltage and the reactive power refer-
ence, respectively. To prevent excessive injection of con-
verter current under a grid unbalanced fault condition, a
fixed reactive current is applied.

4.2 Inter-cluster average active power balancing control
The unbalanced average active phase power of the MMCC
in an unbalanced grid voltage condition results in unequal

I+
3 P dq 2
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Fig. 2 Control block diagram of MMCC-STATCOM under unbalanced voltage condition
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Fig. 3 Overall dc capacitor voltage control

inter-phase sub-module capacitor voltages. The cluster
average active power of the converter is given as:
Pey = P, + Pi + P,
(8)
From (8), the average cluster active power comprises positive,
negative and zero sequence current components. As the overall
average active and reactive power control uses the positive se-
quence current, the two remaining control freedoms of negative
and zero sequence currents are thus employed to regulate the
inter-cluster control. A quantification factor Qr is used to har-
ness the two methods in controlling the average active cluster
power. This is done by effectively sharing the inter-cluster
power between Pg,, " and Pg,,” methods. The 3-phase cluster
power is transformed into an a-8 form as:

1 1 e
oot I R T B 7
Pyt V3 VB
0~ ot
1 1 1 (153
pY 5 "o Cab
gl=1 5 A%
Peg V3 VB |5k
0 —% o] lfc

Equation (9) is further expressed using Qr as:

P& = Qp(Pg,—Pgh)
P(()';n = (I_QF)(PEM_PE:;)
(10)

where m = a, § phases.

Simplifying (10), the zero and negative sequence cur-
rents are given in (20).

The control scheme of the proposed inter-phase aver-
age active power balancing method is shown in Fig. 4.
The output of the PI regulators Pc,, is subtracted from
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the positive sequence current active power Pc,, ", and is
then used along with the quantification factor in deter-
mining the appropriate values of the negative and zero
sequence currents.

The active power across each sub-module is regulated
using the individual DC capacitor voltage controller as:
Viwmn = <kpin =+ I%) (Vdcm_vdcmn)

(11)

Where Vi, is the individual control signal for each
sub-module across a particular phase, and &, ;, and k; ;,
are the proportional and integral gains of the individual
DC capacitor voltage controller. As illustrated in Fig. 2,
the negative sequence current is fed into the current
controller to synthesize the converter reference voltage.
The zero sequence current calculated from Fig. 4 is con-
verted into a voltage command V, through a propor-
tional controH(r as:

VA = I(iO 10 sin(wt + ¢O)

1. . ,
-3 (fap + ipc + lcu)> (12)

This voltage command is added to the output of the
predictive current controller v,,,.s to form the new con-
verter voltage reference v,,,0,,s which is applied to phase-
shifted PWM (PS-PWM) [20-22] to generate the con-
verter gate signals.

4.3 Quantification factor determination
The value of the quantification factor Qp is deter-
mined by ensuring that the converter-rated current is
not exceeded and sub-module capacitor voltage devia-
tions are within +10% of their rated values. Among
the two inter-cluster balancing methods, the zero-
sequence current method is superior to the negative
sequence current technique in the determination of
the Qr value. This is because injecting negative se-
quence current into the grid in attaining inter-cluster
voltage balancing disrupts the improvement of power
quality.

The zero sequence current method is solely used to
achieve inter-cluster control

if the maximum
*
P~ Negative
- Ca -
0 .+ Sequence -
. -
F P('ﬂ current dq
- -
calculation
abc
10 or
ap P(‘a, Zero .
A oo | Sequence ’ZO
N 9 P, cp, current
calculation

Fig. 4 Inter-cluster balancing control using quantification factor for sharing
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converter current I,,, is less than or equal to the
converter-rated current I ;.4 i.€.:

QF =0 gflmax SIRated
(13)

]max = max(iaba ibcv ica)
(14)

Where i, ipe, i, are the magnitudes of the three-
phase converter phase currents.

For conditions when the maximum converter phase
current may be higher than the rated current (i.e.
Lyax > IRateq), to ensure overcurrent management, a
new value of Qf is determined by equating the max-
imum current through the delta-configured MMCC as
given in (14). The quantification factor Qp is deter-
mined by equating the magnitude of the current com-
ponents as:

Vi [(VA-V?) (2max—v211)-V/3Z]

QF =
2
VAV.Z 23 (PP + (PP

(15)

Where

Initialization Q,

ref

LExtraction VeandV,

|Calculating Tysed;

max

0,=0 1. <I

Equation (16)

Calculating 1, and

new iy value

Current

Controller

Fig. 5 Flowchart for quantification factor determination
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1
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A flowchart for quantification factor Qr determination
is shown in Fig. 5.

5 Delta-connected MMCC ratings under
unbalanced voltage conditions

The operating range and ratings of delta MMCC
are analyzed in a voltage unbalanced condition.
These analyses are based on the integration of both
inter-cluster balancing control methods of zero se-
quence and negative sequence currents using the
quantification factor Qr in sharing the inter-cluster
phase active power. This quantification factor has a
value of 0<Qp<1. From (10), when Qf =0, Pg,,"
" =0and Pc,,”" =Pc,, -Pc,, ". When Qf =1, Pc,,"
~"=Pc, - P, and P’ =0. For 0 < Qf < 1,
Pew' ™ '=Qr (Pcw - Pou ) and  Pc,’ =(1-
Qp)(Pcy - Pcy. The degree of voltage imbalance
K,, =V,/V, is used in this investigation. In deter-
mining the DC capacitor voltage Vi rarea and
current rating Iz, the influence of both inter-
cluster balancing methods are considered. Equations

(16)—(19) found in [14] are applied for this
investigation.
Vdc_mted = Mﬂx(|vmn|) S]\n/dc
di (16)
Vi = Vi +Ld—;”+Rim =V sin(ot + ¢,,)  (17)
v
! (18)
imo = i+ +i- + i
IRatea = M&Zx(|lmo‘)
(19)

where V. is the sub-module capacitor voltage, and N
is the number of sub-modules per cluster. V; repre-
sents the voltage drop across the converter filter, i,
is the cluster current, and i,, i_ and i, are the posi-
tive, negative and zero sequence currents. Qr values
of 0, 0.5 and 1 are applied across the MMCC-STAT
COM for this analysis. For Qr =0 and 1, only zero-
sequence current and negative sequence current
methods are applied, respectively. While for Qf = 0.5,
the zero and negative sequence current methods are
shared equally.
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Fig. 6 DC-link cluster voltage and cluster current ratings of

SDBC-STATCOM with respect to K, ata Qr=0, b Q=05
and ¢ Qs =1 with ¢,.=0°

The influence of the quantification factor Qf and
the degree of voltage unbalanced (0<Qr<0.9) on
the current and voltage rating requirements for
delta-connected STATCOM is shown in Fig. 6a—c.
From Fig. 6a, the voltage and current ratings at
K, = 0.8 are 1lpu and 3.3pu for Qr=0, respect-
ively. For Qr=0.5 as illustrated in Fig. 6b, where
K,, = 0.8, the voltage and current ratings are lpu
and 2.5pu, respectively. Figure 6¢ shows that the
voltage and current ratings using negative se-
quence current method for Qp=1 are 1lpu and
1.8pu, respectively.

From this analysis, the current requirement of the
zero sequence current injection method is improved
by combining it with the negative sequence current
technique. Thus, employing equal power sharing be-
tween both methods reduces the current rating re-
quirement of the delta-connected MMCC-based
STATCOM by 0.9pu. These ratings have a direct
implication for the switching devices and DC cap-
acitor current handling capabilities.

6 Results and discussion

Table 1 MMCC power system parameters

Symbol Quantity Value

Vs Grid rms voltage 3.535kV
S Grid rated power 1.2MVA
Csm Sub-module Capacitance 1.12mF
Lac, Rac Filter 8mH, 2Q
Vdc Sub-module DC voltage 2500V

N Number of sub-modules per phase 4

fc Carrier frequency 1000 Hz
fs Sampling frequency 10,000 Hz
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Table 2 MMCC control parameters

Symbol Quantity Value
Kp_do Ki_ac Overall DC voltage control 2,20
Ky o Ki ¢ Inter-cluster control 1,10
Ko in Kiin Intra-cluster control 05,5
Kio Circulating current control 35
Iy cosgy ] 2 ViA+V.C -V, B-V.D|[P%,
Iosing;, | ~ \B(VI-V2) | V+B-V-D  V,A-V_C || Pg
Iy = \/(10 cosq),u)2 + (Io sin¢[0)2
I si
¢, = tan™! 0 singy,
o Iy cosg;,
{L cosg; ] _ 1 V3 singy, — cospy, —(\/§ cospy,, + sinq)w) {Pé?}
1- sing,_ Vilv3 cosgy, + singy V3 sing,, - oSy, P

A=13 cosgy, - singy,
B=V3 singy, + cosgy
c=V3 cospy,_— singy,
D=3 sing,, + cosgy,

where

(20)

Figure 1 shows the system configuration, where 4
three-level H-bridges are cascaded in a single delta con-
figuration. The proposed control scheme as illustrated in
Fig. 2 is implemented using MATLAB / SIMULINK.
The system and control parameters are shown in Ta-
bles 1 and 2, respectively. The control parameters are se-
lected based on the cutoff frequency and phase margin
of 10 Hz and 60°, respectively.

The positive sequence active and reactive current ref-
erences I;* and Iq+* are synthesized by the overall active
and reactive power controller. The inter-cluster balan-
cing techniques are tested under 100% phase A voltage
sag as shown in Fig. 7.

The rated STATCOM phase current is I,y = 65A
and the converter reference DC capacitor voltage V.
is fixed at 2.5kV. To validate the effectiveness of the
proposed method, the zero-sequence current and nega-
tive sequence current methods with respective quantifi-
cation factors of Q=0 and 1 are subjected to this
unbalanced condition.

5| ! ' '
AL
%% VR /%%

0.05 . 0.15 0.2
Time (s)

Grid Voltage (kV)
=]

Fig. 7 Grid voltage waveform under 100% phase A voltage
sag during 100 ms (Ve Vi, Vo)
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voltages. e Degree of current imbalance

Figure 8 shows the results of using the zero-sequence
current technique for inter-cluster active power balan-
cing control. The zero-sequence average active power is
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applied in compensating for the phase cluster power
which generates the zero sequence current as illustrated
in Fig. 8a. The MMCC-STATCOM output voltages are
well-modulated as highlighted in Fig. 8b. The zero-
sequence current of 20A circulating in the delta-
configured MMCC-STATCOM results in the sub-
module DC capacitor voltages fluctuating within +10%
of their reference voltages as illustrated in Fig. 8c. The
maximum total STATCOM phase current is greater
than the converter current rating as illustrated in Fig.
8d, while Fig. 8e shows that the currents injected into
the grid do not have negative sequence current.

Figure 9 shows the test results with negative sequence
current inter-cluster active power balancing control. The
negative sequence average active power compensates for
the phase cluster power using the negative sequence
current as shown in Fig. 9a, while the maximum current
is 80A (1.231 of I,,.4) as indicated in Fig. 9a. This exces-
sive current could result in semiconductor switch ther-
mal breakdown. Figure 9b shows that the converter
output voltages are not over-modulated, while Fig. 9c
shows that the sub-module capacitor voltages are
maintained within +7% of their reference values. Fig-
ure 9d shows that no zero sequence current is re-
quired with this technique. However, the degree of
current imbalance injected to the grid is 50% as seen
in Fig. 9e, and this could result in more imbalance in
the grid.

Figure 10 shows the results of the proposed technique
for the inter-cluster active power balancing control. To
overcome the problems posed by zero sequence current
and negative sequence current methods, the proposed
method determines the quantification factor using (15)
as Qr=0.381, i.e. sharing the inter-cluster unbalanced
active powers between zero-sequence current and nega-
tive sequence current in proportions of 61.9% and
38.1%, respectively.

Comparing Figs. 8a and 10a, the magnitude of the
zero sequence current for the proposed method is
less than the value for the zero-sequence current in-
jection technique. The maximum current injected
into the grid is seen to be equal to the rated
current as illustrated in Fig. 10b, and this is lower
than the case of NSC and ZSC injection methods
shown in Figs. 8d and 9a, respectively. Figure 10c
shows that the converter output voltages are also
well-modulated. The proposed method maintains
the sub-module DC capacitor voltages ripple to be
less than +3% as seen in Fig. 10d. Figure 10e shows
that the level of current imbalance injected into the
grid by the proposed method is less than with the
NSC method.
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Table 3 comparison of inter-cluster balancing methods
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Parameters Proposed method Negative sequence current Zero sequence current
Maximum current flowing in the converter 65A 80A 70A

Maximum current flowing from the converter to the grid 55A 80A 48A

Degree of unbalanced current injected to the grid 13.8% 50% 0%

Switching power losses Ps 0.81Ps Ps 0.9Ps

Maximum sub-module capacitor voltage variation +3% +7% +10%

Table 3 compares the proposed method against the
other two inter-cluster techniques. The following met-
rics are considered:

e The maximum current flowing in the converter:
this is the sum of all the current components as
expressed in (18). Only the proposed method
operates within the rated current of the converter
while the others have higher current flowing in the
converter.

o The maximum current flowing from the converter
to the grid: since the zero-sequence current only
flows within the converter clusters, this quantity
is the sum of both positive and negative sequence
grid currents. The NSC method injects a higher
current to the grid than the proposed and ZSC
methods.

e Degree of unbalanced current injected to the grid
K;,: this is the ratio of negative sequence current to
positive sequence current. The proposed method
injects less unbalanced current to the grid than the
NSC method, while the ZSC offers no unbalanced
current to the grid.

e Switching power losses Pg: this is calculated as:

. VCE
), T; 7(t)) %« ———
Fson ic(®), Tr(t))+ VcE_Res
1 ; Ve
Pg=—1 + t), T 7(t))s ———— 21
S =7 Fsore ic(t), T2 (t)) Ver v (21)
Ve
ir(t), T p(t))s ———
+fSOFF (lF( )’ I«D( ))* VF, Ref

where fson and fsopr are the switching energy functions
for turn-on and turn-off energies. T; 7 and T; p are the
respective junction temperatures of IGBT and diode,
while Vg res Vi rer are the reference voltages for defin-
ing the IGBT and diode switching losses [20]. Since all
the methods are subject to the same operating condition
including modulation techniques, the only varying par-
ameter is the current. Therefore, the switching power
losses are simply expressed as a function of current as
Ps =f (i(t)). The proposed method offers the lowest
power losses of the three methods.

o Maximum sub-module capacitor voltage vari-
ation: this is the ratio of the change in sub-module
capacitor voltage to the reference capacitor voltage.
From Table 3, the proposed method has the least
variation of the three inter-cluster power balancing
methods.

From the results, the proposed method is superior to
the zero and negative sequence current methods.

7 Conclusion

The inter-cluster active power balancing control of the
delta-connected STATCOM in an unbalanced voltage
condition is of serious concern. This paper has proposed
an inter-cluster active power balancing method to ad-
dress the challenges posed by both zero sequence
current and negative sequence current injection methods
which result in sub-module DC capacitor voltages drift
and overcurrent, respectively. The relationship between
the active power flow and inter-cluster DC capacitor
voltages are discussed, while the power flow analysis and
the proposed method are presented in detail. The effect-
iveness of the proposed method is achieved by determin-
ing the optimum quantification factor Qr value which
integrates zero sequence current and negative sequence
current in the correct proportion in addressing the prob-
lems of the two methods. The influence of Qf as the de-
gree of unbalanced voltage k,, increases on the voltage
and current ratings of the delta-connected MMCC
STATCOM is also investigated. The simulation results
using the proposed method show that:

e the sub-module DC capacitor voltage fluctuations
are maintained within +3% of the reference voltage;
the maximum current is within the rated value;
converter switching power losses are reduced;

e less unbalance current is injected into the grid than
with the NSC method.

Abbreviations

ZSC: Zero sequence current; NSC: Negative sequence current; SDBC: Single
delta bridge converter; LVRT: Low voltage ride through; STATCOM: Static
synchronous compensator; MMCC: Modular multilevel cascaded converter;
BESS: Battery energy storage system; 3 L-HB: 3-level H-bridge; 5 L-FC: 5-level
Flying capacitor
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