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Abstract-Cascade multilevel inverters have been 

developed by the authors for utility applications. A 

cascade M-level inverter consists of (M-1)/2 H-bridges in 

which each bridge has its own separate dc source. The 

new inverter: (1) can generate almost sinusoidal 

waveform voltage while only switching one time per 

fundamental cycle, (2) can eliminate transformers of 

multipulse inverters used in conventional utility interfaces 

and static var  compensators, and (3) makes possible direct 

parallel o r  series connection to medium- and high-voltage 

power systems without any transformers. In other words, 

the cascade inverter is much more efficient and suitable 

for utility applications than traditional multipulse and 

pulse width modulation (PWM) inverters. The authors 

have experimentally demonstrated the superiority of the 

new inverter for reactive power (var) and harmonic 

compensation. This paper will summarize features, 

feasibility, and control schemes of the cascade inverter for 

utility applications including utility interface of renewable 

energy, voltage regulation, var compensation, and 

harmonic filtering in power systems. Analytical, 

simulated, and experimental results demonstrate the 

superiority of the new inverters. 

I. INTRODUCTION 

Recently, flexible AC transmission 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 capability and to provide high power quality at 

the point of common coupling (PCC) of a distribution system, 

power conditioning, including voltage regulation and reactive 

power (var)karmonic compensation, is an indispensably 

necessary technology. 

Traditionally, a multipulse inverter consisting of several 

voltage-source inverters connected together through zigzag- 

arrangement transformers is used for renewable energy utility 

interfaces and var compensation [ 1-71. These custom-built 

transformers: (1) are the most expensive 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% of 

the total system; (4) cause difficulties in control due to dc 

magnetizing and dc overvoltage of the inverters resulting 

from saturation of the transformers [SI; and ( 5 )  are prone to 

failure. 

Correspondingly, high switching frequency (about 10 

kHz) PWM inverters have been used for harmonic 

compensation [9-121. However, the high initial and running 

costs have hindered its practical use in power distribution 

systems. 

The authors have presented and developed cascade 

multilevel inverters [ 13-15]. The cascade inverter has less 

component count and is more suitable for utility applications 

than other multilevel inverters [ 16-19]. The cascade M-level 

inverter consists of (M-1)/2 H-bridges in which each bridge 

has its own separate dc source. This multilevel inverter 

generates almost sinusoidal staircase voltage while switching 

only one time per line cycle, thus eliminating the required 

bulky transformers of the multipulse 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 (10kVA) using an 11- 

level cascade inverter (21-level line-to-line voltage 

waveform) has been built for var and harmonic Compensation. 

This paper summarizes features, feasibility, and control 

schemes of the cascade inverter for voltage regulation, var 

compensation, and harmonic filtering in power systems. 

Analytical, simulated, and experimental results demonstrate 

the superiority of the new compensator. 

11. CASCADE MULTILEVEL INVERTERS 

Figs. 1 and 2 show the Y-connected and A-connected 11- 

level cascade inverters, where Lc serves as an interface 

inductor between the inverter and the utility line. As shown 
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in the figures, the cascade inverter consists of a series of H- 

bridge inverter units for each phase. Fig. 3 shows waveforms 

of the Y-connected cascade inverter. Each H-bridge 

generates a quasi-square-wave, P1 - P5, which sums up to the 

phase voltage, vCr,.,,, approaching its reference, V * C ~ - , , .  

4 
To the Ut'lity Line i 4 

%I vcaR , , 

"2 

VC" 

"3 

VCO 

VC" 

Fig. 1. Three-phase Y-structure of the 1 I-level cascade inverter for utility 

applications. 

To the U ty Line 

Fig. 2. Three-phase A-structure of the 1 I-level cascade inverter for utility 

applications. 

Fig. 3. Waveforms of the 1 I-level Y-connected cascade inverter 

111. CASCADE INVERTERS FOR UTILITY 
APPLICATIONS 

A. Utility Interface of Renewable Energy Sources 

As can be seen in the structure of cascade inverters, each 

H-bridge needs a separate or isolated dc source. This 

requirement makes the cascade inverter a perfect fit for utility 

interface of renewable energy sources such as photovoltaics 

or fuel cells where isolated dc sources naturally exist. Since 

the cascade inverter eliminates customer-designed 

transformers, a tremendous cost reduction can be expected. 

B. Voltage Regulation and Phase Shifting 

Fig. 4 shows the system configuration of a cascade 

inverter for voltage regulation (restoration) 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. 

C. Reactive Power Control and Compensation 

Fig. 5 shows the system configuration for reactive power 

control and compensation. The cascade inverter is connected 

in parallel with the system and can be employed to 

(1) regulate the terminal voltage, V,, and (2) compensate load 

reactive current through reactive power control. 
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Fig. 4. System configuration for voltage regulation (restoration), phase 

shifting, and harmonic isolation. 
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Fig. 5. System configuration for var and harmonic compensation. 

D. Harmonic Filtering 

Both configurations shown in Figs. 4 and 5 can be used 

for harmonic compensation depending on harmonic source 

types and compensation objectives [12]. Fig. 4 is the series 

compensation structure for voltage-source type harmonic 

sources and can be used for harmonic isolation between the 

source and the load or between the upstream and the 

downstream. Correspondingly, Fig. 5 is the parallel 

compensation structure for current-source type harmonic 

sources. 

IV. CONTROL SCHEMES 

Fig. 3 shows waveforms of the Y-connected 11-level 

cascade inverter for var compensation. The output phase 

voltage v ~ ~ ~ . , ~  is the sum of five H-bridge inverter units' 

outputs. The phase voltage magnitude is controlled by each 

inverter's duty cycle. For var compensation, the phase 

current, ior, is always leading or lagging the phase voltage VC,~.,, 

by 90 degrees. The average 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 [13, 141. Fig. 6 shows the control block diagram for 

var compensation only. In the figure, a dc voltage control 

loop that has an inner loop is included to supplement power 

losses of the inverter so as to maintain a constant voltage for 

each dc level. 

However, there is voltage-balancing difficulty when the 

cascade inverter is applied to harmonic filtering. Fig. 7 shows 

the waveforms, where, for instance, a 5th-harmonic current 

needs to be absorbed by the inverter. In this case, as shown in 

the figure, an H-bridge inverter unit will be overcharged if it 

repeats pulse P5 and over-discharged if it repeats pulse P4. 

In order to overcome this problem, swapping pulses every 

half cycle as shown in Fig. 7 is proposed. Fig. 8 shows the 

control block diagram. As a result, all dc capacitors will be 

equally charged and balanced. This pulse rotation provides 

several advantages to the inverter: (1) current ratings 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. 
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Fig. 6. Control block diagram of the cascade inverter for var compensation. 
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Fig. 7. Waveforms of the cascade inverter for harmonic filtering. 
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Fig. 8. Control block diagram of the cascade inverter for harmonic and/or 

var compensation. 

As shown in Figs. 6 and 8, a voltage reference, V g ,  i 

needed to control the cascade inverter. Fig. 9 shows a control 

block diagram of a cascade inverter-based compensator. To 

compensate for reactive andlor harmonic current, the load 

current IL is sensed, and its reactive andlor harmonic 

components are extracted. The current reference, IC', of the 

compensator can be the load reactive current component, 

harmonic component, or both depending upon compensation 

objectives. The cascade inverter has to generate a voltage Vc' 

so that the compensator current IC tracks the current reference 

IC*. Vr is the line voltage, and K is a gain. In a distribution 

system, the purpose of a power line conditioner is to provide 

a constant sine voltage to loads, where a constant sine wave is 
assigned to the voltage reference Vc*. 

and/or Harmonic Current 

Fig. 9. Control block diagram of cascade inverter-based compensator. 

V. EXPERIMENTAL RESULTS 

Figs. 10 and 11 show some experimental waveforms of 

the 1 1-level cascade inverter for var generatiodcompensa- 

tion. In this case (Fig. 5), 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 staircase 

approaching the desired sine-wave. The line current is pure 

sinusoidal. The inverter can generate leading or lagging 

reactive power as commanded. 

Fig. 12 shows a dynamic response of the var compensator. 

The actual reactive power qc follows the step-change 

command 4: within 2 ms, quickly enough to cope with the 

fastest load change in a power system. Figs. 13 and 14 show 

waveforms for both var and harmonic compensation at PCC. 

Before the compensator was started, both the terminal 

voltage, vT(l, at PCC and source current isCl were distorted due 

to the nonlinear load. However, both the terminal voltage and 

source current became sinusoidal and in phase after the 

compensator was started. 
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VI. CONCLUSIONS 

A new multilevel voltage-source cascade inverter has been 

presented and developed in Oak Ridge National Laboratory 

[20] for utility applications. The new inverter has many 

features, including the least component count, as well as easy 

modularity and packaging, which solve the major problems of 

the conventional multipulse inverter, the diode-clamped 

multi-level inverter, and the flying capacitor multilevel 

inverter. The cascade inverter is especially suitable for 

FACTS applications including varfharmonic compensation, 

series compensation, phase shifting, and voltage balancing 

because each dc capacitor voltage can be self-maintained and 

independently controlled without additional dc sources. The 

superiority and validity have been demonstrated through 

experimental and simulated 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 is very promising. 

In summary, the new cascade multilevel inverter, (1) can 

eliminate the bulky transformers of a multipulse inverter, (2) 

can generate almost sinusoidal waveform voltage and current 

with only a single switching per fundamental cycle, and (3 )  

has fast dynamic response. In addition, because of its 

modular and simple structure, 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 paper has 

summarized its main utility applications and controls. It has 

been shown that the cascade inverter is suitable for many 

utility applications. The inverter provides lower costs, higher 

performance, less EMI, and higher efficiency than the 

traditional PWM inverter for power line conditioning 

applications. Simple control schemes have been presented for 

reactive and harmonic compensation, which ensure dc voltage 

balance. Future use of Ultra-Capacitors makes the cascade 

inverter more attractive for wider utility applications. 
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