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Abstract —This work shows a study of the STATCOM
operating in unbalanced systems with negative se-
quence components. It describes the basic operation of
the STATCOM and its control method. The simulation
of a 48 pulse STATCOM based on the electr omagnetic-
transients program, ATP-EMTP, is presented to show
its good performance under balanced conditions. Then,
based on an analytical analysis it is shown how nega-
tive sequence components disturb the control method
used in the STATCOM studied. At last, solutions to
solve this problem ar e presented.

Keywords, STATCOM, FACTS, reactive power, invert-
ersfor reactive power control, PWM contral

I. INTRODUCTION

The STATCOM is a static compensator used to regu-
late voltage and to improve dynamic stability [1-3]. There
are some variations of the STATCOM, but the composi-
tion of it is basically the same [4]. It is composed of
inverters with a capacitor in its dc side, coupling trans-
formers, and a control system. The inverters are, in
conventional STATCOMSs, switched with a single pulse
per period and the transformers are connected in order to
provide harmonic minimization. The equipment action is
made through the continuous and quick control of capaci-
tive or inductive reactive power. Its output voltage is a
waveform composed of pulses that approaches a sinusoidal
wave. To obtain voltage harmonic content, that clearly
agrees with strict standards, without the necessity of
filters, it is necessary at least a set of eight inverters and
transformers to produce a 48-pulse voltage waveform.
Fig.1 shows one example of such a STATCOM and Fig. 2
shows its voltage. However, there are examples with more
complex transformer connection (e.g. [4]).

1. STATCOM CONTROL

The interaction between the AC system voltage and
the inverter-composed voltage provides the control of the
STATCOM var output [3,4]. When these two voltages are
synchronized and have the same amplitude, the active and
reactive power output are zero. Fig.2 (a) shows this
situation. However, if the amplitude of the STATCOM
voltage is smaller than that of the system voltage, it

produces a current lagging the voltage by 90° (see Fig.2
(b)), and the compensator behaves as an inductive load,
which reactive value depends on the voltage amplitude.
Making the STATCOM voltage higher than the AC
system voltage the current will lead the voltage by 90°,
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(see Fig.2(c)), and the compensator behaves as a variable
capacitive load. As in the previous case, the reactive
power depends on the voltage amplitude. This amplitude
contral is done through the control of the voltage on the
dc capacitor. Thisvoltage is related to the energy stored at
the dc capacitor. By lagging or leading the STATCOM
voltage, it is possible to charge or discharge the dc ca-
pacitor, as a consegquence, change the value of the dc  easured
voltage and the STATCOM'’s operational characteristics Currents
The control used for this model of STATCOM is a very
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simple one. It uses measurements of voltages and curre~*~,
at the point where the STATCOM is connected to the Al
system bus. These measured signals are worked in t
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ways as shown in Fig.3. In one way, the voltages are fed
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frequency and phase angle and to generate the synch
nizing signal to the switching logic [5]. In the second way -
of the control, the voltage is fed together with the mea: & ..
ured currents to the “Instantaneous Power Theory” blocg
[6-8], in order to calculate the instantaneous imaginat
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power . This imaginary power q is compared with & *a
reference gqand the error observed is fed to proportional-

0.2 04 0% 0B
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integral controller block. The proportional-integral con- s
troller outputs a signal that gives the leading or laggin _.
phase angl& necessary to adjust the voltage on the d
side capacitor, thus controlling the energy flow in or ou
of it. The leading or lagging signalis added to the PLL
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lll. MODEL SIMULATIONS
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A model of a STATCOM, including its control, was "o
simulated using the electromagnetic transients program,
ATP-EMTP. The model simulated was a 48-pulse- ..
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STATCOM, rated at 50MVA and 18kV. The transformers
are wye-delta connected with 20% reactance. The dc Si 3 .+
capacitance is 404% which corresponds to a capacitorg

time constant [9], or unit capacitance constant, UCC, [10 & o2s -
of 0.35ms. This STATCOM is connected to an 18kV AC%
system. Fig.4 shows the dc capacitor voltage, Fig.5 tt ;;-Dzs-
instantaneous imaginary power g and Fig.6 the voltag: g
and current responses for a changes from inductive £97% -
capacitive characteristics in the imaginary power refel

48-Pulses Voltage System Voltage
P ;

Lagging  STATCOM Compensating Current

Leading

-128

ence. These figures show that this equipment has a gc
performance under balanced conditions, and that it is able
to have quick transient response (about ¥ cycle).

n.vo

072
Fig.6. System and 48-pulses voltages (pu),
compensating current (pu).

074 078 0.78

time(s) 080

IV. PROBLEM IDENTIFICATION
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the dc voltage, when the negative sequence component is
introduced at t = 1.25 seconds. In Fig.8, it is seen an
increase of oscillations in the instantaneous imaginary
power g. A higher distortion is observed in the 48-pulse
voltage, shown in Fig. 9, as a result of the oscillations of
the dc voltage. In Fig. 10, it is shown that when the
system is unbalanced there is a 2" order oscillation
present in the dc capacitor voltage. This oscillation dis-
turbs the 48-pulse voltage introducing 3 and 5™ order
harmonics, shown in Fig.11. These harmonics are, conse-
quently, propagated to the currents, as shown in Fig. 12,
for the cases of inductive and capacitive compensation.

B. Power flow study with negative sequence components

A simplified system is made for the positive and
negative components, shown in Fig.13, including the AC
system voltage (Vs) and the STATCOM fundamental
component of the generated voltage (Vi). These voltage
sources are linked through an equivalent reactance. Based
on thissimplified modd, it is possible to find the source of
the problems due to unbalances caused by negative se-
guence components.

Considering first only positive sequence components,
the active and the reactive power are given by:
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Fig. 14.Voltage angle relations.
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In (1) and (2), 9, is the angle between the positive
sequence voltages in the AC system V¢, and in the
STATCOM V, _, asshown in Fig.14, X, isthe equiva-
lent reactance considering that resistive losses are negligi-
ble. The STATCOM control can also be described through
(1) and (2). If the angle J is zero, the AC system and
STATCOM voltages are in phase and there is only reac-
tive power, and by variations in the phase angle J, it is
possible to allow an active power flow.

Considering the negative sequence components
sources shown in Fig.13, and the angle relations shown in
Fig.14, it is possible to write the power flow between the
sources as.
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Equation (3) and (4) show that the inclusion of nega-
tive sequence components results in many more terms into
the power flow equations. But, since there is not a nega-
tive sequence source in the STATCOM, (3) and (4) are
reduced to (5) and (6):
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For the case where only reactive power is desired, so
theangle J iszero, (5) and (6) become:

V. V. .
P:S‘;(—"'.sm%_i+ , @
L

Vo VoV,
OXL Xy
2

Q= Vel Vel ®
O
O

.COS@s,g- +
X, XL Bs+s

VeV,
S COS@, i,

g%

Since the phase angles between the positive and
negative SOUrCes. @ i, , Psrs- » Posi—» Can be seen as
functions of 2at , these results show that when negative
sequence components are present, an uncontrolled power
flow goes through the inverter direct to the dc capacitor
causing oscillationsin the STATCOM.

If the STATCOM could generate negative sequence
components with the same amplitude, frequency and
phase angle as the one that disturbs the system, the result
would be ideally a reduction of the oscillations. Applying
the necessary conditions to obtain the zero var compensa-
tion into (3) and (4) the results are:
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Equations (9) and (10) show the existence of a com-
plex interaction between the positive and negative se-
guence voltage sources and based in these equations, it
would be very difficult to obtain a control able to set the
necessary conditions desired.

V. PROPOSED SOLUTION FOR THE PROBLEM

The equations have shown how negative segquence
components disturb the operation of the STATCOM but it
does not contribute to an easy control method. Moreover,
it isnot desirable to use the conventional methods applied



to solve this problem caused by the negative sequence
unbalances. power derating or STATCOM temporary
disconnection [3].

If the negative sequence component appears only
during transient period, high frequency switching PWM
technique may be a solution. In this case, the control
algorithm should be temporarily changed to the one that is
shown in Fig.15. This PWM control is done measuring
the system voltages and separating the positive compo-
nents of them using the PLL and the instantaneous power
theory [5]. These positive sequence component voltages
are transformed to the a0 reference frame by (11), and

the results are used in (12) to obtain the compensating
af currents. Through (13) the reference currents are

transformed back to the abc frame.
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In equation (12) it is introduced the references for the
instantaneous active power (p*), in order to control the
voltage over the dc capacitor, and the instantaneous
imaginary power g*.

The PWM switching technique used is the adaptative
current control. It compares the measured current with the
reference currents and from that generates the gate signals
to the switches.

A. Smulations with PWM adaptative current control

To test this possibility an extra inverter was introduced
into the STATCOM system as shown in Fig. 16.

The feasibility of the proposed technique was tested
connecting an extra inverter in parald to the conven-
tional STATCOM shown in Fig.16. Naturaly, in actua
systems it will not be possible to add an inverter just for
PWM control, due to high costs. However, it is possible to
develop a PWM control using the existent inverter struc-
ture of the proposed STATCOM.

Thisinverter worked with the control shown in Fig. 15
and was linked to bus system through a 1:1, wye-wye
connected transformer with a 10% reactance. A negative
sequence detector was implemented in order to switch the
STATCOM controls from multipulse to PWM  when
needed. The references for the PWM control, as shown in
Fig. 15, are the instantaneous reactive power and the dc
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voltage over the capacitor. A limited switching frequency
of 8kHz was imposed through the control logic. This high
frequency limit is not practical for actual high power
equipment. In this case the frequency would be limited at
alower frequency. In this test the capacitance used was of
250pF and 50kV.

The results for the instantaneous reactive power in Fig.
17, and for the compensating currents, in Fig.18, show
that the dynamic performance of the PWM control is
much faster than that of the multipulse. Also, as it can be
seen in Fig.19, the PWM control introduces many low
amplitude high order harmonics, which should be filtered.

Although there are high frequency components in the
voltage and instantaneous imaginary (reactive) power
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