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Abstract-This paper presents a new power electronic topology
for a STATCOM allowing the generation of multilevel AC
voltages. This topology is characterized by a modular
configuration since it uses two well known four-leg two-level
voltage source inverters. A Scott transformer with multiple
secondary windings connects the two four-leg inverters to the
grid. One of the important features of the proposed power
topology is the capability to generate AC voltages with high
number of levels, in spite of using only two four-leg two-level
voltage source inverters. To maximize the number of voltage
levels a geometric progression ratio of 3 between the windings of
the transformers connected in cascade is proposed. However, to
reduce the turns-ratio span, alternatively a fractional geometric
ratio of 1.5 is also proposed and analyzed. A control strategy
adapted to the proposed power converter topology is also
presented. Besides the control of the reactive power the
regulation of the four-leg inverter DC voltage will also be
considered. To support the theoretical studies and assumptions,
simulations and experiments are presented. Experimental results
were obtained using a low power laboratory prototype. The
results shown give evidence to the characteristics and features of
the proposed power converter topology and control system.
Index Terms — Static Synchronous Compensator
(STATCOM); Multilevel power converter; Four-Leg Two-level
voltage source converters; Scott Transformer.
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vCoj
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Generic reference currents
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Transformer currents
Stationary voltages components
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STATCOM
FACTS
NPC
MMC
CCHB
PDSPWM

Number of turns of the transformer winding
Stationary current components
Synchronous voltage components
Synchronous current components
Active power
Reactive power
Proportional-integral controller
Total Harmonic Distortion
Electrical angular frequency
Proportional gain
Integral gain
Static Synchronous Compensator
Flexible AC Transmission
Neutral Point Clamped
Modular Multilevel Converters
Conventional Cascaded H-Bridge
Phase Disposition Sinusoidal Pulse With
Modulation
I. INTRODUCTION

E

quipments based on power electronic converters to
support and control electrical networks are now a reality
[1]. Indeed, the so-called Flexible AC Transmission (FACTS)
allow the effective control of the power flow in electrical
networks, as well as giving the necessary support for network
stability and normal operation. FACTS equipments, like the
Static Synchronous Compensator (STATCOM) becomes very
important, especially with the huge increment of renewable
generators. This increment leads to the new paradigm of the
distributed generation, in which contributions for green power
generation led to problems in electrical grids, such as their
stability and power quality issues. The STATCOM is a FACTS
device that allows to compensate the reactive power and/or to
control the voltage of a transmission or distribution network.
Shunt connected reactive power compensators have been in
use for several years in transmission lines. These equipments
have gained a significant importance due to the well-proven
robustness to supply dynamic reactive power with fast
response time. Initially, the static var compensator (SVC) was
developed based on high-power thyristor technology.
However, with the development of new high-power thyristor
and transistor devices, such as Gate Turn-Off (GTO) thyristors
and then the Insulated Gate Bipolar Transistor (IGBT), a new
generation of power electronic equipment, the STATCOM,
became a new standard. This equipment presents several
advantages over the SVC since it offers better dynamic
performance and the ability to generate or absorb reactive
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power when the grid voltage drops. In the last years
STATCOMs have been included in new applications associated
to renewable generators as reported by several published
works [2-7].
Several power electronic converters have been designed for
STATCOM compensators. The modern power structure is
based on well known three-phase two level voltage source
inverters (VSI) connected to a transformer with the purpose to
adapt the voltage of the inverter to the grid. However, in the
last years the change for inverters with multilevel operation
has been gaining momentum. Indeed, multilevel inverters
present several advantages over two-level inverters, as listed
in [8-10]. Therefore, STATCOMs started to be built based on
neutral point clamped (NPC) multilevel inverters, or cascaded
H-bridge (CHB) and flying capacitors [11-14] multilevel
inverters. Gradually, new multilevel topologies were
proposed, being one of the most studied the Modular
Multilevel Converters (MMC) [15,16]. Among the several
multilevel power converters proposed, the cascaded H-bridge
and MMC are based on modular power structures in which
well known two-level voltage source inverters are included.
Cascaded H-bridges use single-phase full bridge inverters,
while MMCs can use different variants although most
commonly used are the single-phase half-bridge and full
bridge inverters. These topologies are very interesting for
STATCOMs once they present important advantages, such as,
modularity, reliability due to its intrinsic characteristic, and
high number of voltage levels. MMCs may operate without the
coupling transformer replacing it with reactors. Due to this,
especially the MMC is now highly considered. However, this
topology also presents some disadvantages, such as,
circulating currents flowing through the three-phase legs of
the MMC that will increase the converter power losses,
stresses on switching devices, high number of modules
regarding the voltage levels and submodule capacitor voltage
ripple. On the other hand, as topology for STATCOMs the
capacitor voltage balancing problem, the decrease of the
controller efficiency and the fact that the frequency response is
affected [16] are strong drawbacks. In fact, for high voltage
applications it is required an important number of power
semiconductors and capacitors which highly increase the
probability of a fault (these components are the most prone to
faults [17,18]).
Since multilevel inverters based on modular power
structures with well-known two-level voltage source inverters
present very interesting characteristics (modularity, flexibility,
easy control), several derived topologies for STATCOM
applications have been proposed [19-23]. One such proposal is
the cascaded two-level converter. This topology is based on a
cascaded connection of two three-phase two-level VSIs. Their
six AC terminals are connected to a three-phase transformer,
having three open windings (six connectors) in the primary or
in the secondary [22]. However, this topology presents some
limitations, namely the maximum generated AC voltage that is
limited to 1.33 times the DC voltage of the inverters and the
requirement of a complex modulator. Another solution
proposes a triple three-phase inverter [23] to achieve

multilevel operation. This topology includes three well known
three-phase two-levels VSIs that are connected by one side in
wye configuration and by another side to a transformer with
open windings. In this way, in addition to multilevel operation
it was also possible to extend the generated AC voltage
maximum to 2 times the value of the DC voltages.
The described STATCOMs with multilevel power structures
based on modular configuration present limitations in the
number of voltage levels, while needing a relatively high
number of modules (including power semiconductors and DC
capacitors) to attain the necessary number of levels. To
overcome such limitations, this paper presents a new power
converter to a STATCOM system based on a modular
configuration. The proposed configuration has the purpose of
maximizing the number of voltage levels while reducing the
number of modules, capacitors, and power semiconductors.
Indeed, the proposed power topology only uses two four-leg
two-level VSIs. Due to the required reduced number of power
semiconductors and capacitors, this topology may present
higher reliability, although a converter fault poses harder
consequences. This power topology is flexible since it is
possible to extend it. For the case under study, a multilevel
inverter able to generate 9 voltage levels only requires two
inverters with four legs each. The maximization of the number
of voltage levels is achieved through the use of two Scott
transformers in which the primary side has a cascaded
connection of the windings. For the generation of the 9 voltage
levels, two different geometric progression ratios between the
windings of the transformers connected in cascade are
proposed hereafter. It will consider distinct turns-ratio for the
transformers associated to geometric ratios. The proposed
STATCOM power topology will be tested and analyzed using
numerical simulations and experimental tests using a
laboratory prototype.
II. PROPOSED POWER TOPOLOGY FOR STATCOMS
A. Two four-leg two-level VSIs with Scott transformer
STATCOM
As stated, STATCOMs based on multilevel inverters built
using modular VSIs have interesting capabilities. Thus, a
topology based on this concept, able to maximize the number
of voltage levels with a reduced number of modules and
power semiconductors is highly researched. This paper
proposes a new STATCOM power topology using two
two-level four-leg VSIs coupled to Scott cascaded transformers
(Figure 1). The inverters are independent from each other, the
combination of their voltages being made by the transformer
windings. The DC side of the two-level four-leg VSIs contains
DC capacitors. To interface the two two-level four-leg VSIs to
a three-phase network it is proposed the use of Scott
transformers. The maximization of the multilevel operation is
done through the cascade connection of two Scott
transformers. Besides providing grid isolation and voltage
adaptation, Scott transformers become key parts of the
proposed STATCOM.
Scott transformers are a class of special transformers since,
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regarding conventional transformers, they use windings with
distinct relationships and connections to generate a two-phase
network with two 90º shifted voltages, obtained from a
three-phase network. These transformers have been widely
used in many AC electric railway feeding systems [24, 25].
Thus, several studies have been presented regarding the
protection of this transformer, and under this point of view
they present a behavior similar to conventional transformers
[24]. On the other hand, studies have proved that this
transformer reduce the positive and negative sequence
harmonic level indices, or, at least, do not increase them [25,
26]. These transformers consist in two single-phase
transformers (Fig. 1). From this figure is possible to see that
for example the voltage in the primary of phase A with
common point O is the same of secondary considering the
turns-ratio (Va). The other secondary phase Vb is shifted 90º
being phase voltages VBO in phase with the secondary and the
other one (VCO) in opposite phase [27]. For the two four-leg
two-level VSIs STATCOM, it is proposed the use of two Scott
transformers with a cascaded connection of the primary side
windings. From Fig. 1 is possible to verify the proposed
connection of the two transformers. To maximize the number
of voltage levels, the turns-ratio of the cascade connected
windings should be in a geometric progression with ratio of 3.
This will allow 9 voltage levels at the terminals of the
windings cascaded primary connection. It should be noted that
the number of levels of this STATCOM power topology can be
extended, by using more transformers with all the primary
windings connected in cascade arrangements. Maintaining the
same philosophy presented for the two transformers case, the
relationship between the windings must be 3k (k = 1, 2, 3, …),
where k represents the number of transformers. In accordance
with this, it is possible to obtain until 3k voltage levels at the
terminals of the windings connected in cascaded.
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connected in cascade may present difficulties in designing the
transformers for voltage and power sharing, since a turns-ratio
of 3 is too large to be accommodated by the transformer
design degrees of freedom. To reduce the turns-ratio span,
alternatively the use of a fractional geometric ratio of 1.5 is
here proposed (Fig. 1) [28]. The number of voltage levels is
conserved (9 levels), but the amplitude of the output voltages
(primary windings of the two transformers) will become
smaller. On the other hand, the gap between the voltage levels
will also be reduced.
A comparison between the voltage levels obtained using
each of the proposed geometric ratios (3 and 1.5) can be seen
in Table I (where n= 3N1
). It presents the switching
2N2

combinations for the inverter associated to the transformer
windings a. From this table it is seen that the cascaded
connection generates 9 voltage levels for both 3 and 1.5
turns-ratios. It should be noted that the presented voltages in
this table are the primary voltage of phase VAO that is, the sum
of the voltages of the first output of the secondary of each
Scott transformer considering the turns-ratio. So, for example,
if the V1a and V1b are +VDC, then the primary voltage VAO will
be the sum of +VDC plus +3VDC (considering the second
transformer with geometric ratio 3) which will give +4VDC
(which must be multiplied by the turns-ratio). As expected, for
the geometric ratio of 1.5, the voltage levels have a lower
voltage gap between most levels (0.5VDC instead of VDC) and
lower maximum/minimum (±2.5VDC instead of ±5VDC). These
differences can be easily accommodated changing the primary
to secondary turns-ratio. However, using the 1.5 progression
the maximum and minimum levels have VDC voltage gaps to
the nearest level (from 1.5VDC to 2.5VDC and from -1.5VDC
to -2.5VDC). Conversely, reducing the geometric ratio from 3
to 1.5 reduces the maximum possible voltage at the primary of
the transformers, considering that the capacitors DC voltage
and the primary to secondary turns-ratio maintain the same
values. So, to maintain the same capability, this reduction
requires an increase of the turns-ratio (N1/N2) or the raise of
the DC capacitor voltages of the inverters.
TABLE I
SWITCHING COMBINATIONS OF INVERTER BRIDGE 1 AND CORRESPONDING
VOLTAGE LEVELS REPORTED TO THE TRANSFORMER PRIMARY WITH
DIFFERENT GEOMETRIC RATIOS.
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Fig. 1. Power topology of the proposed STATCOM power
circuit.
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B. Multilevel STATCOM voltages and currents relationships
To design the control system for the proposed STATCOM, a
mathematical model is required considering the Scott
transformer and the states of the two four-leg two-level VSI
switches. Regarding the Scott transformer, assumed as ideal,
the relationship between the primary and secondary of the
voltage and currents are given in (1) and (2) respectively.
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(1)

Table I, considering the different states of the switches. For
example, for the inverter bridge 1 and corresponding voltage
levels reported to the transformer primary with the two
proposed geometric ratios. Table I shows the 9 voltage levels
in the primary of transformers, although only two-level
converters are in the secondary.
C. Multilevel STATCOM modeling dynamics
Regarding the dynamics of the AC three-phase primary
currents, it is considered that Ls is the total inductance
corresponding to the sum of the AC filter reactance (presented
in Fig. 1 as Lsk (k {A, B, C})) with the short-circuit reactance
of the transformer and RS is the total resistance corresponding
to the sum of the AC filter and transformer resistances.
Therefore, the dynamics of the AC currents (iA, iB and iC) is
given in (5), where VA, VB and VC are the voltages of each
primary transformer terminal regarding to the grid neutral and
VSA, VSB and VSC are the grid voltages.

0
0  iA 
iA 
  RS
d  
1 
iB 
0
 RS
0  iB  
(2)
dt  
LS 
 RS  iC 
0
iC 
 0
1 0 0  VA 
1 0 0  VSA 
1 
1 



0 1 0  VB  
0 1 0  VSB 
LS 
LS 
0 0 1  VC 
0 0 1  VSC 
The voltages applied to the primary of transformers are

functions of the two four-leg two-level VSI voltages applied in
the four secondary windings. The DC voltage level and state
of the VSIs switches will determine the secondary voltages. To
reflect the state of the switches in the primary/secondary
voltages of the transformer, each switch Sij (i = 1, 2 and j = 1,
2, 3, 4) is associated to a binary variable Sij (Sij=1 when switch
Sij is ON and Sij= 0 when switch Sij is OFF). The resulting
secondary transformer voltages are written in (3), while the
primary voltages are in (4).
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In a symmetrically balanced three-phase system one phase
is dependent on the two other phases, thus the AC currents can
be simplified in the synchronous reference frame (SRF),
applying the Park transform to (5). The SRF direct axis and
the quadrature axis currents, respectively id and iq, are given in
(6).
d id  1   RS   id  1 1 0  vd 
  
 
  
dt  iq  Ls    RS   iq  Ls 0 1   vq 
(6)
1 1 0 vSd 
 
Ls 0 1   vSq 
In the next section, this AC dynamic model will be used to
design the control system of the proposed STATCOM device.
Regarding the losses in transformer cores, they are usually
calculated using the classic Steinmetz equation [29] (7) which
require only three parameters of the transformer given by the
manufacture (Cm, α, β, the remagnetization frequency f and
magnetic peak induction B̂ ). This equation claims high
accuracy calculations for sinusoidal flux-waveforms.
Nevertheless, to accommodate non-sinusoidal flux-waveforms
it was also developed the modified Steinmetz equation [30] (8)
where the empirical loss parameter frequency was replaced by
the proportional rate-of-change of the induction dB/dt
considering that the remagnetization is repeated with
frequency f r .
Pcore  Cm f  Bˆ 

(7)

These equations were used to obtain the voltage levels in

0885-8977 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: b-on: Instituto Politecnico de Setubal. Downloaded on March 25,2022 at 10:41:37 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2021.3086399, IEEE
Transactions on Power Delivery

5

Pcore

  2
  Cm 
  B 2 2


 1



T

0

2

 dB 

 dt 
 dt 



Bˆ  f r




(8)

Several studies have been dedicated to the application of
the modified Steinmetz equation in order to evaluate the
accuracy of calculations in different conditions. The
publication presented in [31] illustrates the impact of current
harmonics on core losses of three-phase distribution
transformer. This publication shows that a non-sinusoidal
current waveform composed by a 5% 3rd harmonic, a 6% 5th
harmonic and 5% 7th harmonic will lead to an 15.52%
increase of core losses.
D. Topology Comparisons
To stand-out the characteristics of the proposed solution, a
comparison with equivalent power converter topologies used
in STATCOMs is presented in Table II. It must be noticed that
this comparison was made taking into consideration the
requirements to obtain the same number of voltage levels for
all topologies. This will have impact in the choice of the
power semiconductors, namely for the MMC or CCHB it is
required power semiconductors with higher voltages but lower
currents when compared with the proposed solution. For this
comparison, the standard prior art was used, namely the MMC
using single-phase half-bridges (MMC-HB) and the MMC
based on cascaded H-bridges (CHB) for 9 voltage levels
STATCOMs. The two MMC solutions offer high degree of
modularity and built-in redundancy (due to the use of many
identically rated but customized submodules). They also offer
transformerless operation, although the high voltage
transformer is often advantageous in FACTS. Another
advantages associated to the MMC, are high number of levels,
low dv/dt and low EMI. Also, the average device switching
frequency in MMC is much lower. However, the number of
active power semiconductors in MMC and CCHB is much
higher compared to the proposed open winding Scott
transformer STATCOM. The same happens with the number of
isolated capacitors needed in MMCs compared to the two
capacitor banks in the open winding Scott transformer
STATCOM. This is an aspect that could be important since
previous studies showed that semiconductors and capacitors
are the most prone to faults [17,18]. A single capacitor fault is
mostly unbearable in a bridge module but not in a capacitor
bank. Under the point of view of the control the open winding
Scott transformer STATCOM allows the use of well-known
industry controllers as presented in the next section. However,
regarding the MMC topology for STATCOM applications the
main drawbacks are associated with the decrease of the
controller performance due to the capacitor balancing needs,
and with the reduced frequency response bandwidth [16].
Regarding the costs, the open winding Scott transformer
STATCOM requires two Scott transformers. However, each
Scott connection is implemented with two single phase
transformers (Fig. 1 shows the main connection of the
transformers). Therefore, the cost of a Scott transformer could
be similar to the cost of a three-phase transformer for voltages

higher than the medium voltage since usually they are
manufactured one by one after the order has been placed.
However, for medium voltage the difference could be higher
since in this situation the conventional transformers exist in
the market in high quantities. Under the point of view of the
reliability, the open winding Scott transformer STATCOM
topology is privileged by the use of a reduced number of
power semiconductors and capacitors. On the other hand, in
the case of a failure, typically it can be seen from the point of
view of a power semiconductor failure or from the entire VSI.
In the case of a failure in one power semiconductor, the two
four-leg two-level VSIs herein proposed topology can still
operate at the cost of losing some voltage levels. The
semiconductor failure will also lead to a slight reduction of the
rated power. In the case of a failure of one VSI the operation
must be changed from a multilevel topology to a two-level
topology. The STATCOM can still operate, although with a
higher reduction of the rated power. In the case of the MMC or
CCHB they can also present high reliability which is ensured
adding redundant extra modules. To summarize this analysis,
the two four-leg two-level VSIs proposed topology and both
the MMC and CCHB are characterized by two different
philosophies,
namely
intensive
usage
of
power
semiconductors for the MMC and CCHB solution while the
herein proposed approach uses more magnetics. There are also
differences in the needed power semiconductor ratings. In the
proposed solution, there is a limitation to a few kV in terms of
DC voltage as two level inverters are used. Therefore, switch
current ratings need to be higher. In this way, power
semiconductors with several kV and kA are usually needed. In
contrast, MMC and CCHB having several series connected
modules can work with much higher DC voltages at lower
currents. Thus, it appears that conduction losses may be higher
in the proposed solution due to higher currents, while MMC
and CCHB can present lower conduction losses, but higher
conduction voltages while needing voltage balancing in all the
series connected modules at lower switching frequencies.
Nevertheless, the higher losses and higher switching
frequency of the two four-leg two-level VSIs STATCOM can
be overcome using parallel interleaved two level converters, to
reduce currents and switching frequency in each
semiconductor, at the cost of implementing the interleaved
control.
TABLE II

COMPARISON BETWEEN THE PROPOSED OPEN WINDING SCOTT
TRANSFORMER STATCOM AND OTHER EQUIVALENT TOPOLOGIES.

Topology
Number of active
power semiconductors
Number of capacitors
dv/dt and EMI
average device
switching frequency
Requiring
Transformer

MMC-HB

CCHB

Proposed

96

48

16

48
lower

12
lower

2
higher

lower

Lower

higher

No

No

Yes
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To sum up this comparison, MMC and CCHB can be used
advantageously in very high voltage level applications mainly
if transformers are to be avoided, while the two four-leg
two-level VSIs topology may be preferable for lower voltages
if multilevel converter designers privilege the use of
transformers, conventional power converters and modulators.
III. CONTROLLER DESIGN OF THE PROPOSED STATCOM
The control system main purpose is to enforce the tracking
of the STATCOM AC currents to ensure the required
received/injected reactive power from/to the grid. An auxiliary
control action should be considered, namely the regulation of
the inverter DC capacitor voltages, to be kept at a specific
reference value. Therefore, a controller will regulate the
reactive power that will be received/injected by the STATCOM
and a DC capacitor voltage regulator will define the reference
for the active power.
A. Active and Reactive Power Controller
The control of the active and reactive powers to be
received/injected by the STATCOM will be done by enforcing
the AC currents, in the dq coordinates, to track suitable
references. The STATCOM is designed to compensate the
reactive power of a transmission or distribution network.
Furthermore, as the DC side of the inverters has only a
capacitor, it also needs to supply an active power from the AC
side to compensate the losses of the converters, therefore
maintaining the voltage level of capacitors. The relationship
between the d, q current components id, iq, the vsd, vsq
components of VSk voltages (Fig. 1) and the active/reactive
powers PQ is given by equation (9). This equation arises from
instantaneous P-Q power theory [32].

 P  vsd
Q  v
   sq

vsq  id 
 vsd  iq 

(9)

Relationship (9) can be simplified considering the d axis of
the SRF synchronized so that the orthogonal q voltage
component is zero (vsq=0). The simplified relationship (10)
can be used to determine the needed currents to inject given
values of P, Q.
0  id 
 P  vsd
(10)
Q   0  v  i 
sd   q 
  
From (10), active and reactive powers are both only
dependent on one of the current components. The active
power is function of the current id component while the
reactive power is function of the current iq component.
From the STATCOM point of view the main objective is to
control the reactive power. Therefore, from (10) the iq current
component can be established iq_ref= -Q/vsd. However, to
operate correctly the STATCOM requires that the capacitors
DC voltage is nearly constant and equal to a specific value.
Since the four-leg VSIs have conduction and switching losses,
the constant DC capacitor voltage can be enforced controlling
the active power. As shown by equation (10) this active power

supplied by the AC grid will be controlled by the regulation of
the id component. In this way, a proportional-integral (PI)
compensator associated to the d component of the AC
currents, with gains KP1, KI1, will be used to establish the
active power needed to control the DC capacitor voltages.
Therefore, the reference of the AC currents d component will
be defined by a PI compensator associated to the DC capacitor
voltage error to the reference voltage VDC_ref. The reference
value for the AC currents d component is obtained from (11).

K 

id _ ref   K P1  I 1  VDC _ ref  (vCo1  vCo 2
s 






(11)

As active and reactive powers can be controlled separately
by the dq current components, the system will be controlled by
an inner decoupled current controller. This internal current
loop will have two PI compensators in the SRF. These PI
controllers will define the dq voltage components of the open
winding Scott transformer STATCOM as shown in (12).


KI 2 

vd   Ls iq  vsd   K P 2  s   id _ ref  id 




v    L i  v   K  K I 2   i
s d
sq
 P2
 q _ ref  iq 
 q
s 


(12)

The block diagram of this control system can be seen in
Fig. 2, showing the cascade connection between the outer
voltage controller and the inner d component current
controller. For the q component of the AC currents, given its
direct relationship with the reactive power Q, only the internal
current controller is required.
VSd j
VCj_ref

PI

Vd

id_ref

PI

VCo1+VCo2
iA
iB
iC

abc
dq

iq j

VSB
VSC

abc
dq

LS
Vq

iq_ref
VSA

LS

id j

PI
VSd j

VSq j

VSq j

Fig. 2. Block diagram of the DC capacitor voltages and AC current
controllers.

The vd, vq voltages will be imposed by the two four-leg
two-level VSIs connected to the secondary windings of the
Scott transformer. The two VSIs are connected to the
dual-phase network in the transformer secondary. The
two-phase network can be related to the three-phase system
using Clarke-Concordia transformation to turn d,q
components into stationary frame two-phase variables. To be
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able to use a PWM modulator, the control voltages vd and vd
must be applied to the inverse Park transformation (13)
considering the transformer turns ratioN1/N2.

v _ c  N1 cos 
v


  _ c  N 2  sin 

 sin   vd 
 
cos   vq 

(13)

K  1  (vC  vC ) dt
 o1 o2


K   1   (vC o1  vC o 2 ) dt

(15)

The block diagram for balancing the DC capacitors voltage
is illustrated in Fig. 4.
1

Reference values in (11), (12) and (13) ensure the
STATCOM will inject the needed reactive power, while
receiving the necessary active power to compensate the losses
of the converter and DC capacitors.
This controller is designed to operate in a positive sequence
environment. However, the topology is also able to handle
negative sequence faults, but in this case a controller designed
for that purpose is required. In Fig. 3 is presented a new block
diagram controller with a negative-sequence current control.
This controller is based on the work [33].
VCo1+VCo2

PWM
VSd j

Positive sequence reference

iq j_p

LS

PI
V_p

LS

VSd j_p

Vd_n

PI

id j_p

iqp_ref

VSd j

Vd_p

e

V_n

PI

idp_ref

j

e

Vq_p

j

LS

id j_n

LS

iq j_n

Vq_n

PI

PI

VSq j

VSq j

VSq j_p

idn_ref

iqn_ref
VSd j_n
VSq j_n

Negative sequence reference

VCj_ref

Fig. 3. Block diagram of the DC capacitor voltages and AC current controllers
with negative-sequence current control.

B. DC Capacitor voltage balance
Since this active power is for the two four-leg two-level
VSIs and the losses are not precisely equal in the two four-leg
converters and their DC capacitors, eq. (11) just controlling
the sum of the two capacitor voltages will not ensure the
voltage balance between the two DC capacitors. To solve this
problem, it is assumed that the d component can be distributed
to the  and  components with weights K and K (this
strategy can also be used to control each converter
independently associating each one to each of the
components), giving a new control law:

v _ c  N1  K cos 
v


  _ c  N 2  K  sin 

 sin   vd 
cos   vq 

(14)

Weights K and K will have values close to one (ideally one)
and therefore must sum 2. As the weights K and K must
consider the unbalance of the DC capacitor voltages, and if the
 component increases, then the  component should decrease
by the same quantity, and vice versa, they can be given by:

VCo1

1
s

x

cosj
V_C

VCo2

sinj

1
x

Vd

sinj
V_C

Vq

cosj

Fig. 4. Block diagram for balancing the DC capacitor voltages.

C. Multilevel PWM modulator
Since the secondary side of the transformers (connected to
the two four-leg two-level VSIs) is a two-phase system, the 
and  components given by equation (14) will be used as
modulator waveforms for the modulator associated to the two
power converters. Multilevel sinusoidal SPWM modulators
with phase disposition PWM (PDSPWM) are used for this
open winding Scott transformer STATCOM. Fig 5 illustrates
the PDSPWM modulator to generate the gating signals of the
inverters power semiconductors. The comparison between the
sinusoidal modulating waveforms and the carrier waveforms
will originate the output voltage level, coded as an integer
between -4 and +4. Then, a look-up table is used to generate
the driving signals. Each look-up table (Fig. 5) is based on the
combinations presented in table I. For example, supposing that
the sinusoidal modulating waveform associated to the inverter
connected to the transformer windings a is higher than all the
carrier waveforms, then the value of +4 is generated for the
output voltage level. To output the higher level (+4), table I
shows that the gate signals of the switches S11 and S13 should
be ON while switches S12 and S14 should be OFF.
V

Vref1

Vref2

VCR1
VCR2
VCR3
VCR4
VCR5 t
VCR6
VCR7
VCR8

PDSPWM

Look-Up
Table

Look-Up
Table

S11
S14
S21
S24

Fig. 5. PDSPWMand generation of power semiconductors gating signals.

IV. CASE STUDY
The validation of the open winding Scott transformer
STATCOM concept, as well as the theoretical assumptions for
the STATCOM device, was carried out by two methods. The
first method was through several numerical tests of a case
study for different scenarios, using the Matlab/Simulink
software environment. Thus, with the purpose to show a
possible application of the open winding Scott transformer
STATCOM topology in real applications, a case study is
considered dealing with the reactive power compensation in
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coal mining excavators [34]. As in the real application, this
STATCOM is connected to a 31.5 kV 50 Hz distribution bus
with a power ratio of ±750 kVAR.
The first test was made with the STATCOM operating in a
capacitive mode, being the q component current reference set
to obtain 680 kVAR. To verify, confirm and compare the two
open winding Scott transformer STATCOM geometric
progressions for the voltage multilevel operation, this test was
made for the two open winding Scott transformer STATCOM
voltage ratios. To ensure the same applied maximum voltage
at the primary of the transformer, it was used a 260 V DC bus
voltage for the geometric ratio of 1.5. The waveforms of the
voltage at the terminals of the transformer windings connected
in cascade for both geometric ratios are presented in Fig. 6
(V1a+V1b reported to the transformer primary). As shown, both
waveforms present the referred 9 voltage levels.

a)

b)
Fig. 6. Simulation results obtained for the STATCOM operating in capacitive
mode of the voltage at the terminals of the transformer windings connected in
cascade considering a: a) geometric ratio of 3 and b) geometric ratio of 1.5.

The voltages of each primary transformer terminal
regarding to the grid neutral can be seen in Fig. 7. Due the
characteristics of the transformer their shape is not perfectly
equal but their THDs are similar, namely around 16.2 %,
which is well below the 52% value obtained in 3-phase 2-level
converters.

Fig. 7. Simulation results obtained for the STATCOM of the voltages of each
primary transformer terminal regarding to the grid neutral (VA,VB and VC).

The geometric ratio of 1.5 presents the 7 inner voltage
levels with smaller voltage gaps, than the minimum/maximum
voltage levels (-4 and +4). The THD for both voltages are
17.9 % and 24.0 % for the geometric ratios of 3 and 1.5,
respectively. These results show that the geometric ratio of 3

presents a lower THD, although the 1.5 ratio is not too much
higher. In Fig. 8 a), the obtained waveforms of the STATCOM
three-phase currents are shown, using geometric ratio of 3. For
this result the obtained THD is 1.1 %, which is a current low
distortion. Regarding the THD for the AC currents using the
geometric ratio of 1.5, a THD of 3.3 % was obtained, which is
higher but still acceptable. The waveforms of the AC inverters
current i1a+i2a and i1b+i2b (secondary of the transformer) are
presented in Fig. 8 b), being possible to verify that they have a
phase-shift of 90º. To confirm that the system is operating in
capacitive mode, it is presented in Fig. 9 the grid voltage and
STATCOM current of phase A. From the waveforms presented
in this figure it can be confirmed that the STATCOM current
lags the grid voltage by 90º. Regarding the harmonics of the
currents, due to the PWM operation, the low frequency
harmonics have very small amplitudes and the high frequency
harmonics start to appear close to the switching frequency,
still with very low amplitudes (< 1 % of the fundamental).
Switching frequency harmonics produce very low harmonic
amplitude in the grid voltages as the inductors Lsk behave as a
low pass-filter. In this case an attenuation of –20 dB/decade
over the whole frequency range is obtained. This will allow to
comply with standards like IEEE 519. It can be stated that
such harmonics can be further reduced using an LCL filter.

a)

b)
Fig. 8. Simulation results obtained for the STATCOM currents operating in
capacitive mode: a) three-phase currents b) inverters current (i1a+i2a and
i1b+i2b).

Fig. 9. Simulation results obtained for the STATCOM operating in capacitive
mode of grid voltage and STATCOM current of phase A.

Another test was made but now the STATCOM is operating
in an inductive mode, with the q component current reference
set again to obtain 680 kVAR. The waveforms of the grid
voltage and STATCOM current of phase A can be seen in Fig.
10. These waveforms confirm that the STATCOM currents
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lead grid voltages by 90º. The waveforms of the AC inverters
current i1a+i2a and i1b+i2b are presented in Fig. 11, being
possible to verify that they maintain a phase-shift of 90º. In
this case there is a phase-shift of 180º when compared to the
previous test.

Fig. 13. Simulation results obtained for the three-phase STATCOM currents
and voltage of phase VSA for an unbalanced fault.

V. EXPERIMENTAL TESTS
Fig. 10. Simulation results obtained for the STATCOM operating in inductive
mode of grid voltage and STATCOM current of phase A.

Fig. 11. Simulation results obtained for the STATCOM currents operating in
inductive mode of inverters current (i1a+i2a and i1b+i2b).

The capability of the STATCOM to operate in transient
mode was also tested. Fig. 12 presents the result of this test
showing the 3-phase STATCOM AC currents when the q
component current reference changes suddenly from 14 A to
21 A. Analysis of this result shows the currents follow the
reference in a relative fast way (ms response time), confirming
the capability of the STATCOM to operate in transient mode. It
is also possible to verify that iq actual value follows the iq
reference (it is in the middle of the purple line).

The practical verification is based in a laboratory low
power prototype of the open winding Scott transformer
STATCOM and similar tests. These tests were made taking
into consideration the parameters presented in Table III.
TABLE III
PARAMETERS OF THE SYSTEM
Quantity
AC voltage (RMS)
Fundamental frequency
DC bus voltage
AC filter inductor (LT+LS)
DC bus capacitors
Transformer turns ratio
PWM carrier frequency

Value
220 V
50 Hz
160 V
5 mH
1220 F
1:1
6 kHz

A photograph of the prototype at the laboratory workbench
with a rated power of 6.6 kVAR is presented in Fig. 14. This
figure shows the components of the system, namely:
DSPACE1104 controller board (1), two three-phase inverters
(2), transformers (3), signal conditioning circuits and drive
circuits (4), dead-time circuits (5), current and voltage sensors
(6), DC capacitors (7), equipment to connect to grid with
protections (8) and oscilloscope (9).
Each three-phase inverter is composed by four half-bridge
IGBT modules from SEMIKRON, model SKM200GB063D
with VCES =600VDC and ICnom=200A.

Fig. 12. Simulation results obtained for the three-phase STATCOM currents
when there is a sudden change in the q component current reference.

To test the performance during a fault (unbalanced), using
the controller able to handle negative sequence faults, a phase
to ground fault of phase VSA was considered. The result of this
test can be seen in Fig.13 where the voltage of the faulty phase
and the three-phase STATCOM currents are presented. This
shows that during the voltage sag the STATCOM will inject a
negative sequence with the purpose to attenuate the voltage
unbalance.

Fig. 14. Photograph of the experimental prototype.

The PI parameters KP2 and KI2 of the controllers related
with the dq voltage components (eq. 12) were optimized based
on the minimizing integral of time-weighted absolute error
(ITAE) criterion. The main purpose of such approach was to
reduce the excessive overshoot of the compensated system.
Thus, to tune such parameters, a feedback control system was
created considering a second-order simplified model and the
sample time of the DSPACE1104 controller board adopted
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(5 s). The dynamics from power inverters and feedback
sensors were neglected. Based on this analysis the estimated
values were KP2= 2.85 and KI2= 7.32. The preliminary
experimental tests considering a unit-step reference signal
iq_ref revealed a 90% settling time of 8.3 ms, and a peak time
at 9.7 ms. It was also observed a percentage of overshoot
around 5%. The parameters of the PI controller described in
eq. 11 depend on the capacitor voltages, which have smooth
and small disturbances with reactive power compensation
through iq_ref. Nevertheless, to provide fast response without
overshoot those parameters were adjusted to KP1=11.5 and
KI1=40.
As in the case of the simulation tests, the first experimental
test with the laboratorial STATCOM was made for a q
component current reference set to 12 A (operating in
capacitive mode). This test was also used to compare the open
winding Scott transformer STATCOM two geometric
progression ratios for the voltage multilevel operation. This
comparison can be seen through Fig. 15, which presents the
waveforms of the voltage at the terminals of the transformer
windings connected in cascade (V1a+V1b reported to the
transformer primary). Comparing this result with the
correspondent from the simulation tests, it is confirmed that
both waveforms have 9 voltage levels. The result associated to
the geometric ratio 1.5 (Fig. 15 b) like in the simulations
presents smaller voltage gaps between levels and a wider gap
for the higher and lower levels (-4 V and +4 V). Regarding the
voltage THD, the obtained results are 19.8 % and 25.7 % for
the geometric progression ratios of 3 and 1.5 respectively,
confirming that the geometric ratio of 1.5 presents a slightly
higher THD value.

Fig. 16. Experimental results obtained for the STATCOM of the voltages of
each primary transformer terminal regarding to the grid neutral (V A,VB and
VC).

Regarding the 3-phase currents of the STATCOM, the
obtained waveforms can be seen in Fig. 17 a). The THD of
those currents for the geometric ratio of 3 is 2.4 % and 4.2 %
for the geometric ratio of 1.5. These results show that they are
acceptable THD values for currents. The phase-shift of 90º
characteristic of the secondary transformer currents (i1a+i2a
and i1b+i2b of capacitive mode is confirmed by Fig. 17 b). The
capacitive mode operation of the STATCOM is confirmed by
the waveforms presented in Fig. 18. Indeed, this result shows
that STATCOM current lags grid voltage by 90º. In order to
evaluate the impact of core losses in the transformers with
Scott connection due to the harmonics, we conducted several
experiments. Two of them were related with no-load
experimental tests in accordance with IEC60076. The first
no-load experimental test was performed considering that the
secondary transformer Scott windings are connected to the
inverters and the primary are open windings. The second
experimental test was performed with opposite connections,
where the primary windings were connected to the three-phase
distribution network with the primary voltage and the
secondary are open windings. The power measurements
obtained in all the experimental tests indicated that the
increment in the core losses due to the harmonics is around
8 % which can be considered very low.

a)

a)

b)
Fig. 15. Experimental results obtained for the STATCOM operating in
capacitive mode of the voltage at the terminals of the transformer windings
connected in cascade using a: a) geometric ratio of 3 and b) geometric ratio of
1.5.

The obtained voltages of each primary transformer terminal
regarding to the grid neutral are presented in Fig. 16. These
waveforms are highly similar to those obtained in the case
study.

b)
Fig. 17. Experimental results obtained for the STATCOM currents operating in
capacitive mode: a) three-phase currents b) inverters current (i1a+i2a and
i1b+i2b).
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figure shows the stability of the DC voltage to fast current
changes.

Fig. 18. Experimental results obtained for the STATCOM operating in
capacitive mode of grid voltage and STATCOM current of phase A.

The waveforms results obtained from the STATCOM
operating in an inductive mode, in which the q component
current reference was set again to 12 A. is shown in Fig. 19
and Fig.20. Fig. 19 confirms the operation in inductive mode
through the waveforms of the grid voltage and STATCOM
current of phase A. In fact, this result shows that the
STATCOM current leads the grid voltage by 90º. Fig. 20
shows the waveforms of the AC inverters current i1a+i2a and
i1b+i2b. The waveforms confirm that AC currents maintain a
phase-shift of 90º, although with a phase-shift of 180º when
compared with the capacitive test.

Fig. 19. Experimental results obtained for the STATCOM operating in
inductive mode of grid voltage and STATCOM current of phase A.

Fig. 20. Experimental results obtained for the STATCOM currents operating in
inductive mode of inverters current (i1a+i2a and i1b+i2b).

An experimental test with the open winding Scott
transformer STATCOM operating in transient mode was also
made, considering a sudden change in the q component
current reference, namely from 7 A to 12 A. Fig. 21 shows the
experimental waveforms of the 3-phase STATCOM AC
currents. This result shows that the currents follow the
references only marginally slower than the simulation results.

Fig. 22. Experimental results obtained for the DC voltage during the change of
the q component current reference (with zoom of the disturbance).

Although the scales between the case study and the
laboratory prototype are very different, it is possible to
confirm that the laboratory waveforms are similar to the
simulations presented.
VI. CONCLUSIONS
This paper introduces a new STATCOM power topology
able to generate multilevel AC voltages, using only two-level
converters. The open winding Scott transformer STATCOM
topology was designed to use only two four-leg two-level
voltage source inverters. In fact, the topology allows to output
high voltage values using relatively low DC voltage four-leg
inverters coupled to Scott transformers. The two Scott
transformers, with two secondary windings each, are
connected to the two four-leg two-level VSIs. Multilevel AC
voltage generation is achieved by the cascade connection of
the primary windings of the two Scott transformers. The
primary turn-ratios of the two Scott transformers should also
have distinct values to maximize the number of voltage levels.
Two geometric progression ratios, namely 3 and 1.5, were
found to maximize the number of levels (9 levels). Analysis
and comparison tests using these two geometric progressions
ratios were made to conclude that the geometric ratio of 3
gives low current THDs (2.4 %). To ensure the VAR
compensation of the open winding Scott transformer
STATCOM a control strategy was also defined. The control
strategy also considered the regulation of the DC capacitors
voltage through a new solution also enabling their voltage
balance. The validation of the proposed multilevel STATCOM
concept, as well as the theoretical assumptions for the
STATCOM modeling and control, were made by simulation
and experimental tests, showing results in agreement.
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