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Abstract:

Cascade multilevel inverters have been developed for electric utility applications. A cascade M-

level inverter consists of (M-1)/2 H-bridges in which each bridge’ s dc voltage is supported by its own dc ca-
pacitor. The new inverter can: (1) generate almost sinusoidal waveform voltage while only switching one time

per fundamental cycle: (2D dispense with multi-pulse inverters” transformers used in conventional utility in-

terfaces and static var compensators; (3) enables direct parallel or series transformer-less connection to medi-

um- and high-voltage power systems. In short, the cascade inverter is much more efficient and suitable for
utility applications than traditional multi-pulse and pulse width modulation (PWM) inverters. The authors
have experimentally demonstrated the superiority of the new inverter for power supply, Chybrid) electric vehi-

cle (CEV) motor drive, reactive power (var) and harmonic compensation. This paper summarizes the features,

feasibility, and control schemes of the cascade inverter for utility applications including utility interface of re-

newable energy, voltage regulation, var compensation, and harmonic filtering in power systems. Analytical,

simulated, and experimental results demonstrated the superiority of the new inverters.
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INTRODUCTION

Recently, flexible alternating current trans-
mission systems ( FACTS), custom power, and
power quality have been hot topics because of
the increasing power demand, the widespread
use of non-linear electronic equipment, and the
higher power quality requirements of sensitive
loads. To maximize power transmission capabili-
ty and to provide high power quality at the point
of common coupling (PCC) of a distribution sys-
tem,> power conditioning, including voltage regu-
lation and reactive voltage-amperes ( var )/har-
monic compensations is an indispensably neces-
sary technology. Traditionally, a multi-pulse in-
verter consisting of several voltage-source invert-
ers connected together through zigzag-arrange-
ment transformers is used for renewable energy
utility interfaces and var compensation ( Schaud-
er et al., 19945 Mori et al., 1992; Van Wyk
et al.> 1986; Walker, 19865 Fujita et al.>
1995; Schauders 1994; Seki and Uchinos
1994; Nakamori and Eguchi> 1994 ). These
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custom-built transformers are: (1) the most ex-
pensive equipment in the system; (2) produce
about 50% of the total losses of the system; (3)
occupy a large area of real estate; about 40%
that of the total system; (4) cause difficulties in
control due to dc magnetization and dc overvolt-
age of the inverters resulting from saturation of
the transformers ( Gyugyi and Strycula, 1976)
and (5) prone to failure. Correspondingly, high
switching frequency Cabout 10 kHz) PWM inve-
rters have been used for harmonic compensation
(Akagi et al ., 1986: Peng et al.> 1990; Peng
and Lai, 1995, 1996a). However; the high ini-
tial and running costs have hindered its practical
use in power distribution systems. The cascade
multilevel inverters developed in ( Peng and Lai,
1996b; Peng er al.»1997; Carpita and Teconi»
1991) had few components and were more suit-
able for utility applications than other multilevel
inverters ( Meynard and Foch, 1993; Hochgraf
et al.> 1994; Mohan and Kamath, 1995; Peng
and Lai» 1997). The cascade M-level inverter
consists of ( M-1)/2 H-bridges>

with each



Applications of cascade multilevel inverters

659

bridge” s dc voltage being supported by its own
dc capacitor. This multilevel inverter generates
almost sinusoidal staircase voltage while switch-
ing only one time per line cycle, thus eliminat-
ing the required bulky transformers of the multi-
pulse inverter based static var compensators
(SVCs) and reducing the initial and running
costs tremendously compared with the traditional
PWM inverter. A prototype of a compensator
(10 kVA) using an 11-level cascade inverter
(21-level line-to-line voltage waveform ) has
been built for var and harmonic compensation.
This paper summarizes the features, feasibility,
and control schemes of the cascade inverter for
voltage regulation, var compensation> and har-
monic filtering in power systems. Analytical,
simulated, and experimental results demonstrat-
ed the superiority of the new compensator.

CASCADE MULTILEVEL INVERTERS

Fig.la shows the single phase 11-level cas-
cade inverter. Figs. 1b and 1c¢ show the Y-con-
nected and & -connected 11-level cascade inve-
riers respectively, where L serves as an inter-
face inductor between the inverter and the utility
line. As shown in the figures, the cascade inve-
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Fig.1 The 11-level cascade inverter for utility appli-
cations
(a) Single phase (b) Three-phase Y-structure (¢
Three-phase £ -structure

rter consists of a series of H-bridge inverter units
for each phase. Fig.2 shows waveforms of the Y-
connected cascade inverter. Each H-bridge gen-
P1 — P5, which

sums up to the phase voltage, v¢,,» approach-

erates a quasi-square waves

. . *
ing its references wvg,., .
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Fig.2 Waveforms of the 11-level Y-connected cas-

cade inverter
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CASCADE INVERTERS FOR POWER SUPPLY
AND EV APPLICATIONS

1. EV traction motor drives

As can be seen from the structure, the cas-
cade multilevel inverter is suited for EV traction
motor drives. Fig.3 shows the system configura-
tion of a 10 kW prototype and Fig.4 shows exper-
imental resultsCTolbert et al., 1999). With fun-
damental frequency switching, the inverter pro-
duces an almost sinusoidal voltage with low EMI.

2. Premium Chigh quality) power supply

The cascade multilevel inverter provides the
following features characterizing a high quality
power supply:

1 )Pure sinusoidal voltage possible with min-
imal LC filter requirements:

2)Extremely low voltage ripples and low
EMI;

3)High speed response unlike the traditional
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PWM inverter with large LC filters that delay re-
sponse and causes resonances;

4) High efficiency, compact size, and light
weight .

CASCADE INVERTERS FOR UTILITY APPLI-
CATIONS

1. Utility interface of renewable energy sources

As can be seen in the structure of cascade
inverters> each H-bridge needs a separate or iso-
lated dc source. This requirement makes the
cascade inverter a perfect fit for utility interface
of renewable energy sources such as photovolta-
ics or fuel cells where isolated dc sources natu-
rally exist. Since the cascade inverter eliminates
custom-designed transformers, a tremendous cost
reduction can be expected.

2. Voltage regulation and phase shifting

Fig.5 shows the system configuration of a
cascade inverter for voltage regulation (restora-
tion) and phase shifting. The cascade inverter is
coupled in series with the power system and is
controlled so that the output voltage, V¢, is
shifted 90 degrees from the line current. In this
way» the inverter can provide a stable sine-wave
voltage to loads that are sensitive to voltage sags,
swings and harmonics, or can provide phase

shifting necessary for power flow control .
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Fig.5 System configuration ( series compensation’
for voltage regulation (restoration), phase shifting,
and harmonic isolation

3. Reactive power control and compensation

Fig.6 shows the system configuration for re-
active power control and compensation. The cas-
cade inverter is connected in parallel with the
system and can be employed to (1) regulate the
terminal voltage, Vi, and (2) compensate load

reactive current through reactive power control .
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Fig.6 System configuration ( parallel compensation)
for var and harmonic compensation

4. Harmonic filtering

Both configurations shown in Figs.5 and 6
can be used for harmonic compensation depend-
ing on harmonic source types and compensation
objectives ( Peng and Lai> 1995). Fig.5 is the
series compensation structure for voltage-source
nonlinear loads, voltage regulation, and can be
used for harmonic isolation between the source
and the load or between the upstream and the
downstream. Correspondingly, Fig.6 is the par-
allel compensation structure for current-source
nonlinear loads. Fig.7 shows a combination of
Figs.5 and 6 for series and parallel compensati-
on.

5. Unified power flow control

Fig. 8 shows a configuration for unified power
flow control by combining series cascade inverter
and parallel cascade inverters ( Peng and Wang;
2003) . The series inverter produces the desired
voltage for power flow conirol and the parallel in-
verters supply reactive current so that the result-
ant current flowing into the series inverter is re-
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active. As a results only reactive current flows
inio the series and parallel inverter. Therefore,
no additional power supply will be needed for ei-
ther inverter.
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Fig.7 Combined system configuration for series and
parallel compensation
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Fig.8 Combined system configuration of series and
parallel connection for unified power flow control

CONTROL SCHEMES

Fig.2 shows the waveforms of the Y-connect-
ed 11-level cascade inverter for var compensati-
on. The output phase voltage v¢,, is the sum of
the five H-bridge inverter units’ outputs. The
phase voltage magnitude is controlled by each in-
verter’ s duty cycle. For var compensation, the

ico» always leads or lags the

phase voltage v, , by 90 degrees. The average

phase current,

charge to each dc capacitor is equal to zero over
every half-line cycle for all pulses P1 to P5. In
other words, the voltage of each dc capacitor is
always balanced ( Peng and Lai> 1996b; Peng et
al.» 1997) . Fig.9 shows the control block di-
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Fig.9 Control block diagram of the cascade inverter
for var compensation

agram for var compensation only. In the figure,
a dc voltage control loop with inner loop is in-
cluded to supplement power losses of the inverter
s0 as to maintain a constant voltage for each dc
level . However, there is voltage-balancing diffi-
culty when the cascade inverter is applied to har-
monic filtering. Fig.10 shows the waveforms,
wheres for instance, a Sth-harmonic current
needs to be absorbed by the inverter. In this
case, as shown in the Fig.10, an H-bridge in-
verter unit will be overcharged if it repeats pulse
P5 and overdischarged if it repeats pulse P4. In
order to overcome this problem, swapping pulses
every half cycle as shown in Fig. 10 is proposed.
Fig.9 shows the control block diagram. As a re-
sults all dc capacitors will be equally charged
and balanced. This pulse rotation provides sev-
eral advantages to the inverter: (1) current rat-
ings will be equalized among the H-bridges and
(2) only one dc voltage needs to be monitored
and fed-back, thus making control very simple.

As shown in Figs.9 and 11, a voltage refer-
ence V¢ , is needed to control the cascade inve-
rter.

generating V(' of a cascade inverter-based com-

Fig. 12 shows a control block diagram for
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Fig.10 Waveforms of the cascade inverter for harmonic filtering
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Fig.11 Control block diagram of the cascade invert-
er for harmonic and/or var compensation

Extract circuitof reactive
and/or harmonic current

Fig.12 Control block diagram of cascade inverter-
based compensator

pensator. To compensate for reactive and/or har-
monic current> the load current [/, is sensed,
and its reactive and/or harmonic components are
I 8 » of the

compensator can be the load reactive current

extracted. The current references

component, harmonic component; or both de-
pending upon compensation objectives. The cas-
cade inverter has to generate a voltage V¢ so
that the compensator current /¢ tracks the cur-

rent reference I . V; is the line voltage, and K
is a gain. In a distribution system, the purpose
of a power line conditioner is to provide a con-
stant sine voltage to loads, where a constant sine
wave is assigned to the voltage reference V.
Because of limitation on pagess detailed theoret-
ical analysis of the control strategies will be pre-
sented in another paper.

EXPERIMENTAL RESULTS

Figs. 13 and 14 show some experimental
waveforms of the 11-level cascade inverter for var
generalion/compensation. In this case of Fig. 6,
only an interface inductor is connected between
the terminal and the inverter. The line-to-line
output voltage of the inverter is a 21-level stair-

The

line current is pure sinusoidal. The inverter can

case approaching the desired sine-wave.

generate leading or lagging reactive power as
commanded. Fig. 15 shows the dynamic response
of the var compensator. The actual reactive pow-
er g¢ follows the step-change command ¢¢ with-
in 2 ms, rapidly enough to cope with the fastest
load change in a power system. Figs.16 and 17
show waveforms before and after compensation
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respectively for both var and harmonic compen-
sation at PCC. Before the compensator was start-
ed, both the terminal voltage. vy,» at PCC and
source current ig, were distorted due to the non-
linear load. Howevers both the terminal voltage
and source current became sinusoidal and
phase after the compensator was started .

in

CONCLUSIONS

A new multilevel voltage-source cascade in-
verter developed in Oak Ridge National Labora-
tory ( Peng and Lai,» 1997) is presented for utili-
ty applications. The new inverter’ s desirable
features are minimal components count and easy
modularization and packaging, which solve the
major problems of the conventional multi-pulse
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inverters the diode-clamped multi-level inverter,
and the flying capacitor multi-level inverter. The
cascade inverter is especially suitable for EV
motor drives> high quality power supplies, re-
newable energy interface, and FACTS applica-
tions including var/harmonic compensation, se-
ries compensation> phase shifting, and voltage
balancing because each dec capacitor voltage can
be self-maintained and independently controlled
without additional dc sources. The superiority
and validity for designing this novel multilevel
voltoge source cascade inverter have been dem-
onstrated through experimental and simulation
results. This cascade inverter topology can be
easily adapted to other applications, such as fuel
cell and photovoltaic utility interfaces where the
sources are naturally isolated dc sources. For
these niched applications, the cascade inverter
18 very promising.

In summary, the new cascade multilevel in-
verter> (1) can eliminate the bulky transformers
of a multi-pulse inverter> (2) can generate al-
most sinusoidal waveform voltage and current
with only a single switching per fundamental cy-
cle; and (3) has fast dynamic response. In ad-
dition, because of its modular and simple struc-
ture, the cascade inverter can be stacked up to a
practically unlimited number of levels. These
features make it the best candidate for medium-to
high-voltage power system applications. This pa-
per has summarized its main utility applications
and controls. This cascade inverter had been
shown to be suitable for many utility applica-
tions. The inverter costs less, has higher perfor-
mance, less EMI, and higher efficiency than the
traditional PWM inverter for power line condi-
tioning applications. Simple control schemes are
presented for reactive and harmonic compensati-
on, which ensure de¢ voltage balance. Future use
of Ultra-Capacitors makes the cascade inverter
more attractive for wider utility applications.
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