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Abstract—Multilevel PWM inverters have significant ad- vante
over the conventional one because of the capability of operating the mc
with nearly sinusoidal current waveforms and higher output voltages
order to increase the power rating of the inverter, connection in par: £/4 3 C, 5
would be effective in the present case. In high-power applications,
instance, the carriers should be synchronized to the modulating sinuso
waves. Moreover, for the interphase reactor, lower order harmc
application is pro- hibited. In practice, to improve the harmc
inverter,
modulation strategies have been devised and designed in this paper. |
found that the dc current flow through the dc power supplies can
controlled by means of phase shifting of the injected third or
harmonics. In the case of a static var compensator (SVC),the out 14

characteristics of the parallel-connected five-level

capacitor voltages can be controlled by means of this technique.

Index Terms—Five-level, harmonic injection, multilevel, par- alle _0,l

connection, PWM inverter.

|. INTRODUCTION

Multilevel pwm inverters, including five-level ones, have
significant advantages over conventional one because of the
capability of operating the motor with nearly si- nusoidal current
waveforms and higher output voltages. Con- sequently, interest
in actual applications is increasing. In dis- cussing practical
applications, still larger capacity inverters are also anticipated,
such as those for large ac motor drives. In order to increase the
capacity of an inverter, connection in parallel is an effective
method at present [1]. In general, a multilevel in- verter could
also be obtained by connecting the inverters in par- allel with
different phases for the carriers, and certain techniques and control
methods should be considered when doing this. In high-power
applications for instance, the carriers should be syn- chronized to
the modulating sinusoidal waves. In addition, each three phase
waveform should be built in a quarter-wave sym- metry as well
as a half-wave symmetry. Moreover, for the inter- phase reactor,
lower order harmonic application is prohibited. So far, various
PWM techniques have been studied and many pa- pers have been
published. In general, these can be classified into two types: One
uses sine-triangular PWM schemes and the other uses space vector
PWM ones. It is said that the latter is often preferred due to its
simplicity both in hardware and software[2]. However, in the case
of connection in parallel discussed in this paper, the current
equilibrium between two legs of the inverter should be
preserved. It is well known that in the case of para llel
connection, both currents can readily be kept balanced by two
sine-triangular PWM’s that are shifted by 180 degrees to each
other [3].
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Fig. 1. Circuit configuration of five-level inverters in parallel.

This scheme can easily be realized by the con- ventional sine-
triangular PWM scheme. For these reasons and because of its
simplicity, this paper will be discussed with the sine-triangular
PWM scheme. To improve the harmonic char- acteristic of
three phase multilevel inverters, a few modulation strategies
have been designed and are discussed.

II. CIRcuIT CONFIGURATION

Fig. 1 shows one phase of a multilevel PWM inverter cir-
cuit configuration with five-level inverters connected in parallel.
IGBT’s T to T are the main switches of phase .: in the power
circuit. Tt to Tl andT»," toTy," are the conventional feed-
back diodes. Tl Iy andTly" Iy, are the clamp diodes. T. is
the interphase reactor for each current. The input power supply

is divided into four supply voltages with capacitors {* to{ .
Each voltage is a quarter of the total input voltage. In this in-
verter system, the inside power supplies with capacitors {4 or
{12 should also supply active power if the load is a conventional
ac motor and the like. In such a case, the input dc supply can not
be simply divided by the capacitors alone. In this situation, the
input power is provided by four independent dc power supplies.
Fig. 2 shows the waveforms of the first modulation strategy
for the nine-level PWM inverter discussed in this paper. Because
of its simplicity, this modulation is mentioned first. This figure
is for a symmetrical modulation, where each carrier waveform
has symmetry with respect to the zero axis, and so it is termed
a symmetrical modulation. The carriers .4, ., <2 and ¢,
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Fig. 2. Waveforms for symmetrical modulation.

b i,
shown with heavy lines, are used for the left-side arm which are ‘
displaced by - f/# or 7 radians from each other. The other car-
riers «..- to «, .. shown with light lines are used for the right side
arm. By comparing the voltage levels of each carrier with the o
sinusoidal reference wave «.,, we can obtain the output terminal @ 7«

m i,

resistive —=

voltage =, as shown in Fig. 2(b) Thus

when s, = fi.8r, £, and oy,
T toTsyturn-on ¢, — K2,
when s, = &, =, £and sy,
T-to T turn-on =, — K4
when = and =, = &, = <. and o...
T+to Tsturn-on £, — 11,
when ;. & and £, = £, o .
Tito T. turn-on », — —Fj4,
and when ;.. =1, £ and £, =,
T to Taturn-on ¢, — —E /2,
where %, | =i or » represent an
arbitrary number among the subscripts

1 to ry of the four carriers =4 t0 #.._. (1)

For the right-side arm carriers, a similar procedure is exe-
cuted. The resultant pole voltage waveform at the terminal [ is
given by Fig. 2(c). Since both terminal waveforms =« and 14,
are formed from the same sinusoidal reference signal, each
fundamental component has the same voltage value. By means
of the interphase reactors, the mean value between the terminal
voltages « ~ and «.., can be given as = . Accordingly, the voltage
= becomes a nine-level voltage and the magnitude is

s = -f."*_.- + -!':,.;:-.:II."IH. (2)

i ('F"A-u.:_'__..‘.l-n"-,_.-.l-u_r_,,.nhn }
e S
— °F‘“m""*m""*m"“'*m l

Fig. 3. Waveforms for multilevel modulation, (h) to (j) with resistive load, and
(k) to (m), with inductive load.

I11. APPLICATION OF MULTI-LEVEL CARRIERS

For the above symmetrical modulation, some harmonic com-
ponents are left as described later. Recently, the multilevel car-
rier method has been presented for multilevel inverters [4]-[6].
To improve the harmonic characteristics, a five-level inverter
could be modulated by a multilevel carrier technique such as
four-level carrier modulation. For our parallel connection, on
the other hand, a specific technique has been devised and de-
signed, so that the apparent carrier can be increased to eight
levels. In this section, some techniques for devising and de-
signing the carriers will be presented.

Fig. 3 shows various waveforms with the multilevel carrier
discussed in this paper. In order to make each arm current bal-
anced, sets of ¢.; to ¢,4 and =, to £, .. should be displaced
by = /4 radian to keep the symmetry of the carrier as described
above. In addition, in order to effectively reduce the harmonics,
multilevel carrier strategies need to be introduced, where the
carriers are displaced by «. /& between two sets of carriers as
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shown in Fig. 3(a). The fundamental principle of the multilevel
carrier is the same as in the literature [4]-[6]. Consequently, for

AR moe, o RLE R s, w0, —E s
g. o= —RSrand =R woay = —By g 10 sy are
used for the arm of terminal P, while  tg,«,.. are for ter- minal
Q. For the other levels, ¢.1*to are.uged, which are

displaced by =/ radian relative to «,~ through to =, ., respec-
tively, where ¢, “ to «,.," are used for arm P and« " t0 ey’
are used for arm Q. In this case, the frequency ratio is given by
I.f 1, — 525, that is, a fractional ratio. In order that the output
waveforms have quarter-wave and half-wave symmetries, this
fractional ratio should be used for the multilevel carrier. The
reason for this will be further explained in the next section. In
Fig. 3(b) and 3(c), the waveforms obtained are not symmetrical,
but the resultant waveforms in Fig. 3(d) and 3(e) become sym-
metrical waveforms. The actual waveform across the lines in
Fig. 3(f) becomes an ideal waveform that varies by two voltage
levels in a limited period.

IV. HARMONIC CHARACTERISTICS

The output PWM waveforms discussed in this paper are com-
posed of many voltage levels and are thus complicated. Conse-
quently, for harmonic analysis, there is some uncertainty in the
analysis of such waveforms. Particularly in the case of multi-
level modulation, as the waveform becomes more complicated,
the physical meaning becomes difficult to interpret. Therefore,
in this chapter, we will analyze analytically only the symmet-
rical modulation. For over-modulation or multilevel modula-
tion, harmonic components will be presented only from the sim-
ulation results. As the detailed analytical methods have already
been reported [3], [7], we will present only the procedure and
results of the analysis.

First, the output voltage of a three-level inverter is analytically
resolved [3]. In the next step, by means of displacing the phase
of the carriers by = radians, another analytical result can be ob-
tained. Hence, the mean value of the two analytical results is cal-
culated. This voltage waveform becomes the same as that of the
five-level inverter. Similarly, another output voltage waveform
with another carrier can be analytically obtained. These wave-
forms have previously been presented in detail [3], [7]. In this
way, the nine-level output waveform in a parallel connection can
also be analyzed. Consequently, the magnitudes of the harmonic
components are given in Table I. The magnitude of the ..., com-
ponent is identical for each inverter. As shown in Table I, an in-
crease in the number of output voltage levels can be realized by
paralleling the previous stage inverters with a different phase of
the carriers. When connected in parallel as just described, if the
conventional three-level inverter is taken as a unit inverter, the
magnitude of the 2 e wy £ {2 + 1%, component can be ex-
pressed in general as shown in the lowest line in the Table. The
modulation index is defined by » — F../4,, where E, is the
amplitude of the sinusoidal reference wave and E.. is the ampli-
tude of the triangular carrier wave as shown in Fig. 2(a).

Fig. 4 shows the relationship between the amplitudes of the
harmonics and the voltage modulation index a calculated from
the corresponding equation in Table I in the region of + « 1.1

TABLE |
DOMINANT HARMONIC COMPONENTS

- Harmonic order X* : ) V;aniludas B
fundamental ‘
frequency ®, J3a£E 12 -
g three level 2nw ,+(2k+ 1w, ('jil{ i)l (nma)
gl five level ! 4nw , +(2k+ 1w, (Jilz'/bm)]zm(lnm)
g nine level | 8ne L2k 410, | (ﬁ.‘s'/dam).ln_,(mma)

2m+1 level ‘ 2mnw  H2k+1)w , (th'/mnx)l,._,(nm na)

wheren =123, k= 2k', 2k"2,... k'=0,1,2,...

@, is the angular frequency of the fundamental wave,

w, is the angular frequency of the carmier, a = £,/E .,

m is the number of inverter is parallel and J, represents the
Bessel function.

It is shown that the lower order harmonic components are elim-
inated by increasing the level, but the higher order components
are left as they are. In Fig.4 (a) for the conventional two-level
inverter, the theoretical results are shown in [3]. The reduced
components, below a few percent, are not shown in the figure.
As can be seen, a multilevel inverter can be obtained by paral-
leling the previous stage inverters. Namely, a nine-level inverter
can be obtained by paralleling the five-level ones, which are de-
rived from the three-level ones, and so forth.

Fig. 5 shows the relationship between the amplitudes of the
harmonics and the voltage modulation index for multilevel mod-
ulation. The experimental parameters such as carrier frequency,
modulation index etc. are identical with those in Fig. 3. The har-
monic components are well suppressed over the whole region.
The frequency ratio is given by [/ . — 5.:25. The reason for
this can be explained as follows. The triangular carrier waves
are shifted by - /= radians to the lower or upper stage carriers
as shown in Fig. 3(a) Consequently, the sum of the phases of
triangular waves over one cycle of the fundamental wave be-
comes it | af& | w ¥ = 25w el 400125 —2aif. A
where # is the natural number. As mentioned above, to obtain
waveforms with symmetry between the positive and the neg-
ative, the frequency ratio of the carrier wave to the sinusoidal
wave should be selected in such a way to be fractional. In addi-
tion, in order to make a symmetrical waveform in three phases,
the ratio, 4 4 11125 should be exactly divided by three. For
instance, with » — 11, f»/f. — 525 and the theory is es-
tablished. The effective carrier frequency 1, in each stage can
be represented by eight times the reference carrier frequency.
Consequently, the frequency ratio becomes an integer number
as follows: f. 7 f. — &1/ f. — & = 5.625 — 45 For symmet-
rical modulation, the effective carrier ratio is '/ f — %, the
procedure for which can be explained in the same way.

At the sidebands at around eight times the carrier frequency,
one can see that if the frequency ratio ./, is given by an in-
teger, the harmonic order becomes an even number. However,
if the ratio of f./ f. is given by a fraction as shown, the har-
monic order becomes an odd number resulting in a symmet-
rical wave, where the experimental results are plotted using cir-
cles, etc. Fig. 6 shows the relationship between the distortion
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factors calculated from the simulation results. The definition of
this is indicated in the figure [13]. Except for the regions near «:
— 1.3, and » = 1.0, where the results are almost equal, the
distortion factors for multilevel modulation are improved com-
pared with symmetrical modulation. In the over modulation re-
gion of:; = 1.0, the lower order harmonic components that do

not exist in the normal modulation region of .. = 1.1, cause the
distortion factor to deteriorate.

V. DISCUSSIONS ON CAPACITOR VOLTAGE CONTROL

The purpose of this chapter is to discuss the possibility of ca-
pacitor voltage control if the input power supplies are replaced
by capacitors such as SVCs. In this case, it is well known that
for a three-level inverter, the input power supply can be di-
vided by two capacitors because the voltages keep their balance
against the disturbances. Consequently, it is unnecessary to con-
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Fig. 6. Modulation factor versus distortion factor.

trol the capacitor voltage if a quick response is not required. In
conventional five-level inverters, however, as mentioned above,
since four input power supplies deliver the active power, the
input power supply can not be divided just by capacitors like
the three-level inverter. For a SVC supplying the reactive power
only, however, division of the power supply by capacitors is
quite within the bounds of possibility. For the case in which a
five-level inverter is applied to a SVC, the input power supply
could be divided into four capacitors. In such a case, however,
it would be necessary to control the voltages. It is evident that
the voltages can be regulated by the dc current flowing through
each capacitor. In order to examine the possibility of capacitor
voltage control for the SVC circuit, the third order harmonic in-
jection method is presented below.
Fig. 7 shows the average direct current of each input power
supply due to third order harmonic injection, which is injected
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Fig. 7. Capacitor current variation due to third order harmonic injection.

to the reference sinusoidal wave. The principle of operation is
the same as in references [8], [9]. This injection ratio is given
as 15.47%, which is that presented for conventional inverters
[9]. In the case of a SVC, the power supply and the load change
places with each other compared to a conventional inverter. In
general, the capacitor voltages can be controlled by the active
power flow through them. In order to calculate the active power
flow, the inverter load is substituted by a purely inductive load,
and the capacitors of the SVC are substituted by a dc power
supply. In this way, the possibility of controlling the capac- itor
voltage will be discussed. By means of the phase shift of the
third-order harmonic, the power delivered from the supplies
varies as shown by curves iy and 1, in Fig. 7 [10]. In the lower
two supplies, current flows are identical but of opposite polarity,
because of the symmetrical waveform. Thus, for the SVC where
the supplies of the inverter are replaced by capacitors, control
of the capacitor voltage would be possible. The total capac- itor
voltage could also be controlled by varying the modulation
index as for the three-level one [11]. In the figure, the circles and
dots show the experimental results with the same experimental
constants as just described later.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Operating Waveforms

Fig. 8(a) shows the inverter output line voltage and phase
current waveforms for the induction motor drive with no load
using symmetrical modulation. It can be seen that the waveform
= w4 1S Similar to the one shown in Fig. (2f). The experimental
parameters are as follows. The reference sinusoidal frequency
. — i1 Hz, the carrier triangular frequency . — 3fifiHz, that
is, [~/ . — 1.04), the voltage modulation index « — f1.and the
supply voltage = — 1K), On the other hand, Fig. 8(b)shows
the experimental waveforms for multilevel modulation, so the
output voltage varies between two levels in a limited period, and
the current waveform is reasonably improved [12].

Fig. 9 shows various current waveforms for multilevel modu-
lation with an inductive load. Each current waveform is similar
to the case in Fig. 3(k) to (m). These results show that the sim-
ulation results are valid. The experimental waveforms iy and 1

s/ av |

Gii=5av :
i (2msydiv)

CHZ=100mV:

(b)

Fig. 8. Output line voltage waveforms ... = and phase current waveform i=
(50V/div, 2A/div, 2ms/div). (a) Symmetrical modulation (fr=fs - 6.00).
(b) Multilevel modulation (f r=fs - 5.625).

seemto have a little dc components, because some active power
flows due to the circuit and load losses. Compared to the simu-
lated ones in Fig. 3(m), ., there is some sag near the peak value
in the experiment, which is also due to the circuit and load losses.
Fig. 10 shows the voltage waveform across the interphase re-
actor for the experimental parameters shown above. The applied
voltage is at the low level of F'/4 and the repetitive frequency
is high. The value of the interphase reactor isf., — 71 mH and
the unbalancing factor & — 1.3, where & — {F, — Iz)/fy, I
and - are currents in the reactor and i is the total current.

B. Harmonic Components

The experimental harmonic components of the output wave-
form are plotted in Figs. 4(b)—(d) and 5 using circles and other
symbols. The experimental values coincide with the theoretical
ones calculated from Table | and the simulated ones. These re-
sults show that the theoretical expressions and the simulated re-
sults are valid [14], [15].
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such as multilevel carriers, undesirable harmonics are elimi-
nated and the waveforms of the output currents become accept-
ably sinusoidal.

It is found that the dc current flow of dc power supplies can
be controlled by means of phase shifting of the injected third
order harmonics. In the near future, various strategies of capac-
itor voltage control including the mentioned technique will be
presented and developed in the SVC.

In order to realize larger capacity converters, the fundamental
characteristics of the converter are discussed and presented.
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VII. CONCLUSION

Multilevel inverters, including a five-level one, are effective
for large capacity ac motor drives or the large capacity con-
verters in power systems like the SVC. For still larger capacity,
paralleling the inverters is a promising method at present. In
this paper, some effective techniques are devised and designed
for paralleling the inverters and controlling the waveforms. By
means of various carriers with appropriate phase differences,
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