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Abstract—Use of multilevel inverters has become popular in spectrum and attain higher voltages with a limited maximum
recent years for high-power applications. Various topologies and device rating. In the family of multilevel inverters, topologies
modulation strategies have been investigated for utility and drive 1,556 on series-connected H-bridges are particularly attractive
applications in the literature. Trends in power semiconductor b f thei dulari d simplicity of 1131, Such
technology indicate a tradeoff in the selection of power devices in ecguse ort ?'r m‘? ularity and simplicity o F:ontro [3]. Suc
terms of switching frequency and voltage-sustaining capability. H-brldge multilevel inverters have also been Implemented Suc-
New power converter topologies permit modular realization of cessfully in the industrial applications for high-power drives [4].
multilevel inverters using a hybrid approach involving integrated A typical seven-level configuration reported in the literature is
gate commutated thyristors (IGCT’s) and insulated gate bipolar shown in Fig. 1. As may be seen from this figure, this conven-

transistors (IGBT’s) operating in synergism. This paper is devoted . . . ) 3
to the investigation of a hybrid multilevel power conversion system tional seven-level inverter is comprised of three H-bridge cells

typically suitable for high-performance high-power applications. (referred to as “power cells”) per phase. All power cells have
This system, designed for a 4.16-k\*>100-hp load is comprised of independent dc links of equal magnitude (V). The input trans-
a hybrid seven-level inverter, a diode bridge rectifier, and an IGBT  former provides isolation to individual cells and is configured
rectifier per phase. The IGBT rectifier is used on the utility side as S0 as to obtain an 18-pulse current waveform at the utility side.
a real power flow regulator to the low-voltage converter and as a . . . . - L2
harmonic compensator for the high-voltage converter. The hybrid This particular systemis deS|gn_ed f9r 2.3-kV drive applications,
seven-level inverter on the load side consists of a high-voltage@nd an extended 11-level version is also reported for 4.16-kV
slow-switching IGCT inverter and a low-voltage fast-switching applications [4].

IGBT inverter. By employing different devices under different Recent trends in the power semiconductor technology
operating conditions, it is shown that one can optimize the power ;\qicate a tradeoff in the selection of power devices in terms

conversion capability of the entire system. A detailed analysis of a f switching f d volt taini bility 15
novel hybrid modulation technique for the inverter, which incor- 07 SWILCNING irequency and voltage-sustaining capability [3].

porates stepped synthesis in conjunction with variable pulsewidth Normally, the voltage-blocking capability of faster devices
of the consecutive steps is included. In addition, performance such as insulated gate bipolar transistors (IGBT’s) and the
of a multilevel current-regulated delta modulator as applied to  switching speed of high-voltage thyristor-based devices like
the single-phase full-bridge IGBT rectifier is discussed. Detailed jeqrated gate commutated thyristors (IGCT’s) [6] is found to
computer S|mu_lat|ons accompanied with experimental verification be limited. With a modular H-bridge topology, realization of
are presented in the paper. . : ) ) )Yy 1=C
multilevel inverters using a hybrid approach involving IGCT’s

and IGBT’s operating in synergism is possible [7].

This paper is devoted to the investigation of a hybrid mul-
|. INTRODUCTION tilevel power conversion (HMPC) system for medium-voltage
(4.16 kV) high-power £100 hp) applications. A simplified

ULTILEVEL power conversion has been receiving Nschematic of the power circuit of the proposed system is shown

h creasing attention in the pasF few years for high—pow% Fig. 2. As may be observed, this system consists of one
appllcatlons [1]Z Numerous topolog|es and modulat|on_§tratefi brid cell” per phase. The hybrid cell is comprised of a
gies have been introduced and studied extensively for utility aQ&K/en-level hybrid inverter [8] with dc-bus voltages configured

drive applications in the recent literature [2]. These CONVertgIS o ratio 2- 1 (2 V and V) and a combination of a passive
are suitable in high-voltage and high-power applications dlﬂﬁode bridge and an active IGBT rectifier front end.

to their ability to synthesize waveforms with better harmonic Section Il of this paper presents a brief description of the

hybrid multilevel inverter. Simulation and experimental results

. _demonstrating the feasibility of this inverter are provided in Sec-
Paper IPCSD 99-84, presented at the 1999 Industry Applications Society An-

nual Meeting, Phoenix, AZ, October 3-7, and approved for publication in t#&@N N S_eCt'On vV deSC”b_es the spectral a_naly5|s _Of the hybrid
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Fig. 2. Simplified schematic of the proposed hybrid seven-level power
conversion system for 4160-V drive.

verters. However, it is well known that the switching capability
of thyristor-based devices is limited at higher frequencies [5].
Hence, a hybrid modulation strategy which incorporates stepped
synthesis in conjunction with variable pulsewidth of consecutive
steps has been presented in [8]. Under this modulation strategy,
the IGCT inverter is modulated to switch only at fundamental
frequency of the inverter output, while the IGBT inverter is used
to switch at a higher frequency. The modulation process and the
state of the inverters for various levels of command signals are
summarized in Table I.

Fig. 1. Simplified schematic of the conventional [4] seven-level power
conversion system for 2300-V drive. IIl. SIMULATION RESULTS AND EXPERIMENTAL VERIFICATION
OF THEHYBRID MULTILEVEL INVERTER

Il. PRINCIPLE OF THEHYBRID MULTILEVEL INVERTER The hybrid multilevel inverter is controlled under hybrid

The hybrid multilevel inverter combines an IGCT invertemodulation which combines a quasi-square-wave synthesis of
with a 2.2-kV bus and an IGBT inverter with a 1.1-kV bus, athe IGCT inverter with IGBT pulsewidth modulation (PWM),
shown in Fig. 3. It may be easily verified that it is possible tas shown in simulation results in Fig. 4. The circuit simulations
synthesize stepped waveforms with seven voltage levels, viare done in Saber. With this hybrid topology and modulation
-3.3,-2.2,-1.1,0, 1.1, 2.2, 3.3 kV at the phase leg outpugtrategy, the effective spectral response of the output depends
with this topology. As shown in Fig. 3, the higher voltage levelsn the IGBT switching, while the overall voltage generation is
(£2.2 kV) are synthesized using an IGCT inverter while thdecided by the voltage ratings of the IGCT’s. This is demon-
lower voltage levels£1.1 kV) are synthesized using IGBT in-strated in the phase-leg voltage waveform in Fig. 5. This output
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Fig. 5. Simulated load and dc-bus voltage waveforiws,= 0.83 p.u. and
Fig. 3. Simplified schematic of one leg of the hybrid multilevel inverter. ¢~ — 1440 Hz.
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HYBRID MODULATION SCHEME @ + b: 1_2035“, l
SWITCHING BETWEEN @ AND b l .
|
Desired output between IGCT Inverter IGBT Inverter N i
3.3 and -2.2kV 2.2kV 0o -1.1kV
—2.2 and -1.1 kV —2.2kV 0> 1.1kV
-1.1and 0.0 kV 0kV 0o -11kV b I [ ]
0.0 and 1.1 kV okVv 0o 1.1kV "y venl N
1.1and 2.2 kV 2.2kV 0o -1.1kV — % Hil
1.1 and 3.3kV 2.2kV 0 L1kV L 2
a & b : Switching between aand b W 1 f
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2000 Fig. 6. Experimental IGCT and IGBT inverter waveforndd, = 0.83 p.u.
N andf. = 1440 Hz. Trace 1: IGCT inverter voltage 1000 V/div. Trace 2: IGBT
= inverter voltage 500 V/div.
0000
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i | M | Ml For spectral analysis, reference command to the hybrid in-
” w, W »“u m MWW verter can be represented as

20000
r T
[Ar-3 o8 cims o185 81425 - LA Q1725 [ AF3 QI77S (A1) V;.ef = M COSs wt (1)

where M is the modulation depth which varies betweerk
Fig. 4. Srimulated IGCT and IGBT inverter waveforndd, = 0.83 p.u.and < 1 andw is the angular frequency of the reference signal.
fo = 1440 Hz. Therefore, the IGCT inverter output and the IGBT inverter leg

command are given by [10]
is obtained from a command signal with modulation depth
(M) = 0.83 p.u. and switching frequendyf.) = 1440 Hz. A

. . . . . . 8 : —1 1
single leg of the hybrid multilevel inverter as shown in Fig. 3 Vicer = Yo — sin qn cos™ oo ¢ cos nwt (for oddn)
is built in the laboratory and tested extensively. Representative 2)
waveforms at the same operating point confirming the validity

of hybridization are shown in Figs. 6 and 7. Fig. 6 shows the

IGCT and IGBT inverter output voltage waveforms obtaineg); - Ccommand) =M cos wt — % 8 {n cos—1 L}
experimentally. Fig. 7 illustrates the phase-leg voltage wave- 3nw 3M

form, load current, and the dc-bus voltages. - cos nwt (for oddn). 3)
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Fig.8. IGCT inverter fundamental voltage as a function of modulation depthl€NC€, it is necessary for the IGBT inverter to cancel this ex-
cessive voltage, as illustrated in Fig. 9. As may be seen from the
Now, spectrum of a naturally sampled sine-triangle PWI{)[mdamental v_oltage syn_thesized bY the_ IGBT inverter, this |n
single-phase voltage-source inverter (VSI) with a leg commaégrter synthesizes negative voltage in t{hIS. region of modulation
A cos w,t and carrier frequenoy, is given in [9)] as follows: epths. In terms of real power flow, WhICh is represented by the
° ¢ " currentcomponentthatis in phase with the fundamental voltage,

4 1 it appears that the IGCT inverter feeds the power into the IGBT
Vst = A cos wot + ;22%‘]2”—1‘4”” inverter in this zone. A simple solution for this problem is to con-
- cos{2mw.t + (2n — Dw,t} trol the conduction angle of the IGCT inverter such that the fun-

damental voltage generated by this inverter is always less than
the total commanded voltage [10]. This is depicted in Fig. 10.
andn = —ooto +00). @ A more sophisticated version of the solution is to solve this
L%)blem with a regenerative IGBT rectifier, as will be described

(summations fromn = 1 to oo

One can substitute (3) in (4) and obtain a complete spectr
for the PWM IGBT inverter. This, when added to the spectrur’%ex :
of the IGCT inverter (2), gives a complete spectrum of the hy-
brid inverter [10]. Particularly, behavior of the individual in-
verters at fundamental frequency is interesting. The IGCT in-1t is well known that the conventional six-pulse rectifier
verter output under hybrid modulation is plotted against thwidges suffer from a strong harmonic interaction with the
modulation depth in Fig. 8. It is overlaid on a unity slope linatility [11]. Therefore, present-day H-bridge multilevel in-
which specifies the commanded fundamental voltage. It may berters employed for feeding medium-voltage loads control the
observed that the IGCT inverter synthesizes more voltage thatility harmonic impact by means of specially designed trans-
necessary between the modulation depths around 37% and 78¥mers which provide an 18-pulse (see Fig. 1) or a 30-pulse

V. PRINCIPLE OF THEHYBRID MULTILEVEL RECTIFIER
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Fig. 12. Simplified schematic of fundamental current reference generation.

Fig. 14. Simulated waveforms for harmonic component extraction from
; ; ; ; scurrent drawn by the diode bridge. Trace 1: Current drawn by the diode bridge.
Input Curre.nt [4] Hem.:e’ to S_Impllfy tranSforme.r quIQH and Irﬁrace 2: Amplitude of the fundamental component. Trace 3: Waveform of the
terconnections combined with a low harmonic impact on thgndamental component. Trace 4: Waveform of the harmonic component.

utility interface, it is proposed to use an active rectifier for the
IGBT inverter along with a diode bridge front end for the IGCT  Thg harmonic current reference is extracted from the current
inverter, as shown in Fig. 11. With this configuration, it is pPoSgrawn by the high-voltage power converter, as shown in Fig. 13.
sible to use the IGBT rectifier as an active filter for the hafrpe harmonic extraction procedure is based on the fact that any
monics generated by the high-voltage passive rectifier, as wglhspidal waveform can be resolved in two orthogonal com-
as a real power flow controller for the low-voltage convertep,nents. The fundamental component in the current drawn by
thereby regulating its dc-bus voltage irrespective of power itse giode bridge can also be treated in the same manner. This
teraction in the hybrid inverter. , . current is sensed and is multiplied with an arbitrary orthogonal
The control action for the hybrid multilevel rectifier can beygt o waveforms, in this case, unit amplitude sine and cosine
partitioned into two tasks: reference generation and current sy eforms. The components that are not in phase with these

trol. sine and cosine waves average out to null and can be easily sep-
i arated, whereas the components that are in phase form square
A. Reference Generation terms which have dc values of one-half the amplitude. Hence,

It may be noted that, unlike the conventional active rectifiethese dc magnitudes are extracted and multiplied by two to give
(where the current reference is purely fundamental [11]) or tittee projections of the fundamental component on the orthogonal
conventional active filters (where the current reference is puredyes. These projections when multiplied to the original set of or-
harmonic [12]), current reference in this particular case is cortirogonal waveforms and added together give the fundamental
prised of two components, fundamental and harmonic. The fuwemponent of the diode bridge input current. Now, one can ob-
damental current reference is obtained from the dc-bus voltage the harmonics in this current by subtracting the fundamental
controller, as shown in Fig. 12. As may be seen from this figurepmponent from the original current. It may be noted that an al-
this reference generation procedure is similar to that in a cdernative means to obtain the harmonic components is to employ
ventional active rectifier [11]. The dc link in the low voltagea filter to remove the fundamental component. However, perfor-
converter is sensed and filtered and then compared againshance of such an approach is frequency dependent and, hence,
command (1100 V). The error is fed to a proportional-integrabt recommended [12]. The procedure described above to ex-
(PI) controller, which gives the magnitude of the current to kteact the harmonic component is time instantaneous and can be
synthesized. This magnitude is multiplied with unit amplitudeepeated for all three legs. A harmonic current reference is now
sinusoid that is phase locked with the source voltage. Thusgenerated simply by inverting this harmonic component. Thus,
reference fundamental current waveform is generated that idgnireffect, the IGBT rectifier also needs to draw equal and oppo-
phase with the utility voltage. site harmonic current as drawn by the high-voltage diode rec-
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Fig. 17. Simulated waveforms for currents drawn by individual rectifiers an

the resultant interaction with utility/cicsTy = 1100 V and f, = 10 kHz.
Trace 1: Current drawn by the diode bridge rectifier. Trace 2: Current drawn
the IGBT rectifier. Trace 3: Current drawn from the utility power supply.

tifier, thereby maintaining a clean interface at the utility. Simu

lated waveforms of harmonic extraction for one leg are shown
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system.

B. Current Control
Since the current references are nonsinusoidal, a hyster

and utility current at\/ = 0.5 p.u.

Hence, the current control is accomplished by a three-level delta
@scdulator based on the family of delta modulators popular for

currentregulator is a popular choice for current control with sufheir dynamic capability [13]. A multilevel delta modulator is
ficient dynamic capability. However, this type of regulator sufrealized by replacing the two-level comparator in the conven-

fers from phase interaction and low-frequency current errors,

particular, for nonsinusoidal multiple-frequency tracking [12

tional delta modulator by a tristate comparator with an inter-
Imediate error band [14]. A simplified schematic of a multilevel
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Fig. 21. lllustrated power circuit schematic of one phase of the hybrid multilevel power conversion system.

delta modulator is shown in Fig. 15. The output of the moduwvidth of the error band depending on the harmonic distortion
lator may take values-1, 0, or—1 depending on the magnitudein the utility current; however, this optimization is application
of error signal which is the difference between the reference asgecific and is not treated here.

the actual current. This outputis sampled at a constant frequenc¥inally, the utility current and multilevel inverter output at
(fs) and fed to the rectifier switches. The reference current (subd = 0.5 p.u. is shown in Fig. 21. This operating point falls
of fundamental and harmonic current references) and the comder the IGBT regeneration zone (Fig. 9). As explained in the

trol signals are shown in Fig. 16. spectral analysis, the IGCT inverter feeds the power to the IGBT
inverter in this operating region. However, itis clear from Fig. 21
VI. SIMULATION RESULTS OF THEHYBRID that the system operation is stable and well behaved with the
MULTILEVEL RECTIFIER proposed control strategy in this zone.

The hybrid multilevel rectifier is controlled with a multilevel
current-regulated delta modulator sampled at 10 kHz. It is pos-
sible to reduce the sampling frequency further by employing A hybrid approach in multilevel power conversion has been
programmed PWM techniques, and is currently under investigaresented. An illustrated power circuit schematic is shown in
tion. With the hybrid topology and control strategy, the dc-linkig. 20. It seems that the conventional H-bridge multilevel in-
voltage in the IGBT converter and input harmonic currents werter is the only topology that has received a reasonable con-
the IGCT converter are regulated. This is demonstrated in thensus along with the neutral-point-clamped inverter [15] in the
current waveforms shown in Fig. 17. It may be observed th&igh-power community. However, the industrial implementa-
although the diode bridge draws currents with high harmoniion of such a system suffers from a principal drawback of the
content, the IGBT rectifier compensates them with equal atrddeoff between harmonic interaction with the utility and com-
opposite currents. This produces a near-sinusoidal current atplieated transformer connections. A primary advantage of the
utility interface, as depicted in Fig. 17. The dc link in the IGBThybrid multilevel inverter is that it generates a larger number
converter is also regulated within 5% and has been showndhlevels with a given number of power devices or H-bridge
Fig. 5. modules. This reduces the output current distortion, thereby im-

In addition, it may also be noted from Fig. 15 that the sanproving the power conversion capability at the load. This fact
pling frequency (,) in the sample/hold and the width of thehas been verified with simulation as well as experimental results
error band in the tristate comparator determine the spectral prapthis paper. Secondly, it employs a synergistic approach in uti-
erties of the resulting waveforms. Intuitively, it seems that tHeing the devices, such as to obtain the advantages of both the
current regulation improves as the quantization error band dpehnologies: latching devices for their high-voltage blocking
proaches zero. However, decreasing the error band also redwagsbility and nonlatching devices for their fast-switching capa-
the occurrence of zero states, which effectively increases thiéty. Hence, although the overall device kilovoltampere rating
ripple current. Conversely, widening the error band leads to lossthe same as that of a conventional H-bridge multilevel in-
of current control, thus constraining its upper limit. These efrerter, one can obtain a significant cost reduction with appro-
fects are shown in Figs. 18 and 19. It is possible to optimize tpeate selection of devices. Finally, by employing a hybrid rec-

VII. CONCLUSIONS
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tifier, it is possible to relieve the utility supply from harmonic Madhav D. Manjrekar (S'96) was born in 1972.
interaction to a large extent. As may be seen from the sim He received the B.E. degree from the Government
lati It ted in this paper. near-sinusoidal curre College of Engineering, University of Pune, India,
ation results presente '_. IS p p ) inu .' u_ ] the M.Tech. degree from the Center for Electronic
can be drawn from the utility by using only one active rectifie Design and Technology, Indian Institute of Science,
per phase. This eliminates the need of multiple winding tran India, and the M.S. degree from Montana State Uni-
f ith complicated interconnections to produce 18/3 versity, Bozeman, in 1993, 1995, and 1997, respec-
ormers wi p p tively. He is currently working toward the Ph.D. de-
pulse current waveforms. mﬁm gree at the University of Wisconsin, Madison.

These attributes offer an incentive to pose the HMPC systdl His research interests are modeling, design, and

Fig. 20 titi It tive to the conventio control of power conversion systems, utility applica-

(See 19. ) as a competiive alternauv! vent rﬁ%hs of power electronics, adjustable-speed and torque drives, and nonlinear
H-bridge and even to the established neutral-point-clampeghamics and controls.
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