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ABSTRACT:

This paper presents a control scheme of cascaded
H-bridge STATCOM in three-phase powersystems. The
phase cluster of STATCOM consists of there H-bridge cells
connected in series. The feature is that each H-bridge cell
generates a different output voltage vc,2vc,4vc.By this each
phase cluster can generate 15-level output voltage. Accord-
ing to this configuration every H-bridge cell has isolated dc
capacitors. So the balancing problem of capacitor voltages
exists. Since STATCOM is often requested to operate un-
der asymmetrical condition by power system faults such as
one line grounding or two-line short circuit.

Recently, several methods of voltage balancing between
phase clusters are proposed. One method is based on zero-
sequence voltage injection. However it needs wide margin
of dc capacitor voltage compared with rated power system
voltage when the unbalance of power system voltage is
large. We also had proposed a capacitor voltage balancing
method using negative-sequence current. However the
output current of the STATCOM using the method is uni-
quely determined by the unbalance of power system vol-
tage and function of the STATCOM is limited. To solve this
problem, a technique using zero sequence voltage and neg-
ative-sequence current is proposed. By this scheme, the
STATCOM is allowed to operate under asymmetrical con-
ditions by power system faults. The validity is examined by
digital simulation.

Key Words: Capacitor voltage balancing, Cascaded H-
bridge, multilevel converter, STATCOM, Zero-sequence vol-
tage.

1. INTRODUCTION

CASCADED H-bridge multilevel converter consists of
series connected H-bridge cells. It has merits of switching
losses of semiconductor device and harmonics in output vol-
tage. And it is considered to be suitable for STATCOM in
power system application, because it requires less number of
circuit components compared with diode-clamped multilevel
converter or flying capacitor multilevel converter and STAT-
COM does not have to handle real power.

But every H-bridge cell has isolated dc capacitor and balanc-
ing problem of capacitor voltages exists in this configuration.
STATCOM is often requested to operate under asymmetrical
condition by power system faults, such as one line grounding
or two-line short circuit. These kinds of faults cause unbalance
of power system voltage and unbalance current flows into
each phase cluster. So capacitor voltage balancing between
phase clusters is particularly important.

Recently, several methods of voltage balancing between
phase clusters are proposed. One method is based on zero-
sequence voltage injection. However it needs wide margin of
dc capacitor voltage compared with rated power system vol-
tage when the unbalance of power system voltage is large. The
other method handles the capacitor voltage unbalance by in-
dependently controlling active power of individual phase clus-
ter, but unbalance of power system voltage is not considered.
By these reasons, the circuit condition in which these methods
are effective is considered to be limited in practical use

We also had proposed a capacitor voltage balancing me-
thod using negative-sequence current. It does not need wide
margin of dc capacitor voltage and can handle large unbalance
of power system voltage. However the output current of the
STATCOM using the method is uniquely determined by the
unbalance of power system voltage and function of the STAT-
COM is limited

So we introduce a different control method using ze-
ro-sequence voltage in this paper. By this method, the STAT-
COM can control output current almost freely. But it needs
wide margin of dc voltage under large power system voltage
unbalance.To avoid this, we exclusively use the two methods
depending on the extent of voltage unbalance. The validity is
examined by digital simulation under one-line and two-lines
fault circuit condition.
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2. MAIN CIRCUIT AND CONTROL SCHEME
2.1. MAIN CIRcuIT AND BASIC OPERATION

Fig. 1(a) shows the main circuit of cascaded H-bridge STAT-
COM in this paper. It is composed of three-phase clusters.
Each phase cluster consists of three H-bridge cells. The dc
capacitor voltages are set to V¢, 2V¢, 4Vc in a phase cluster.
Fig. 1(b) shows an example of output waveform. Voltage level
from -7 to +7 can be generated by combining the capacitor
voltages. The level is decided according to the calculation
flow shown in Fig. 1(c). Then the cluster outputs the nearest
voltage level to reference V.
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phase-a Cluster
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Fig.1.circuit configuration and operation (a) Main circuit.(b)
Example of output waveform. (c) Decision method of output
level.

Conventional cascaded H-bridge multilevel converter may
require high number of H-bridge cells for low current distor-
tion. But the proposed circuit configuration can output 15-
level voltage in spite of only three cells. So, lower conduction
losses of semiconductor devices are expected.

For dc voltage balancing in each phase cluster, the
control method proposed here uses the fact that several switch-
ing patterns are available when a phase cluster outputs particu-
lar voltage levels. An example is shown in Fig. 2. When a
phase cluster outputs voltage V., there exists three operational
pattern “V¢”, “2Vc-V¢”, and “4Vc-2Ve-V(e” and charged or
discharged capacitors are different. These patterns are selected
According to the relation between Vci, Ve, and Vs, When
4Vc1>2Ve,, and Vs, output pattern “V¢” is selected. When
2Vc>4Ve; and Vs, output pattern ‘“2Ve-Ve” is selected.
When Vc3>2Ve, and 4V, output pattern “4Vc-2Ve-Ve” is
selected. To use same switching pattern in1/4 cycle, the capa-
citor voltages are measured at 0.7/2, 37/2[rad] of ac side phase
angle.
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Table | Decision Table of Operation Pattern for Vol-
tage Balancing

Cufp Level Celly Celly Celly Condition

i Ay = D and vy = vy
g Z ¥ and 2y, = dvgy

Vomy 2 W AN Wy = 20y

1 W 2V

1 1 D, L Vv

Wiy Z ¥y ATl AV Wy

¥ = ¥ and 2vm v

1 1 1 Vo = M i A 2 2,
4
1 A 2 v
5

1
1
1 1 1 AV < D
1
1

Table | shows the all operational patterns and decision me-
thod.It is used when the polarities of STATCOM output vol-
tage and current are same. “1” indicates that the cell outputs
voltage to positive direction and its capacitor is discharged.
“-1” indicates that the cell output voltage to negative direction
and its capacitor is charged. It is similar when the polarity of
the output current is opposite. By this method, capacitor vol-
tage ratio between H-bridge cells in a phase cluster is con-
trolled.

Current

=

2.2. CAPACITOR VOLTAGE BALANCING BETWEEN PHASE
CLUSTERS

STATCOM is often requested to operate under
asymmetrical condition by power system faults, such as one
line grounding or two-line short circuit. These kinds of faults
cause unbalance of power system voltage and unbalance cur-
rent flows into each phase cluster. Then capacitor voltage un-
balance between phase clusters occurs.

So we had proposed a capacitor voltage balancing method
using negative-sequence current.The negative-sequence cur-
rent. The negative —sequence current iy, , iny , inc fOr capacitive
voltage balancing is expressed as

27
cos(wt + —
(c 3 )

ina cos(wt)
. 2 27 2 27
=.= t——— = t— =7
!nb \Ekn Vg, | COS@ 3) +\/;kn Vg, | cOS@ 3) 1)
Inc cos(wt + 2—”) cos(t)
3

2z
cos(wt ——
(c 3 )

2
+\E kn Vee cos(ot)

27
cos(ot ——
( 3 )

Where K, is a gain, and V¢, Ven Ve , are the sum of capacitor
voltages in a phase cluster, as shown

Vega = 2.V
ca k=123 cak
V = \V4
cb k=123 cbk
Vee = 2.V
cc k=123 cck )

Here, it is assumed that the STATCOM shown in Fig. 1
operates under the asymmetrical circuit condition, as shown

V, cos(mt) cos(wt + 9)

2 2 2 27
Vj, _\EVP cos(a)t—?) +\f3\/n cos(a)t+?+3)

cos(wt — 2?” +9)

©)

Ve cos(mt + 2?”)

And its output current is controlled as shown in (4). Where,
the first term is the active current to compensate converter
losses. The second term is the reactive current output to power
system.The third term is the negative-sequence current for
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voltage balancing, as shown in (1) : % -
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=———0S(9) + ——sin(9)
ia cos(awt) —sin(ot) ina na 3
. 2. 27 2. . 27 . 1 1
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Then, the average real powers of each phase clusters are calcu- ne 3 3 3
lated as 8)

w
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2 nb
Vee ~Ve p D
nc
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V. = Vca +Vcb +Vcc
¢ 3 ()

. 27
. Vp ipd *+Vn kn Vea cos.9+VCb cos(&—?)
3

+ Vcc cos($ + 2?”)

)

In (5), the first term is proportional to the error between the
individual capacitor voltage V¢, Ven Ve and the average ca-
pacitor voltageV, expressed as (6) and (2). The second term is
the same for each phase cluster. The third term is almost inde-
pendent of V¢, Ven, Ve as expressed in (8). So the error of the
individual capacitor voltage is decreased by use of the nega-
tive-sequence current, ing, inp, inc ShOwn in (1).

Besides ina, inb, Inc CaN be expressed on dg-axes, as shown

: Ven +Vcc
Ing * _( cos2mt sin2a)tj Vea ™7 5 ©)
; " =sin2ot cos2mt )TNN
Ing * il V3 _
5 (VCC Vcb)

So PI controller is actually used to calculate iy, i ng in
the control block of proposed STATCOM, instead of gain
K,,to make the error between the individual capacitor voltage
and the average capacitor voltage zero, as shown in Fig. 3.

Vi N A oy
P W P4 .
[ Yo ——= = g
Vv, £y A cosdelt  sin 2ol
— = r
| gy 43 \ Vi =g Jat  cosdal
. 2 e =va) Pld j,,
Vi . =)

Fig.3. Calculation method of negative-sequence current for
voltage balancing between phase clusters.

However the output current of the STATCOM using
the negative- sequence current method is uniquely determined
by unbalance of power system voltage and function of the
STATCOM is limited. For example, the STATCOM becomes
impossible to compensate negative-sequence current by unba-
lanced loads. So we introduce a different control method using
zero-sequence voltage in this paper.

The zero-sequence voltage for capacitor voltage Vo
balancing is expressed
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Where V'a,V, V. are positive and negative- sequence
components of STATCOM output voltage i,,ip,ic are STAT-
COM output current,Kop is a gain, operator “.” means scalar
product of complex vector. To handle instantaneous value at

time, it is substituted by the calculation as follows:

aw
Xy =2 J:_(Zﬁ) X(T) x y(T)dT.
w

(11)

Where X and y are arbitrary phasor in (10) and x(t) and y(t) are
their instantaneous value. ® is angular frequency of power
system.

By using Vo shown in (10), STATCOM output power
from each phase is calculated as follows.From (12), it is un-
derstood that the STATCOM outputs same power from each
phase when the capacitor voltage of each phase is balanced.
Even if capacitor voltage unbalance occurs, it is corrected by
the second term of (12).1t can be easily confirmed that the
time constant to correct the capacitor voltage unbalance is
UKop.

' ’
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1
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However, this method requires a wide dc voltage margin.
For example, it is assumed that two-line short circuit occurs in
power system and positive and negative sequence of STAT-
COM output voltage becomes

r

Va =1+ jO

’ " (13)
Vi = —0.5+ jO
VC' = —0.5+ jO

Cax

O O ¥,
T

—
— | =
——

.
1(‘:)- ' [1 } . SRFF

Fig. 4. Decision method of voltage balancing between phase clusters.

At this time, V,shown in (10) is calculated as
follows

V, = 05+ j0 ”

Then, the STATCOM output voltage becomes as fol-
lows:
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V, =V TV, =15+ j0
Vp =Vp +VO =0+ j0 (15)
Ve =V, tV, =0+ j0

As mentioned before, the STATCOM using V, must
output 1.5 times voltage compared with only using positive
and negative sequence voltage at the circuit condition shown
in (13).

To avoid this, we exclusively use the two voltage ba-
lancing methods depending on the extent of voltage unbal-
ance. The zero-sequence voltage method is used normally. The
negative- sequence current method is used under large unbal-
ance of power system voltage. The decision method shown in
Fig. 4 is used to select these two methods. Input is capacitor
voltage necessary for outputting reference voltage of the
STATCOM. The calculation method of V¢ is described in
next section. Input, Vg,V o is the negative-sequence compo-
nent of power system voltage on reverse rotated dg-frame de-
scribed in the next section.

If power system voltage is balanced, V'nd,V'nq is enough
lower than limit value Ve shown in Fig. 4. Then over vol-
tage flag “OV-Vp” shown in Fig. 4 is set to 0 and the zero-
sequence voltage method is selected. Once asymmetrical pow-
er system fault occurs, Vo shown in (10) may become rather
high and V'c may become higher than limit value V' cmax
shown in Fig. 4. At this time, the flag “OV-Vp” is setto 1 and
the negative-sequence current method is selected. After clear-
ing the fault, V g, V'nq returns to a value low enough and the
zero-sequence voltage method restarts.

V cmaxdS et depending on withstand voltage of the
STATCOM components such as dc capacitor. V'yeg is Set to a
value low enough to use the zero-sequence voltage method.

2.3. Control Scheme for STATCOM

Fig. 5 shows the control block of the STATCOM
shown in Fig. 1. The STATCOM is designed to control the
positive sequence voltage Vs at the grid connection point to
reference V's by g-axis current i’ .

The average capacitor voltage V¢ is controlled to refer-
ence V' by d-axis current i",g. Where, V¢ is from (6) and (2).
The dc voltage varied according to the STATCOM output vol-
tage shown in Fig. 6. The reason why this method is adopted
is to use as many voltage levels of the cascade H-bridge multi-
level converter as possible, regardless of the peak of STAT-
COM output voltage. In addition, the control element "
x7/6.5” shown in Fig. 6 acts to set the peak of reference
V", V',V ¢ in the middle of output level 6 and 7.

The zero-sequence voltage Vo shown in (10) or the nega-
tive sequence current i ng,i ngShown in Fig. 3 are used for ca-
pacitor voltage balancing between phase clusters. If over vol

tage flag “OV-Vo” shown in Fig. 4 is set to 0, then VO is
transformed to The reference V', V', V¢ and are not used. If
“OV-Vp” is set to 1, then the sum i*,g+i*qand i*pq+i*nqare
used as the reference of STATCOM output current ig*,ig* and
Vo is not used.

abe s
Ve

(eosex  sin o)

|._ — gin o eoz ol |

net[OV vy )

Fig.5.Control block diagram of STATCOM

The detection method of the grid voltage, shown
in under part of Fig. 5, is designed to control the STATCOM
output current accurately under asymmetrical circuit condi-
tions by power system faults. The grid voltage Vg, Vg, Vs are
once decomposed to positive sequence V,,,V,s and negative
sequence V,q, Vg by the method shown in Fig. 7. The control
element “1ag90” delays the input V,, V; for 1/4 cycle at fun-
damental frequency of ac voltage and outputs them as V,, V;
. For example V/',, V pare expressed as

Va ~ coswt N
Vs “Vp lsinet )7V

cos(wt + ‘9n )
N —sin(wt + 19n )
(16)
V'a& V' are calculated as follows
V’a ) sin ot j+ Sin(wt+3n)
V',H ~Vp Vi cos(wt+3n)
17

—coswt

From (16) and (17), positive sequence V,,V,s and negative
sequence V,,, Vg are calculated as follows:
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Vpa 1 Vo “V'p ~ (coswtj
Vs 2 Vg +V’a “Vp {sinat
Ve 1 Va +V,ﬁ
Vg 2 Vg _V’a

) cos(mt +‘9n)
Vo | “sint+ g )
n (18)
i o [l pr LR _-I T d
:‘[LEE:E-I_\- 2 \,'I]" £_1 v, (1 drs ime Ve

Fig.6. Calculation method of capacitor voltage reference
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Fig.7.Decomposition from grid voltage to positive and
negative sequence.

[

The feature of this method is that the appropriate values of
Vpar Vg Vg, Vi are obtained in about 1/4 cycle even if sud-
den change of V,, Vg occurs by power system faults. After do-
transformation of V,,, Vs and low pass filtering, the positive
sequence voltage Vg, Vpq are obtained as dc components. On
the other hand, V,,, Vg are once rotated to reverse direction of
transformation. Here, the negative-sequence voltage is also
obtained as dc components. After low pass filtering, the output
values are rotated two times to forward direction of transfor-
mation and the negative-sequence voltage V4, Vg are obtained

accurately

Fig.8.phase angle and voltage detection method.

The time constant of low pass filter does not
have to be long, i.e. the delay time of low pass filter is not
long, because the filter is requested to eliminate only harmonic
component of ac side voltage. As a result, the STATCOM can
respond to power system faults quickly, and the error of capa-
citor voltage between phase clusters is expected to be small
even in the transient state by the faults. In addition V,,, Vg are
used for PLL, shown in Fig. 8, to synchronize the phase angle
wt to positive sequence of the grid voltage. And the positive
sequence voltage Vs at grid point is also obtained by this con-
trol block diagram.

Table Il Circuit Parameters

Rated AC Voltage e B AC GHOOYV
Rated Reactive Power o _ IMVA
Lane angular frequency o, 2x #olads
Line Inductance L 1.64mH (4%%)
AC link Inductance L I1.6mH (10%%)
[ Capacitance [ lmF

L ImF

-f‘.l. 4mF
Rated Capacitor Voltage ¥y o 3000

Voo, 1950%

Vo TSV

3. SIMULATION RESULT

Digital simulation using EMTP(Electro Magnetic
Transient Analysis Program) has been carried out to verify the
effectiveness of the proposed scheme for the circuit shown in
Fig. 1.The circuit parameters are given in Table Il. Rated reac-
tive power isl MVA. The sum of rated capacitor vol-
tage825V+1650V+3300V=5775 is slightly higher than the

2
peak voltage of ac system, which is\/; x6000=5389V. The

capacitancel mF, 2 mF, 4 mF are chosen so that the capacitor
voltage ripple are less than about 5% of their rated voltage at
outputting rated reactive power. The ac reactance 11.6 mH is
equivalent to10% at rated reactive power. The control parame-
ters are given in Table IlI.
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Var Vor Vas 1 aaamaa |
TABLE 111 4000 . ‘
CoNTROL PARAMETERS 3000
FI-1 | Proportonal gaim &, o1 [v]
Integral gain . 1o 2000
PI-2 Proportional gain Fopn 0.5 1000
Integral gain s S0 v v} v -~ : : : : :
PI-3 . Propotional gain &, 25 Cel’ "fbl> " Gel] ; j i i j
Integral gain K, 100 00 10 20 30 40 50 B0 TF0 80
P-4 | Proportional gain £, o1 © tls]
Integral gain Ko Lo Fig.10. Simulation result of the capacitor voltage
LPF-1 : Time constant i 0.001 (a) Power system voltage (b) sum of capacitor voltage(c)
LPF-2 : Time constant 7= 0.2 Each CapaCitor V(-)ltage.- ] o o
; To represent asymmetrical circuit condition, it is assumed
LPP=3 : Time constant " oo that one line grounding (1LG) and two-lines short (2LS) occur
Proportional gain L 30 in series. The source voltage under these faults is shown in
Limit for Zero Seq. Voltage ¥ | 7000 Flg._ 9. The simulation result_ of power system voltage and ca-
— pacitor voltages are shown in Fig. 10. The STATCOM com-
Limit for neg. seq. Current  Fyeo” 1320 pensates power system voltage. As a result, grid connection
voltage VS is 263 V higher than source voltage during 1LG
and 2LS.
H:;...;;_ M
Ving 0dpy P : : :
(a) (b} (i) Power System voltage

Fig.9.Source voltage under faults. (a)LG. (b)2LS.
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Fig.11.Simulation result (proposal: zero seq. voltage +
negative seq. current control for Normal-1LG Fault)

BeforelLG (t<2s), the capacitor voltages of phase clusters
are balanced and the voltage ratio of H-bridge cells is con-
trolled tol:2:4. At the starting point of 1LG (t=2s) and 2LS
(t=4s), the capacitor voltages of phase clusters are once unba-
lanced. But they are rebalanced soon.

Fig. 11 shows the power system voltage, STATCOM
output voltage, STATCOM output current and capacitor vol-
tages. Under normal condition or 1LG (t<4s), the zero-
sequence voltage method is used and balanced current are
output, as shown in Fig. 11(a). The peak value of the currents
is about 120A.0n the other hand, the negative-sequence cur-
rent method is used and the STATCOM output unbalanced
current under 2LS (4s<t<6s), as shown in Fig. 12 By this, the
capacitor voltages are balanced During this time, the peak
value of STATCOM output voltage is about 7000 V.

Vinfa? ”!ffb’ Vinfe
H 1
.l

5000

-5000

{ii) STATCOM output voltage
b Ipe 1, (21208,
Vol

(Al 0

8000

6000

vl 4000

2000

0 H H
1.90 1.95 200 205 210 215 2.20
{iv) Capacitor voltage tfe]

Fig.12.Simulation result (proposal: zero seg. voltage + nega

tive seq. current control for 1LG-2LS Fault)

If the zero-sequence voltage method was used under 2LS,
the STATCOM outputs balanced current, as shown in Fig. 13.
But the peak value of the STATCOM output voltage is about
8000V. Thus, the STATCOM had to output high voltage and a
wide margin of dc capacitor voltage was needed.

As described before, the combination of two capacitor
voltage method realizes reasonable circuit design and flexible
function of the STATCOM.

:J'rgﬁz' V:‘nﬂ:’ V!‘nﬁ
5000 L1 S bl
"™ i

-5000 -+

5000
vl 0
-5000

(il) STATCOM output voltage

P I 1, (1208,
@ b e ek
1

...........................................................

2000 ; :

'
! 1
B
v

0 Vaat Vv Va7 i :
390 395 400 405 410 415 420
(iv) Capacitor voltage t[s]

Fig.13.Simulation result (only zero-sequence voltage control)
4. CONCLUSION

This paper presented a configuration and control
scheme of cascaded H-bridge STATCOM in three-phase pow
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er system. We proposed a control method using zero-sequence
voltage and negative-sequence current. The two methods are
used exclusively depending on the extent of voltage unbal-
ance. By this method, STATCOM can operate flexibly under
normal power system condition and does not need wide mar-
gin of dc capacitor voltage under large asymmetrical condi-
tion. The validity is examined by digital simulation under one
line and two-lines fault circuit condition. The simulation re-
sults showed the effectiveness of proposed STATCOM. In
addition, proposed control scheme can be used for other type
of applications, such as PV (photovoltaic) inverter systems. It
expands applicable scope of cascaded H-bridge multilevel
converter.
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