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A New Type of STATCOM Based on Cascading
\oltage-Source Inverters with Phase-Shifted
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Abstract—In this paper, a new type of static compensator
(STATCOM) is proposed. This new STATCOM is constructed by
cascading several identical full-bridge (H bridge) voltage-source J
inverters (VSI's). A so-called phase-shifted sinusoidal pulsewidth iR
modulation (SPWM) unipolar voltage switching scheme is applied T
to control the switching devices of each VSI. The harmonics in
STATCOM current caused by the dc voltage ripple is rejected J
by a new method developed in this paper. As a result, the
size of inductor and dc capacitors can be further reduced. A
very effective startup procedure is proposed to start up the B
STATCOM. The proposed STATCOM has the advantage of a J J
fewer number of VSI's, the VSI's being identical and extremely
fast in response to reactive power change. s vz
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Index Terms—Phase-shifted sinusoidal pulsewidth modulation, ' ©
static compensator, voltage-source inverter. _I J

I. INTRODUCTION

VERAL static compensators (STATCOM'’s) based on _! _l

ate turn-off thyristors (GTO’s) and a special zigzag trans- = s
former have been developed and put into operation in recent
years [1], [2]. It has been recognized that these STATCOM'’s _J J
have advantages over conventional static var compensator’s
(SVC’s) of generating no harmonic or less harmonic current
to the system and requiring a much smaller reactor. Howeveig. 1. Single-phase cascading VSI STATCOM.
zigzag transformers used in these STATCOM'’s are bulky,
expensive, and unreliable [6].

STATCOM's based on multilevel voltage source inverter
(VSI's) have been widely studied due to their capability o . : ;
eliminating the zigzag transformer. In this multilevel VSI- Moreover, packaging and phys_|cal layout is very easy dl.Je 0
based STATCOM category, there are mainly three differe $ modular structure. However, it suffers from the following
system configurations: 1) diode-clamped converter configu _sadvantaggs. . .
tion [3], [4]; 2) flying-capacitor converter configuration [5]; 1) It requires a fairly large number of inverters to reduce
and 3) cascading converter configuration [6]. A seven-level the harmonics, even in distribution-level or industrial
single phase STATCOM based on the third configuration is  applications where system voltage usually ranges from
illustrated in Fig. 1. It is constructed by cascading several 4.16 to 13.8 kV.

(three, in this case) voltage-source H-bridge inverters. It is2) To maintain the harmonic contents within a specified

shown in [6] that the third configuration has the advantages fange and achieve fast system response, a complicated
dc voltage regulation method has to be applied to control
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Fig. 2. Unipolar SPWM switching scheme.

Individual H bridge inverter output voliage spectrum

caused by the dc ripple voltage. The operation principle of L n

this proposed STATCOM will be discussed in Section If. % e octnt s P~ g~

Section Il establishes the dc capacitor ripple voltage equations® ™' Frequency

raer}gcir;ﬁecg'tl'(i'll'%]OfISIrCilﬁ‘lgr?t :]ha?r:gmiip:':l:fézbc dngii?;c'&%? 3. Spectrums of the STATCOM voltage and individual inverter voltage.

ripple voltage is developed in Section IV. A simple, yet very

effective startup procedure is proposed in Section V to staitlebands centered around the frequency2sff, and its

up the STATCOM. Section VI gives some simulation resultspultiples, provided that the voltage across the dc capacitor of

and Section VII concludes the paper. each inverter is the same. Her¥, is the number of H-bridge

inverters, andf, is the frequency of triangle carrier signals.

II. PROPOSEDSTATCOM AND ITS OPERATION PRINCIPLE ~ Therefore, the resultant STATCOM output voltage has very

The circuit configuration, switching scheme, control olfigh equivalent switching frequency, even if the switching
' ' requency of the individual switches is not so high.

reactive power, and dc voltage regulation are addressed ﬁ]r . . . .
P 9 g he theoretical proof of this conclusion can be obtained

this section. by following the similar procedure presented in [7], where

the Double Fourier Analysis method is applied. To demon-

strate this conclusion, the output voltage spectrums of an
The single-phase main circuit configuration is shown imdividual H-bridge inverter and the STATCOM composed of

Fig. 1, which is the same as that in [6] except for the followinghree cascading H-bridge inverters are shown in Fig. 3. The
+ All the H-bridge inverters including the dc capacitors argwitching frequency of the individual switch is 1 kHz. As

A. Main Circuit Configuration

identical. we can see from this figure, the harmonics of the STATCOM
» All the switches and diodes in the main circuit have theutput voltage only appear around 6 kHz, 12 kHz, and so on.
same ratings. Another observation from this figure is that the fundamental

* The system can have a fewer number of H-bridge iromponent of the STATCOM output voltage is three times that
verters due to the superiority of the proposed switchingf the individual H-bridge output voltage.
scheme.

The inductor between the system and three cascading @\- Control of Reactive Power

verters serves as a current harmon.ic attenuator to attenuatg is \vell known that the amount and type (capacitive or
the high-frequency current harmonics that the STATCOM q,,ctive) of reactive power exchange between the STATCOM
g_enerates. A three-phafe” STATCOM |s_c0mposed of trghq the system can be adjusted by controlling the magnitude
single-phase ones with “Y” orA” connection. of STATCOM output voltage with respect to that of system
voltage. The reactive power supplied by the STATCOM is
given by
A so-called phase-shifted unipolar sinusoidal pulsewidth
modulation (SPWM) switching scheme is proposed to operate Q= MVS (1)
the switches in the system. The scheme, which is a slightly X
modified version of phase-shifted SPWM [7], [10], is brieflwhere Vsrarcom and Vv, are the magnitudes of STATCOM
explained with the aid of Fig. 2. Three triangle carrier signatsutput voltage and system voltage, respectively, &ni the
(carl(¢), car2(t), andcar3(t)) are for three H-bridge inverters, equivalent impedance between STATCOM and the system.
respectively. They are time shifted 19y /3, whereT; is the When @ is positive, the STATCOM supplies reactive power
period of these carrier signals. Three H-bridge inverters shdcethe system. Otherwise, the STATCOM absorbs reactive
the same modulating sinusoidal sign&lgt) and—V,(t). Itis power from the system. Since the modulating signals are the
obvious that the switching scheme of each H-bridge inverterdgame for the H-bridge inverters in the system, the fundamental
SPWM unipolar voltage switching [8]. The output voltage o€omponent of the STATCOM output voltage A times that
the single-phase STATCOM shown in Fig. 1 is the summatiaf each H-bridge inverter, provided that the voltage across
of these three H-bridge inverter output voltages. One of tliee dc capacitor of each inverter is the same. As a result, the
main advantages of this switching scheme is that the harmon®BATCOM output voltage can be controlled by the modulating
of the resultant STATCOM output voltage only appear asdex (Ml) (m,). Vsrarcowm iS proportional tom,, as long

B. Switching Scheme
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. ) Fig. 5. One-inverter STATCOM.
Fig. 4. STATCOM control system block diagram.

is essential to low system cost and high performance of the
region. Due to its ability to control the output voltage b roposed STATCOM. Since the inverters in the STATCOM are

the MI, the proposed STATCOM has extremely fast dynam%em'ca.l‘ th(_a equations are based on a one-inverter system, as
. shown in Fig. 5.
response to system reactive power demand.

as the individual H-bridge inverter is in the linear modulatin

A. System Differential Equations

If all the components in Fig. 1 were ideal and the STAT- Equations (3) and (4) describe the system behavior of the

. . one-inverter system shown in Fig. 5
COM output voltage were exactly in phase with the system 4 9

D. Control of DC Capacitor Voltages

voltage, there would have been no real power exchange C% = sw i 3)
between the STATCOM the and system, therefore, the voltages dt

. . d"
across the dp capacnors. would have been able to sustain. s "+ Rip = e(t) — sw - ve. 4)
However, a slight phase difference between the system voltage dt

and the STATCOM output voltage is always needed to supply (3) and (4),e(t) is the system voltagey, is the capacitor
a small amount of real power to the STATCOM to compensa{@)tage, andsw is the switching function.

the component loss, so that the dc capacitor voltages can

be. mgintained. This slight phase. diﬁerence is achieve.d B DC Capacitor Voltage

adjusting the phase angle of the sinusoidal modulating signal. , _ )

If the real power delivered to the STATCOM is more than its Under the assumptions that: 1) the harmonic components
total component loss, the dc capacitor voltage will rise, arggntered around the switching frequency and its multiples are

vice versa. The real power exchange between the STATCAMI!IgibIE; 2) the dc capacitor voltage ripple is small; and 3)
and the system is described by system voltage(¢) is sinusoidal, we have, in steady state, the

. following:

s VSTATCOM .

P= — sin(§) 2 sw(t) = m, sin wt (5)
where 6 is the phase angle difference between STATCOM i(t) = Isinwt + i), ©

voltage and the system voltage. The proportional plus integqﬁl(5) and (6),] is the inductor peak current, is the M, and

(P1) controller presented in [12] is adopted to regulate a%jZ — +90° when the resisto approaches zero. Equations
equalize the dc capacitor voltage. The basic idea of thyg) (5), and (6) result in

controller is to use the error between the reference and the

actual dc voltage as feedback signal. This signal is then fed tg®¥e _ Mq sinwt - I'sin(wt 4 ¢;) = :I:lmalsin 2wt (7)
a Pl regulator to produce the phase angle control the real dt 2

power exchange between the STATCOM and the system andb,c(t) = Vpe + Lma 7 cos 2uwt. (8)
thus, regulate the dc capacitor voltage. Interested readers are dwC

referred to [12] for a detailed description of this PI regulatob Sizing of the DC Capacitors

A simplified control block diagram is illustrated in Fig. 4. In )
this block diagram, the calculation of the Ml is based on (1) From (8), we know that the DC capacitor peak—-peak voltage

and the linear modulating principle, i.&srarcom = mqVae. PP IS AV = (2mqal)/(4wC). Once this ripple value is

A systematic method to design the gains of the controller §9€cified, the size of the dc capacitor can be calculated by
out of the scope of this paper and will be studied in the future. mal )

T 2WAV.

To keep the ripple voltage within the specified value in the full
range of reactive power of the STATCOWM,, in (9) should

DC capacitors not only play an important role in STATCOMe set to one. Compared with [6, egs. 8, 9], the total required
system performance, but comprise a large part of the totapacitance of the proposed STATCOM in this paper is less
system cost, as well. Hence, proper sizing of the dc capacitthan that of the STATCOM proposed in [6].

I1l. RiIPPLE OF DC CAPACITOR VOLTAGES
AND SIZING OF THE DC CAPACITORS
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Fig. 6. STATCOM currents with and without harmonic rejection.

IV. REJECTION OFCURRENT HARMONICS CAUSED
BY DC CAPACITOR VOLTAGE RIPPLE

From (4), (5), and (8), we know that the dc capacitor
voltage ripple will cause inductor current to have third-
order harmonic component. If this harmonic component can
be rejected, the size of the inductbrand dc capacitors can
be further reduced. A technique to reject harmonic caused by
dc voltage ripple was proposed in [9], where the dc voltage
ripple is independent of the inverter current. Unfortunately,
the dc voltage ripple is proportional to the inverter current in
the proposed STATCOM. Nevertheless, the basic idea in [9]
enlightened the authors to develop a new method to tackle the
problem.

In (4), if the switching function can be expressed

1121
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Fig. 7. STATCOM with startup insertion resistor.

V. STARTUP PROCEDURE

Vsrarcom sinwt
sw(t) = TTUT (10)

The task of starting up the STATCOM is to bring the

the inductor current will be purely sinusoidal. Equations (3yeactive power output to a certain level in a very short

(6), and (10) will result in

i)y Ly T cos 2wt (11)

d(2wt) T 2wC straTcomd cos 2w
ve(t) = Vpc(1 + kcos 2wt)% (12)

where
mel

T 2wCVne 13
2wCVnc (13)
mq = Vsrarcom/Voe. (14)

time, while maintaining all the switching devices within their
ratings. The challenge of starting up the STATCOM lies
in the fact that, before startup, the dc capacitor voltages
are zero. It is observed, however, that when all the active
switches are suppressed (no gating signals are supplied to
these switches), the STATCOM system is actually composed
of several cascading full-bridge rectifiers with no dc-side load
except the dc capacitors (Fig. 7). Based on this observation, a
startup procedure is proposed. The steps of this procedure are
explained with the aid of Fig. 7.

As we can see, (8) is the first-order approximation of (12). Step 1. Insert a resistof2) in the ac side of the STAT-

From (10), (12), and (14), we have

COM (Fig. 7) and suppress all the gating signals
to the active switches, so that the dc capacitors

sw(t) = mgsinwt - (1 & kcos 2wt) 2. (15)

Instead ofm, sinwt, a slightly modified version, i.e., (15),
is chosen as the modulating signal. In this case, the inductor
current will have no low-order harmonic components.

Another option to reject the harmonic component is to use
(10) directly as the modulating signal. Since the dc voltage
ripple frequency is much lower compared to the resultant
STATCOM switching frequency2N f;), the switching func-
tion will approach (10), if (10) is used as the modulating
signal.

Depending on system implementation, either one of the
above proposed methods can be used. The result is the same.
The PSPICE simulation result shown in Fig. 6 illustrates the
effectiveness of the proposed harmonic rejection method.

Step 2:

are charged through their corresponding rectifiers.
The purpose of inserting the resistor is to limit the
initial charging current and, thus, limit the current
through the diodes. The dc capacitor voltages of
all three units will be equally charged due to the
fact that the dc capacitances of all three cascading
units are equal.

When the dc voltage reaches a certain level,
the resistor is bypassed and the gating of the
active switches are enabled. A certain phase-angle
difference between the STATCOM output voltage
and the system voltage is maintained, such that the
STATCOM is absorbing more real power from the
system than its total component loss. Therefore,
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Fig. 8. Startup of the STATCOM.

the dc voltages are further raised to their normal

operating level. e
Step 3: Once the dc voltages reach their normal operating

levels, the STATCOM is put into regulation mode.

Simulation is carried out based on the above three StepSuw.------ooooooooeeeeeeeene.
The result is shown in Fig. 8. The system is in rectifyingeexy—-*11:222
mode from O to about 140 ms. At about 140 ms, the resistor i
is bypassed and the gating signals of the STATCOM active
switches are enabled. The STATCOM absorbs reactive power i BT ML ‘ - :
until about 230 ms, because during the interval from 140 to 23@w-+ -

o v{a1,N8) o v(b1,NB) v u(c1,NO)

ms Vsrarcow IS lower thanV,. After 230 ms, the dc capacitor &-™#+ STATCON eurrents (Phases A B, C) :
voltage reaches a level, such thatrarcowm is greater thary ‘ ’ ) - - '
and, therefore, the STATCOM supplies reactive power to the “ “’

system. At about 330 ms, the dc capacitor voltage reaches tas»| ' ' ' ' - 5

KU+
:

DC capacitor voltage

required level and the STATCOM is put into regulation modé: “Kg;m-s—l-(;" G i Stms sews | oms
From O to 330 ms, the STATCOM is absorbing more real °'¢* * ' 7o Tine

power than its total component loss. As a result, the capacitor _
voltage keeps increasing. During the interval from 330 to 40 9 STATCOM in steady state.
ms, the real power absorbed by the STATCOM equals its to#al Steady State
component loss. Hence, the dc capacitor voltage maintains th%ystem operation in the steady state is simulated, and
same level. some of the results are shown in Fig. 9. In the steady state,
the STATCOM supplies 50 Mvar of reactive power to the
VI. SYSTEM SIMULATION RESULTS system. As we can see from this figure, there is a second-
Simulation of a=+50-Mvar STATCOM connected to the order harmonic component superimposed on the dc capacitor
13.8-kV system is carried out. The STATCOM is of “Y”Vvoltage, as described by (8). However, no low-order harmonic
connection with three H-bridge inverters per phase. The m&famponent is observed in the STATCOM current due to the

parameters are as follows: effectiveness of the proposed harmonic rejection method.
e V, = 13.8 kV; . .
« Quar = 450 Mvar; B. Dynamic Response to Reactive Power Demand
e L = 4 mH; Fig. 10 illustrates some of the simulation results, when the
e Vhe = 5.5 kV; reactive power demand is changed frerd0 Mvar to —50
e AV, = T%Vpc = 370 V; Mvar. It is observed from this figure that the STATCOM
e C = 10 mF; takes almost no time to achieve the changeover. This sim-

e fs = 600 Hz. ulation result further demonstrates the extremely fast dynamic
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Fig. 10. Dynamic response to reactive power demand change.

response of the proposed STATCOM because of the Ml contréf!
method. Another interesting observation from this figure is that
STATCOM output voltage dropped one step of the staircasédl
like waveform to achieve lower fundamental component value.
[11]
VII. CONCLUSION

A new type of STATCOM based on cascading VSI's witH12]
phase-shifted unipolar SPWM switching scheme has been
proposed in this paper. The main circuit of this STATCOM iL3]
composed of several identical voltage-source H-bridge invert-
ers. Compared with the other types of multilevel VSI-based
STATCOM'’s, it has the following advantages.

e All H-bridge inverters including storage capacitors are
identical. The main switches and diodes have the same
ratings. As a result, system design, maintenance, a~~
stocking of spare parts are made easy.

e Total system cost is reduced due to a fewer number
inverters required in system application.

e System response is faster due to the MI regulatic
method.

¢ Redundancy is easily achieved by cascading one m¢™
identical H-bridge inverter to the system. \

The dc capacitor voltage ripple was theoretically analyzed
and the criterion for sizing the dc capacitor was established. A
novel method was proposed to reject the STATCOM current
harmonic component caused by the dc capacitor voltage ripple.
A simple, yet very effective startup procedure was developed
to start up the STATCOM. Higher device switching loss is
disadvantage of the proposed STATCOM compared with tl
one proposed in [6]. However, this disadvantage will diminis
when low-loss and high-power switching devices [11] ar
developed and used in the H-bridge inverters.
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