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ABSTRACT

A multilevel PWM voltage source inverter, espe-
cially five-level one, is introduced to a static Var
compensator(SVC) as a large scale power source.
The SVC can be directly connected to ac mains of
6600 volts allowing full wiilization of semiconductar
devices like GTOs. The voltage balancing condition
of the DC side capacitors is pointed out based on
the fundamental circuit modeling of the inverter and
a five-level PWM is employed to meet the condition.
Owing to multilevel approach, a low distortion in
the input currents results and thus, filter size is
minimized. ’

I. INTRODUCTION

It is well known that a voltage source
inverter(VSI) can be used as a static Var
compensator(SVC) supplying fundamental reactive
power. Capability of controlling the magnitude and
phase as well as frequency of the output voltage in
VSI provides continuous variation of leading or
lagging reactive power supplied to the ac mains.
In addition, the SVC has not only less and smaller
reactive components which may result in smaller
size, weight and cost but also some possibility of
eliminating or suppressing harmonic components in
the ac mains [1](2][3].

For a large scale Var compensation, however,
high power/high voltage VSIs have their limitations
to handle high power/high voltage and to operate at
high switching frequency due to lack of high power
self commutated semiconductor switches with high
switching frequency characteristics (>1kHz). More-
over, various PWM switching strateges are no
longer applicable to such large scale SVC systems.

Hence, the high power/high voltage VSI is
indispensable to large scale SVC system and we can
say that the structure of the inverter primarily
affects the system performance along with several
control schemes [1][2].

So far, conventional high power VSIs should be
made up of either problematic series/parallel switch
combinations or several small inverter combina-
tions. Of them, multiple inverter systems with cou-
pling components such as transformers have been
accepted as a reasonalble solution to cope with such
high power applications, which makes it possible to
utilize the switching devices at hand relatively
easily. In addition, the multiple inverter system
provides multilevel output voltages and thus it is
also preferred in the context of harmonic reduction.
But to prevent excessive harmonic current injection
into the network, either a number of inverter stages
or several harmonic filter legs should be employed
and thus such an SVC system becomes expensive,
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Fig. 1. Block diagram of the SVC system with
five-level inverter.
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complicated and large in volume and thus may
suffer from system derating [2][5].

Recently, a general circuit structure of mul-
tilevel inverter has been reported [4]. The mul-
tilevel inverter can realize any multilevel PWM
strateges which lead to harmonic reduction and pro-
vides full utilization of presently available semicon-
ductor devices like GTOs especially in high power
range where high voltage could be applied.

This paper suggests a high power/high voltage
three phase SVC with the multilevel VSI, especially
five-level inverter. It is pointed out that the mul-
tilevel PWM for the control of the SVC system has
some features such that the multilevel modulation
index depend on the values of DC side capacitors
to meet the DC side voltage balancing. The DC
side voltage balancing is basically required in order
for the inverter to operate with allowable voltage
stress at each active devices. The description of
the compensator circuit, the modeling of the SVC
system in the fundamental frequency domain, the
DC capacitor voltage balancing condition and a
five-level PWM scheme taking into account the
balancing condition are presented.

I1. System Description

Fig. 1 shows the SVC system diagram
presented in this paper. The SVC system consists
of a multilevel PWM voltage source inverter, espe-
cially five-level one, a set of linked AC reactor x,
and series connected DC capacitor tank, linear load
considering only Var compensation and the ac
mains. The five-level VSI plays a key role in the
system which has a capability of controlling the
amplitude and the phase for the output phase vol-
tage.

The actual structure of the the five-level PWM
inverter presented in [4] is shown in Fig. 2(2) and
the associated basic switching table is followed in
Fig. 2(b). Note that the voltage stress of each
active switches is clamped to only one capacitor
voltage and thus the semiconductor power devices
could be fully utilized. Moreover, the circuit struc-
ture allows the five-level PWM which would result
in relatively low harmonics in the line current and
thus smaller filter size. Also, using the multilevel
inverter makes it possible to eliminate the bulky
transformer which is usually required to get the
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Vo VA | VB | Vc | Vb | VE
Q1 1 0 0 0 0
QR 1 1 0 0 0
Q3 1 1 1 0 0
Q4 1 1 1 1 0
Qs 0 1 1 1 1
Q6 0 0 1 1 1
Q7 0 0 0 1 1
Q8 0 0 0 0 1
1= ON, 0= OFF
(W]

Fig. 2. (a) A pole of the five-level inverter, (b)
Basic switching table for the five-level inverter.

appropriate input voltage at AC side of the

- inverter.
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The SVC system requires no separate DC
sources for the DC side capacitors and some active
power would be supplied through the inverter by
means of controlling the phase angle of the
inverter. Then, the switching pattern and thus
modulation index M, for the inverter will be fixed.
A kind of programmed PWM is adopted consider-
ing some requirements such as stable operating con-
dition, elimination of unwanted harmonics, reduc-
tion of current harmonics and thus filter size and
so on.



Fig. 3 shows the block diagram of the Var
control in the system. Controlling  Var
injected/absorbed from the inverter into the network
can be performed as follows. Sensing the source
reactive power Q; at the ac mains imposes the
reactive power g, which should be compensated by
the inverter. In other word, @, indicates error
quantity between Var demand in the load side and
Var supplied by the inverter. The control target is
to regulate Qg to be zero by means of adjusting the
phase angle ¢, of the inverter. When o =0, ¢,
= 0 and the output phase voltage of the inverter
becomes in phase with the line-to-neutral voltage in
the ac mains.
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Fig. 3. Control block diagram of the SVC system.

III. MODELING OF THE SVC SYSTEM

Fig. 4 shows the schematic of the SVC system
consisting of series connected DC side capacitors
and the five-level PWM inverter which is connected
to the ac mains through linked reactors. A pole of
the five-level inverter can be regarded as a multi-
plexer which may be switched to any DC side
potentials according to the multilevel PWM strategy
employed. Utilizing these DC voltages, the objec-
tive of the five-level PWM adopted is to produce
the output voltage waveform as sinusoidal as possi-
ble despite switching operation. The source vol-
tages with angular speed w are assumed ideal and
balanced ones and are given as follows:

Va = Vygsin(6) )

2
vy = Vi sin( - —31)

. 27
Ve = V. sin(8 + T)

Fig. S illustrates the five-level PWM assuming bal-
anced switching. Then, the respective existence
functions df through d§ can be expressed as fol-
Jlows:
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Fig. 4. (a) The schematic of five-level inverter, (b)
A switch model as a multiplexer.
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Fig. 5. (a) Existence functions, (b) the resultant
output phase voltage, (c) decomposition of five-
level PWM into two three-level PWMs.



d{ =D, + msin(6 + ¢, ) (03]
d3 = D, + mysin(6 + ¢, )
d§ = Dy + mgsin(6 + &, )

dy = Dy — mysin(0 + &, )

dg =Dy — msin(8 + ¢, ).

Eq. (2) represents only the DC and fundamental
components of the corresponding existence function
and thus will be free from a specific five-level
PWM strategy. The superscript in Eq. (2) denotes
a-phase quantity and ¢, is a phase angle of the
inverter with respect to the AC source voltage.
Thus,

2
d’(8) = 46 - —31) 3)

ds(8) = (o + 27”)

with n =1, - -,5. Therefore, the fundamental
component of the output phase voltage can be
found to be

Vg = dj vy + dfvy + d§(0) + di(—vy) + d5(—vy)

ia

= (2myvy + 2myvy) - sin(® + ¢, ) (4)

Similarly,

vy = (2myv +2myv,) - sin(8+ 6, —ZT") %)
Vie = (2myvy+2myv,) - sin(6+ o, -—231—7-) 6)

Note that a five-level PWM can be decomposed
into two three-level PWM’s as shown in Fig.
5(c), so that a five-level PWM has not two con-
trol variables, modulation index controlling the
amplitude and phase angle, but three, that is, m,
m, and ¢, . Fig. 6 depicts decomposition of a
five-level PWM. In Fig. 6, two three-level
inverters seems to be series connected in that their

sing!e-pole—triple—throw switches are exclusively
grounded. Then, each three-level modulation
indexes are defined as

M, =2m, ™

M, =2m,

On the other hand, the DC side currents flow-
ing into each nodes connecting the capacitors

depend on the AC side line currents and the
corresponding existence functions as follows:

i = dtee ®)

L3 abe

= m; SIN(O+ b, ) g
where

dfbc = [d‘; d'l, d‘i. ]‘ ial;w: = {iﬂ iy i ]T (9)
SIN(8+, ) =
[sin(6+d,,) siu(9+¢m—2Tﬁ) sin(9+¢m+2Tw) 1.Q0)

Driving Eq. (8), no assumption is made for the
AC line currents. Similarly,

ip = d;bc'iabc (11)
= my-SIN(8+ b, ) g,

with d2%¢ = [d3 45 d5].
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Taking the balanced switching operation into

account,

iy = =iy dg= =i . 12)
Thus, i, becomes zero for the fundamental com-
ponent. Using Egs. (4), (5), (6), (8) and (11), we
can draw out the fundamental equivalent circuit
extracted from the original switching circuit as
shown in Fig. 7. The resultant fundamental circuit
model is no longer time varying and attributes
linear as long as the control variables of the
inverter do not change. Moreover, it is found that
the five-level inverter can be modeled as a set of
voltage controlled voltage sources and current con-
trolled current sources on the fundamental frequency
domain.

S-level inverter

de side =

ac side

Fig. 7. Extraxted fundamental circuit model for the
SVC system.

IV. STEADY STATE OPERATION

In steady state operation, referring to Fig. 7,
the DC side voltages v, and v, remain constant and
the DC side currents i; and i, become zero. On
the other hand, the AC side of the SVC system can
be reduced to single phase equivalent circuit with
the per-phase phasor diagrams as shown in Fig. 8.
Assuming no system losses, the voltages v, and v,
are controlled to be in phase. A small amount of
real power, hower, is needed to cover the losses and
r stands for such a loss term. The amplitude of
output phase voltage v, can be controlled by adjust-
ing phase angle ¢, whereby the corresponding DC
voltages could be build up. In such a case, the
phase angle ¢, determines the operating point for
the SVC system. Neglecting the resistance r, the
per-phase active and reactive powers from the
inverter to the ac mains is expressed by

VsV,
P =

sind,, (13)

XL
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V¢ - (V,cosd, —V
0 = s ( 1 'bm S) (1 4)
XL

respectively, with ve = v, //3, v, =v, /[3. It
should be noted that the SVC could be open loop
controlled while injecting the active and reactive
powers into the ac mains as long as the resistance r
is not equal to zero, as found in [7].
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Fig. 8. (a) Simplified model of the ac side under
steady state, (b) phasor diagrams.

V. DC CAPACITOR VOLTAGE BALANCING

The multilevel structure of the inverter
inherently requires the DC side voltages which is
equivalued and series connected. In such a case,
the distinct structure of the inverter make it possible
to reduce the active device stress and to fully utilize
the semiconductor devices. In addition, the
programmed multilevel PWM strategy is based on
the equivalued DC side voltage. As a result, the
DC side voltage balancing is of basic importance.
Referring to the model in Fig. 7, the DC side

_ capacitor voltages v, and v, are controlled by the

dependent current sources i, and i,. From Eq. (8),
(11), it is found that i; and i, have some propor-
tional relation as follows

i = 1"2 (15)
m;

Note that Eq. (15) holds at every instances related
to not only steady state but also transient state.
Therefore, the amount of charges flowing into each
capacitors during any transient state, and thus the
variation of stored charges have the following rela-
tion



m

AQcy = 40¢ (16)

my Ty
Hence, in order for the voltage variations to be the

same, that is v, = v, at each time, the relation
below should be kept.

¢y

my+m,

my

3 17)
Eq. (17) shows that two three-level modulation
indexes m, and m, associated with a five-level
modulation process should be determined under
some constraint to preserve the DC capacitor vol-
tage balancing.

V1. THE FIVE-LEVEL PWM

As before mentioned, the control variables of
the inverter becomes m,, m, and ¢, , where m, and
are associated with three-level modulation
process acting on the DC side voltages v, and v,
respectively. Then, the resultant five-level modula-
tion index M; is represented by

r)

M amplitude of the outpur phase voliauge

t . . .
summation of DC side capacitor voltages v, and ve,

2mqvyt2myy,

(18)

\’1

If v, and v, is controlled so as to be the same,

M; =2m +m, 19)
From Eq. (17), (19),
kC -
my =M, - T4k, =M; m, (20)
1-k, .
my, = M,; - T+, =M, m, (21)
where k. = C,/c,, m; = kJQ+k) and m, =

A=k Y (1+k,).

Eq. (20), (21), shows that, in order for the DC
side voltage to be balanced, m, and m, should be
determined depending on both the capacitance ratio
k. and five-level modulation index M;. Also m,
and m, are scaled by a; with respect to their
specific values », and m,. For given capacitance
ratio k,, such », and m, are depicted in Fig. 9.
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Fig. 9. variations of m; and i, versus capacitance
ratio k.

As a design example, a possible switching pat-
tern related to five-level PWM is shown in Fig. 10
where the angles o, through o« in a quarter cycle
will be found from appropriate criteria. A quarter-
wave svmmetrv in the waveform is assumed. In
this paper, selective harmonic elimination for the
output phase voltage of the inverter is carryed out
because owing to multilevel approach considerable
harmonic suppression seems to be achieved. As
shown in Fig. 10, a quarter cycle of the five-level
PWM may be split into two three-level ones
according to the voltage level modulated. Each of
them have their fundamental components v, and
vy with modulation indexes M, and M,, respec-
tively. Therefore, tacking into account the DC vol-
tage balancing condition,
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Fig. 10. A possible switching pattern for the
inverter.




VFl
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22)

4
—[cosay—cosag+cosag] = 2m,
vy w
Vim 4
— = —[cosq, —cosa, +cosas —cosay,
\'2 T

+cosas—cosag] = 2m,

(23)

The Fourier coefficients of the switched output
phase voltage v, (see Fig. 10) are given by
4y

—%—[ cos(n oy )—cos(n ay) +cos(n az)
nw

C

(24)

n

+cos(nay)—cos(nag)+cos(nag) ]

Six equations are needed to solve the above tran-
scendental equations. Thus, from Egs. (22), (23),
it can be seen that four harmonics can be elim-
inated and 5, 7, 11, 13th harmonics will be van-
ished. If given c,/c, = 1/3 and modulation index
M, = 0.8, then m; = 0.25, m, = 0.5, as seen in
Fig. 9. Thus, my = M,--nf1 = 0.2, m, = M‘.-mz =
0.4. With numerical computation, all the o's
radian can be obtained as follows: «, = 0.1084, «,

= 0.3857, oy = 0.5445, o, = 0.7954, o5 = 09995

= 1.4207.

in

VII. SIMULATED RESULTS

To confirm the validity of the fundamental cir-
cuit modeling of the SVC system with a five-level
inverter, the system was simulated using commercial
simulation packages such as PC-SIMNON for the
switched circuit and PSPICE for the modeled cir-
cuit. In the simulation, the circuit parameters and
controlling conditions are as follows: v,=100V,
f=60Hz, r=1q, L=5mH, ¢,=500uF, c,=1500.F,
M, =0.8.

In open loop test, attention is especially made
on the DC side voltage balancing and thus, given
4, , whether the DC side capacitor voltages are
equivalued or not. Fig.11 shows the variation of v,
and v, starting from zero initial conditions with
¢, =5°, and thus the open-loop controlled inverter
seems to inject the capacitive reactive power into
the ac mains. From Fig.11, it can be seen that, at
each time, v, = v, and a DC side voltage of the
system is stable, i.e. it dose converge to some
value. Also, from Fig.11 it is found that the
modeling of the system is valid. Fig. 12 shows the
dymamic response for step change of load from
capacitive to inductive one. In such case, the DC
side voltages increase at the same rate and during
the transient time, some active power flows into the
inverter as shown in Fig. 12(d).
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Fig. 11. Variations of DC side voltages v, and v,
(¢, =5°), (a) simulation with the fundamental cir-
cuit, (b) simulation with the switched circuit.

VIII. CONCLUSION

In this paper, a static Var compensator system
using the multilevel inverter is suggested for high
power high voltage application. The multilevel
inverter has many advantages over the other
inverter as a high power source such that high utili-
zation of the switching devices, lower switching fre-
quency at each semiconductor switches and mul-
tilevel output. To do so, the DC side capacitor
voltage balancing is basically required and it is
found that, depending on the DC side capacitances
and the modulation index, such a condition can be
determined. Also, this paper modeled the SVC sys-
tem in the fundmental frequency domain and simu-
lation result has shown the validaty of the model.
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Fig. 12. Response to ¢, change from negative to
positive, (a) DC side voltages v, and v,, (b)
inverter output phase voltage v, and line current
flowing into the inverter i, (c) reactive power flow-
ing into the inverter, (d) active power flowing into
the inverter.
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