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Abstract - The STATCOM'’s are FACTS devices that synthe-  former and the control block. Figure 2 illustrates the block
size a practical shunt compensator. There are two types of diagrams of a PWM STATCOM, consisting of a 6-pulse

STATCOM's: the STATCOM and the PWM STATCOM.  converter, the transformer and the control block, which is
This work studies the performance of these two compensators based on the instantaneous power theory.

generating or absorbing reactive power in a balanced system
and in an unbalanced system with zero and negative se- [I. OBJECTIVES

qguences. Simulations were made for both STATCOM’s The objective of this work is to analyze the performance
operating at the above-described conditions. The results of these two compensators generating or absorbing reactive
show that_the STATCOM has_a good performance generating power in a balanced system or in an unbalanced system
Ior absprbmg reactive power in _balanced systems. Neverthe-_ with zero and negative sequence components. The struc-
ess, in the presence of negative sequence components, this

compensator operation is compromised. The PWM STAT- tures that Compose the STATCOM and the EWM S,TAT'
COM has a better performance in balanced or unbalanced COM and their associated controls were studied. Simula-
systems, although its operation gets hampered due to the tionsusingthe ATP, Alternative Transients Program, were
known power losses resulting of the high frequency switching made for both types of compensators.

rates.

I1l. THE CONVENTIONAL STATCOM

In the STATCOM, the control is done at low switching

The FACTS concept or Flexible AC Transmission Sys-  frequency of the inverter. In this equipment, the reactive
tems concept was proposed by Hingorani [1] in 1988. This ~ Power is generated or absorbed through the control of the
acronym defines a concept where Power Electronics de-  —~~ 7T T Thomn oF R tmemmr o oemn R
vices are used to provide more flexibility to AC power SVeTen
systems. Flexibility, here, is understood as the capability
of a system to respond quickly to the control input and to E
change in its operating points. Today, there are many types
of FACTS devices, but al of them could be described as E
part of two groups: series or shunt connected devices or !
combination of shunt and series connection. The main
characteristics of these two groups could be described by E INYERTER ﬁ} —— q}

! ] J

|. INTRODUCTION

STATCOM
{12 pulses)

” ! CAPACITON

the ideal series compensator and the ideal shunt compen- WEASUREMENTS l (FRULSES) —_1

sator, asdescribed in [2], [3], and [4].
* CONTROL / /
REFEREMCES SWITCHING CONTROL

Anideal shunt compensator can be considered a voltage
source, controlled in magnitude and phase angle, with the
same frequency of the system to which it is connected.

This type of compensator is able to control the reactive L. . ..ccccecacesmcescssecesssesssossscmssssssessesmemen=- '
power flow through the connection point through the con- ,

trol of the voltage source magnitude or phase angle. By Fig. 1. STATCOM (12 pulses).

controlling the reactive power, the shunt compensator also —

controls the active power flow, regulates the voltage, and SYSTEM

improves the stability of the system. When this shunt
compensator is synthesized by Power Electronics devices, 'm STATCOH
it is called the Static Compensator or just STATCOM.
There are two types of Static Compensator: the conven-
tional STATCOM and the PWM STATCOM. The con-
ventional STATCOM, hereafter, will be called just STAT-
COM. Both types of STATCOM are composed by an
inverter connected to a capacitor in its dc side and trans-
formers in the ac side. The transformers are used to con-
nect the inverter to the ac grid. The main difference be-
tween these two types of STATCOM is in the control
methods. Figure 1 shows the block diagram of a 12-pulse
STATCOM based on two 6-pulse converters, the trans- Fig. 2. PWM STATCOM.
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Fig. 4. Vs> Vi.

Fig.5. Vs<Vi.

circuit, where Vs represents the ac grid voltage, Vi repre-
sents the inverter ac side fundamental component voltage,
and X represents the equivalent reactance between these
two voltage sources This figure shows, aso, the phasor
diagram for this circuit. The active power flow between
these two voltage sources and the reactive power are well
known [5] and given by:

=YM Gns 1)

L

PS
_ Vs

Qs = X—(Vs —V;.cosd) (2
L

From (1) and (2) it is observed that when the ac grid volt-
age Vs and the STATCOM voltage V; are in phasg, i.e.,
0 =0, only reactive power will be present. The amount of
reactive power and its capacitive or inductive characteris-
tics are given by the difference of the ac grid and the
STATCOM voltage amplitude multiplied by cosd. In
normal operation, the phase between these voltages is zero
and there may be three possible cases.

In the first case, the voltage Vs and V; have the same
amplitude, therefore, from (2) there will be no reactive
power being generated or absorbed.

The second case isillustrated in Figure 4; the amplitude
of the inverter-generated voltage is lower than that of the
ac grid. In this case there is a voltage resultant over the
reactance, called Vg. Thisinduces a current that lags this
resultant voltage and the ac system voltage, Vs, by 90°
degrees. This current is seen by the ac system as an induc-
tive current.

In the third caseg, illustrated in Figure 5, the amplitude of
the inverter-generated voltage is higher than that of the ac
system. In this case, the resultant voltage Vg has an oppo-
Site direction. Likewise the second case, this resultant
voltage induces a current that lags it by 90° degrees, but at

the same time, leads by 90° degrees the ac system voltage.
So, this current is seen by the system as a capacitive cur-
rent.

To obtain a controlled voltage over the STATCOM
inverter, the pulse amplitude modulation (PAM) technique
isused. This control is done at low switching frequency.
However, to obtain better voltage waveforms with lower
harmonic content parallel connection of inverters and
transformers are necessary. In this work, a 12-pulse
inverter was considered.

When a change in the reactive power is desired, a
change in the amplitude of the generated voltage is neces-
sary. Figure 6 shows a schematic of this relation. The
amplitude of the inverter voltage V; is proportional to the
voltage of the dc side capacitor, V4. This voltage is pro-
portional to the amount of the energy stored in this ca
pacitor. By introducing a temporary, small lagging or
leading phase shift, called 9, active power flows through
the inverter, charging or discharging the capacitor. This
charge or discharge affects the dc voltage level and, conse-
quently, aters the amplitude of the inverter ac voltage.

Two blocks make the STATCOM reactive power con-
trol. One that calculates the reactive power through the pq
theory, discussed in [6], [7], and [8]; and another block that
isaPl (proportional - integrator) controller. Figure 7 shows
the complete control schematic of the STATCOM.

The pg theory block calculates the reactive power ob-
tained form the measurement of the grid voltages and cur-
rents. The references[6], [7], and [8] affirm that in case of
steady state and balanced system the instantaneous imagi-
nary power, caled g, is equal to the reactive power. The
imaginary power ¢ is calculated through the equations
described bellow:

q(t) = vh(t)ia(t) —va(t)if(t) ©)

Where the a and 3 voltages and currents are the result of
the application of the Clark transformation:
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The PI controller uses the comparison of the calculated
reactive power and the reference reactive power as input
and produces a signal that is proportiona to the angle .
This signa is used to control the inverter switching apply-
ing the phase displacement in the composed voltage phase
in order to charge or discharge the capacitor. Thus chang-
ing the capacitor voltage and consequently changing the
output reactive power.

When it is not required to change reactive power levels,
the inverter control system must ensure that its output
voltage is in phase with the ac system voltage. This is
done by using a Positive Sequence Detector. This
equipment works as a Phase Locked Loop (PLL). It senses
the grid voltages and calculates the frequency and phase
angle. Thisinformation is sent to the switching control so
that the waveforms created through the inverter match in
frequency and phase angle the grid voltages. Once the
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Fig. 7. STATCOM Control System.

voltages are in phase, only reactive power will flow.
A.SMULATION OF THE STATCOM

The model was developed over an 18kV and 400MVA
system. The simulation tests were made considering the
STATCOM linked directly to an infinite bus. This line of
development was made to observe the performance of the
STATCOM only.

Simulations were made placing the developed model of
STATCOM into systems with balanced voltages first, and
then unbalanced voltages. The unbalanced voltages where
created by the addition of negative and zero sequence
components directly into the bus voltage. Although values
of unbalanced systems usually range from 1 to 2% in nor-
mal operation, at the simulations made it was added zero
and negative sequences with values that range from 1% to
10% of the positive sequence component amplitude.

In al simulations a reference of 0, -50, and +50 Mvar
was given to the STATCOM and its response was ob-
served. (The main results of the STATCOM performance
are shown in Figures 8 to 11).

B. Results of the STATCOM — Balanced System

Figures 8 and 9 show the results of the STATCOM op-
erating in a balanced system. In Figure 8, the 12-step volt-
age, the grid voltage (dotted line), and the compensating
current are shown. Figure 9 shows the reactive power and
the dc capacitor voltage.

These results show that the STATCOM has a good per-
formance in a balanced system. The generated or absorbed
reactive power followed well the reference commands with
a time delay around 20 ms. When the capacitor voltage
increased, the amplitude of the 12 pulse voltage became
greater than the ac system voltage amplitude. The result
was aleading current and capacitive reactive power. Then,
when the reference changed, the capacitor voltage dropped.
This made the amplitude of the 12 pulse voltage be smaller
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Fig. 9. STATCOM, resultsin abalanced system.

than the ac system voltage amplitude. The consequence
was the lagging current and the inductive reactive power.

C. Results of the STATCOM — Unbalanced System

Figures 10 and 11 show the results in an unbalanced
system due to the introduction of negative sequence com-
ponents with 5% of the positive sequence amplitude.

These figures show the same variables described in Fig-
ures 8 and 9. These last results show that when the
STATCOM is operated under an unbalanced ac voltage
with negative sequence components (percentages higher
than 1%) the STATCOM loses its capability to follow the
reference and to generate reactive power.

Presently, the control technique to alow this STAT-
COM to operate in presence of negative sequence is under
study. It has been used the instantaneous power theory to
understand and to solve the STATCOM problems in pres-
ence negative sequence components.
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Fig. 10. STATCOM, unbalanced system (Negative Seq.).
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Fig. 11. STATCOM, unbalanced system (Negative Seq.).

The negative sequence component in the voltage pro-
duce a negative sequence current that makes the reactive
power and the dc voltage oscillatory. According to the
instantaneous power theory, current and voltage negative
sequence components (V_, |_) produce an average real
power P_, which may charge or discharge the dc capaci-
tor. The dc capacitor voltage controller offsets this prob-
lem. On the other hand, the current negative sequence
(1_) with voltage positive sequence (V,) and current
positive sequence (1,) with voltage negative sequence
(V_) produce oscillating real power, p. This power com-
ponent is totally uncontrolled and is the cause of the oscil-

T E{F)
Fig. 12. STATCOM, unbalanced system (Zero Seq.).
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Fig. 13. STATCOM, unbalanced system (Zero Seq.).

latory voltage and reactive power.

The results in an unbalanced system due to the introduc-
tion of zero sequence components in the voltages fed to the
compensator are shown in the Figures 12 and 13. They do
not differ in any point from those obtained in balanced
system conditions. This was expected since the topology
used has only three wires. The zero sequence was tested to
observeif it was able to interfere with control system.

V. THEPWM STATCOM

The PWM STATCOM that will be analyzed in this
paper assumes that the inverter switches at high frequency.
There is one example of PWM STATCOM operating at
line frequency [9] in each inverter. This STATCOM uses
3 single phase full bridge inverters to synthesize a three-
phase inverter and uses in total 8 of these three-phase
inverters with 7.5° phase shift between each of them to
form a 48 pulse converter. Therefore the equivaent
switching frequency is, in fact, 48 times the line frequency,
which is high enough to avoid low frequency harmonics
and no filter is necessary.

In the present paper, specia attention will be given to
the compensator based on one 6-pulse inverter only and
with high switching frequency. For the conventional
STATCOM, a 12-pulse inverter was considered. For the
PWM STATCOM we chose to use a 6-pulse inverter be-
cause it can produce in theory, voltage with acceptable
harmonic content if switched at high frequency. The basic
structure of these two compensators does not differ much,
however the control methods used are quite different.

The control of the PWM STATCOM is based in the pg
theory [6, 7, 8] and in the adaptive current control method.

Figure 14 illustrates the PWM STATCOM control sys-
tem. In this control, first, a positive sequence detector,
equipment, also used in the STATCOM, senses the grid
voltages and sends the voltage positive sequence fre-
guency, phase and amplitude signals to the reactive control
block.

The reactive control block uses the instantaneous power
theory (pq theory). This block uses, as reference signals, a
reactive power value that can be set arbitrarily. This is
done this way because only the compensator is being
studied in this work. In case of areal application, the re-
active power reference would be provided by another con-
trol block. The measured voltages are transformed to v,
and v; in the a0-frame (4). For this study, first, it was
considered that there would be no zero sequence compo-
nents. Considering that the reference of the desired reac-
tive power, g, and the af voltages, the equations (5) and
(6) can be used to calculate the current references signals,
as given bellow:

. 1

lea :Z'(Va'pc"'vﬂ-qc)a (5)

. 1

leg = Z'(Vﬂ'pc Vg Qc) (6)
where, A=V] +v5. 7

Using the measured voltages and the reference of reac-
tive power, the reactive control generates compensating
current references. The current references, calculated in the
af frame are transformed back to the abc coordinates and
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Fig. 14. PWM STATCOM Control System.

fed to the adaptive current control block. Then, the
inverter synthesizes these currents, through the adaptive
control.

Ideally, there would be no necessity of areference signal
for the active power, p.. However, due to losses in the
inverter this control of the active power flow is necessary
to regulate the dc capacitor voltage at afixed value.

It is important to note that in the STATCOM this volt-
ageis variable and had to be controlled all thetime. In the
PWM STATCOM, this voltage is kept constant by con-
trolling the amount of active power p. flowing to or from
the inverter.

Into the PWM STATCOM control system, this regula-
tion is made through a Pl (proportional-integral) controller.
It senses the dc capacitor voltage and feeds the reactive
power controller with an active power signal that regulates
the voltage level reference.

A. Smulation of the PWM STATCOM

A mode for the PWM STATCOM was developed using
the described characteristics and simulated in the ATP
program. The ac system to which this PWM STATCOM
was connected is the same as in the previous case. The
voltage of 18kV and the power of 400 MVA aso were
maintained in this simulation. All the tests with balanced
and unbalanced conditions done using the STATCOM
were repeated for the PWM STATCOM.

The switching frequency of the modeled PWM STAT-
COM was limited at 8kHz. This switching frequency is
quite high and possibly not feasible in practice today at
very high power. However, it may be used in lower power,
for instance, at distribution or industrial systems where the
power range is bellow MW range. The simulation was
made considering a very high power just to be in the same
range as for the STATCOM.

B. Results of the PWM STATCOM — Balanced System

Figures 15 and 16 show that the PWM STATCOM op-
erating in a balanced system. Figure 15 shows the grid
voltage and the compensating current. Figure 16 shows the
results observed in the reactive power and dc capacitor.

These results demonstrates that the PWM STATCOM
has a very good performance in balanced systems and has a
very fast response to changes in the reactive reference
commands. The response delay is less than 2ms. Both
inductive and capacitive reactive powers are obtained

S TS B WOL T SEE SN CHMF EMS AT ING CLRRENT

PoL o ‘||-||||-|l|"

Il;nj-rj-flr l.!:_.*..rl-]'}*.l
1.1.!.!.-1.:'.::1“'--.-!1:\!1-?:

Fig. 16. PWM STATCOM, q, vdc, balanced System.

through the synthesized compensating currents.
C. Results of the PWM STATCOM — Unipakd System

Figures 17 and 18 show the results for the PWM
STATCOM when it was introduced in the voltages fed to
the compensator, negative seguence components in the
order of 10% of the positive sequence amplitude. Figures
17 and 18 repeat the same variables observed in Figures 15
and 16.

The principal differences comparing the results obtained
in balanced and unbalanced systems are seen over the
reactive power and dc capacitor voltages. There, the pres-
ence of oscillations in 120Hz is an effect of high rates of
negative sequence components introduced in the system
for this simulation. However, although there are 120Hz
components over the reactive power and dc capacitor volt-
age, the results are far better than those obtained with
lower rates of negative sequence introduced in the STAT-
COM simulation.

The difference in the behavior of the STATCOM and
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Fig. 17. PWM STATCOM , unbalanced (Negative Seq.).
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the PWM STATCOM is quite understandable. The
STATCOM, dueto its principle of operation, is not able to
control the flow of power due to the negative sequence
components in the voltage. This explains the fact that at
least one actual STATCOM [9] is shut down every time
the voltage in the system presents unbalances greater than
5%. This is one drawback for this compensator, because
generally, when unbalances are present is exactly when the
compensator is more necessary. On the other hand, the
PWM STATCOM, with the control based on the pg-
theory, by principle, is able to ignore the negative sequence
components in the voltage and calculate the correct current
reference for the inverter. With this control the oscillating
power due to the current negative sequence component
(1) and the voltage positive sequence component (V,)
does not appear. The oscillating real power due to the
current positive sequence component (I,) and the voltage

negative sequence component (V_) sill exists and pro-

duces oscillations in the dc capacitor voltage. For 10%
unbalance the results is shown in Fig. 12, which is accept-
able.

Figures 19 and 20 show tests done introducing zero
sequence components in the voltage. These figures present
the case were a zero sequence component unbalance with a
value equal to 10% of the positive sequence amplitude was
introduced. Again, the introduction of zero sequence com-
ponents in the voltage does not change the results obtained
during the balanced system. This fact was also expected for
the PWM STATCOM because of the converter has three
wiresonly.

V. CONCLUSIONS

Based in the simulations results, it is possible to con-
clude that the STATCOM has a good performance in bal-
anced ac systems but, with the control studied (widely
used), cannot work properly in presence o negative se-
quence components. The PWM STATCOM operates very
well in balanced system. This compensator has aso the
capability to reject well the effects of the negative se-
guence component in the voltage. However the PWM
compensator produces more switching losses.

In this way, the use of one or other compensator to con-
trol reactive power will be dependent on the system char-
acteristics. The PWM STATCOM seems to be a good
choice, with better dynamic performance, but probably
with higher losses.

Both compensators can operate without problem in the
presence of zero sequence componentsin the voltage.
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