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Reciprocity-Transposition-Based Sinusoidal
Pulsewidth Modulation for Diode-Clamped
Multilevel Converters

Giri VenkataramanarMember, IEEEand Ashish Bendre

Abstract—Modulation strategies for multilevel inverters have [14], space-vector-based techniques [15], hysteretic current
typically focused on synthesizing a desired set of three phase si-control [16], and multilevel sigma—delta modulation [17]. All
nusoidal voltage waveforms using a fixed number of dc voltage o thege techniques have been demonstrated to be effective in

levels. This results in the average current injection and hence the . . ) . .
net power drawn from the multiple dc bus terminals to be un- performing the primary waveform synthesis function. Typi-

matched and time varying. Subsequently, the dc-bus voltages are Cally, in multilevel converters with isolated dc voltage sources
unregulated, requiring corrective control action to incorporated. such as in cascaded H-bridge converters, implementation of the
In this paper, the principle of reciprocity transposition in intro-  modulation function of these algorithms have been partitioned
duced as a means for modeling the dc-bus current injection simul- between various modules in a manner to equalize power drawn

taneously as the modulation strategy is formulated. Furthermore, a . .
new sinusoidal pulsewidth-modulation strategy that features con- from the different voltage sources [18]-{20]. However, in

stant and controllable current injection at the dc-bus terminals multilevel converters with interconnected sources such as the
while maintaining output voltage waveform quality is introduced. diode-clamped multilevel converter such a partitioning between
The proposed strategy is general enough to be applied to converters various dc voltage sources that incorporate the multiple levels
with an even number of levels and an odd number of levels. Analyt- 5 ¢t straightforward [21], [22]. As a result, the power drawn
ical results comparing the performance of the proposed modulator ; . .

with a conventional multiple carrier modulator are presented for from the. different voltage sources are varying as a fgncuon of
example multilevel converters with four and five levels. Computer Modulation level, load level, and load power factor. This further

simulation results verifying the analytical results are presented for results in unsteady and at times unstable dc voltage levels [9],

a four-level converter. [21]. Thus, stabilization of voltage levels in the dc bus stack
Index Terms—Multilevel systems, power conversion, pulsewidth S one of the important concerns that is the focus of many
modulation. research investigations [21]—-[23]. This particularly problematic

in singly fed systems where the dc bus stack is fed between the
lowest voltage and the highest voltage in the stack. In general,
in multiply fed systems that have different dc sources that feed
N RECENT YEARS, multilevel power converters havesarious nodes of the dc-bus stack, the voltages are individually
become popular in high-power three-phase ac applicatiogjulated. It has been shown that when bidirectional multi-
where they provide various performance advantages owvevel converters are connected “back-back” at the dc bus, the
conventional two-level converters. These advantages inclugiebus voltages are stable and do not require any particular
reduced voltage stresses on power semiconductor devisgsitage-balancing algorithms. However, this result has been
reduced switching stresses, modular realization, and improvgskcific to a particular modulation algorithm, and it is not clear
waveform quality. In general, these converters incorporatetfat it holds true under all conditions. More recently, a voltage
topological structure that allows a desired output voltage $elf-balancing topology was introduced, which has an inherent
be synthesized from among set of isolated or interconnecteghability for balancing the dc stack voltages [24].
distinct voltage sources. Independent of the topological struc-Generally, it is well recognized and understood that the fun-
ture, all modulation algorithms for these converters providgamental reason for voltage balancing problem is the unequal
for systematically selecting from among the various inpw@urrent injection at the dc terminal of the converter that varies
voltage levels to synthesize a desired output voltage waveforwith load current and modulation level. However, this process
Several modulation approaches that realize this functitras not been addressed systematically in the development of the
effectively have been proposed in the past [1]-[9]. Amongodulation algorithm. More often, the modulation algorithm
them are: stepped waveform synthesis [10], [11], programmigddeveloped with the sole objective of output waveform syn-
harmonic elimination [12], triangular-carrier-waveform-basethesis and the dc power flow problem becomes an unintended,
schemes [13], real-time carrier-based harmonic eliminatidut inevitable consequence of the power converter operation. A
dc-voltage-balancing solution is then added on to manage the
Manuscript received July 4, 2001; revised December 4, 2001. Abstract plﬁpnsequence' It is the objective of this paper to systematically
lished on the Internet July 15, 2002. address the dc current injection at the dc levels as a simulta-
_The_ authors_ are with thg Depgrtment _of Electrical and Computer EH'EOUS problem to output waveform synthesis and not as a conse-
gineering, University of Wisconsin, Madison, WI 53706 USA (e-mail: . . AN . .
Gir@Engr.Wisc.Edu; abendre@softswitch.com). quent problem. Reciprocity transposition is applied to examine
Publisher Item Identifier 10.1109/TIE.2002.803210. the dc current injection for a given modulation algorithm. This
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Fig. 1. Schematic of the switching circuit of a multilevel dc to three phase ac power converter. (a) Even number of levels. (b) Odd number of levels.

approach is well known and has been used as the basis for thegteposed modulation algorithm under typical operating condi-
velopment of modulation functions for matrix converters [25}ions are presented in Section V. Section VI provides a summary
The dc current injection of a typical carrier based modulatiasf the results.

algorithm is determined using the reciprocity transposition ap-

proaCh. The draWbaCkS Of the algorithm from the dC pOWer ﬂOW” D|ODE'CLAMPED MULT|LEVEL CONVERTER MODEL|NG

point of view are readily elucidated.

Conditions for obtaining desirable dc current injection pro
erties are developed and applied to develop a modulation alA schematic of the switching circuit of a multilevel dc to three
gorithm that has superior properties in terms of dc current iphase ac power converter is illustrated in Fig. 1. The illustration
jection. The results are developed for a general case df anof the throws that form the switch as illustrated in Fig. 1 is an
(odd and even) level converter and demonstrated using a fiadstract representation of the switching structure between the
and a four-level converter example. Analytical results are verultilevel dc sources and the ac output. In reality, the throws
fied using computer simulations for the four-level converter. Imay be realized using any number of techniques, which result
Section I, the topology of the diode-clamped multilevel corin the topological variety among multilevel converters. How-
verter is briefly reviewed and the reciprocity transposition iaver, for purpose of describing the modulating properties of the
power converters is used to develop input—output relationshigsnverter, the representation in Fig. 1 is sufficient. To be sure,
for the converter. Current injection at various nodes of the muhe topological mapping between the abstract representation and
tilevel dc-bus stack is determined for a typical multiple trianthe semiconductor realization will be provided further, so that
gular carrier modulation algorithm in Section 1, along withthe models may be useful for studying the operation of the real
some of its limitations being identified. In Section IV, a newconverter.
modulation approach is proposed along with analytical resultsThe switching circuit of the abstract representation consists
describing its properties. Computer simulation results fromad three single pole multithrow switchesy{, S;, S.), one each
four-level converter example using conventional as well as tper phase of the output ac system. The number of throws in

p%. Topological Description
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each switch is equal to the number of levelnf the multilevel Mathematically, these constraints may be expressed using

converter, which may be even or odd. For notational purposesyitching function formulations. LefH;;(t), the switching

let the integerN = n/2 and N = (n — 1)/2 be defined as function of a throw connecting the dc bus stack volt&geto

the maximum index number of the converter for even and odlte current!; be defined as (1), shown at the bottom of the

number of levels, respectively. Thus, each of the three switchgege. Then,

in an even-level converter hagv2throws and those in an odd-

level converter haveN + 1 throws. Fig. 1(a) and (b) illustrates

the switching circuit schematic for an even-level and an odd- Z Hij(t)

level converter, respectively.
The dc bus of the diode clampedevel converter is formed Furthermore, it is clear that

by a stack ofn — 1 individual dc sources, connected in series

so that their polarities are additive. Although these sources may Vit Z H

U

be of different magnitudes, they are assumed to be nominally

equal to each other, resulting in a symmetric diode-clamped

multilevel converter. The extremities of the series string and

each of the junction points between the sources form the Li(t) = Z Hij(t) - 1;(1),

terminal of the dc-bus stack. The poles of the switches form | d=abe )

the ac output terminals, which feed an inductive load, generally for j =a,b, andcandi = +1,42... & N for evern

modeled as a balanced set of three-phase stiff currdgts ( ©f¢ =0,+1,+2...N,for oddn. (4)

Iy, andl.). The throws {x;,tn—_1j, ... tN415,t—n;), Where

(j = a,b,c) are connected to/¥ or 2N + 1 stiff voltages

(Vn, Vn—1,...V_n41,V_n) as illustrated in the figure. For

a symmetric odd-level convertéry is equal to zero (or null)

and for a symmetric even-level converigydoes not exist.

1, forj = a,b, andc (2)
i=—N

Vi, for j = a,b, andc 3)
1=—N
and

In Fig. 2, the single-pole multiple-throw switch forming the
phase of a five-level (witllv = 2, odd) converter is illustrated.
Fig. 2(a) represents the ideal switch realization and Fig. 2(b)
" represents an insulated gate bipolar transistor (IGBT)/diode re-

alization. The complex, but systematic growth of the single pole

T.he.throws of the switches are assgme_d ideal asis COMMOR{Nithrow switch as the number of levels increases is evident
preliminary functional analysis of switching power converterg, . = the figure. The following observations may be made re-

Tfh(;se assur:ntp:tlons |nclhude' 1) negllgz|ble ff(;)rward voltage dr%%rding the structure of the realization of a single-pole mul-
of the switch throws in their on-state; 2) sufficient on-state cu iole-throw switch using real semiconductors.

rent carrying capacity and off-state voltage blocking capacity 1) The realization of each single polethrow switch of the
commensurate and compatible with the voltage and current rat- . S .

. - " : n-level converter consists ef n—1) individual semicon-
ings of the system; and 3) negligible transition periods between ductor device throws. Among thessp, — 1) are control-
o_peni_ng and closing OT th(_e switch throws that permit repeti- lable throws that ha\'/e bidirectional current conducting
tive high-frequency switching. The voltages at the throw ter- unidirectional voltage blocking and current turn-off capa-
minals of the switch are assumed stiff such that their variations bility. They may be realized using IGBTs with antiparallel

during a switching period can be neglected. Similarly, the switch diodes (or equivalent devices) as illustrated in the figure.
pole currents are assumed stiff such that their variations overa 1o remainingn — 2)(n — 1) are uncontrolled throws
switching period can be neglected. These assumptions essen- \,nich may be realized using diodes. In such a realization,
tially allow the focus to be on the power transfer process and g the semiconductors carry the same voltage stress.
the functional features. In practical power converters, filter ele- 5y The semiconductors are grouped ifite- 1) series strings
ments appropriately applied at the input and output ports of the ~ that are designated by 0 through £ 2).

system would ensure that these assumptions are valid. 3) Thepth series string consists of two controllable throws,

In order to maintain continuity of the three phase currents designateds,,,; and S_,,;. Additionally, it consists of
connected to the poles, at least one of the throws of connected 2, diodes, designated #,;, whereg = —p+1,—p+

to any given pole of the switch has to be closed. Furthermore, 2 5 — 2 p — 1. The semiconductors devices in given
each current port may be connected to only one voltage terminal  series string are connected such that all the diodes in the
at any given instant of time. Otherwise, two stiff voltages will string point in the same direction, in the order designated
be short circuited together, resulting in uncontrolled currents  S_ .S 1,0 .., Sp—1pss Spps-

through the switch throws. As a result, no more than one throw 4) The midpoint of the zeroth string forms the pole of the
connected to any given pole may be closed at any given instant  switch. The extremities of the string and every alternate
of time. junction between the semiconductor throws of the{

1, if ¢;; is closed

H;;(t) = {07 otherwise fori ==+1,+2, ...+ N for evenn;

1 =0,£1,+2, £N foroddn; j =a,0& ¢ (1)
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Fig. 2. (a) Schematic of the single-pole multiple-throw switch ofd¢hghase of a five-level converter. (b) Its realization using the diodes and IGBTSs.

2)th (or the longest) string forms the throws of the the anode of diodes formin§_g,; in the pth string is
switch. connected to the anode of the diodes formghg,,+1;th
5) The strings are interconnected such that, fop atl n — 3 in the (@ + 1)th string.

andg = 0,2,4,...p, (a) the cathodes of diodes forming 6) The switching functionsH.,,;) of the individual semi-
Sgpj in the pth string are connected to the cathodes of  conductor throwsS,,,;) for the diode-clamped converter
the diodes formingS,,+1;, in the @ + 1)th string; (b) realization may be represented by the set of matrix trans-
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formations shown in (5), at the bottom of the page, wheihen the repetition frequency of the switching function (or
u(.) is the unit step function. simply the switching frequency) is much larger than the of the
The relationships shown in (5) may be used to compute thewer frequency of the desired ac output voltages, net power

connectivity of each semiconductor switch throws of the diodeansfer between the dc voltages and the ac currents arises from
clamped:-level converter realization, when the switching functhe slowly varying average value of the switching functions. The
tions of the abstract-level equivalent structure illustrated inaverage value of the switching functions may be readily repre-
Fig. 1 are known. As a result, further modeling and analysinted by their time varying duty ratio functions of the particular
that are developed in the paper can be focused on the switchiibgpw. From the power transfer point of view, the transfer rela-
functionsH,;, which may be appropriately transformed to th&onships (6) and (7) may be approximated by

switching functionsf.,,; if necessary. Vo(t) =M(t) - Vg (8)
B. Equivalent Circuit and )
The power transfer properties between the dc sources and the L(t) =M(t)" - Io(t) ©)

ac output represented by (3) and (4) may be represented by usiigre the elementsi{;;) of the modulation matri®VI(t) may
a matrix-vector notation, in a more compact form as follows: be determined by computing the duty ratio of the elements of

Vo(t) =H(t) - V. ©6) the matrixH(t)
and 1
mi(r) = [ Hi(o)-de (10)
L (t) =H(t)" - To(t) @ T

with 7" being the switching period.

where Relationships (6) and (7) or (8) and (9) indicate a reciprocal
Vot) =[Va(t) Vi®) V.@®)]" input < output transfer property similar to a transformer and
Lt)=[I. L, L(t) ]T’ and feature is ter_me_d “reciprocity transposition,” which is a prop-
T erty of all switching converters [25]. Furthermore, based on the
Vs=[Vn Vvor oo Vo Vow] reciprocity transposition, dc/fundamental component equivalent
L(t) =[In(t) Inoa(t) ... Inga(t) IN(D)]" circuit of the multilevel converter system may be drawn as rep-
Hy, Hy—1o -+ H_ni1o H_no resented in Fig. 3. As may be seen from Fig. 3, the power inter-
H(t)=|Hve Hyv-1s -+ H-niuw H-onp |- change and waveform synthesis among the dc bus stack and the
Hy. Hy-1e -+ H_nyie H_ne ac current port depend on the duty ratio of various throws. The
Hy;
1 r Hy_y
Hyoo; | _ |1 () u(l;) 0 :
Hso0; ] [0 u(=1) u(—1;) 1 :
H_ni1j
HfNj
HNj
[ Hayy 71 w(dy) uw(l;) 0 07 | Hy_y
HsOlj o 0 0 0 u (Ij) 0 .
Hs—Olj o 0 U,(—Ij) 0 0 0
LH, 11;1 Lo 0 u(=1I;) w(=I;) 1] | H-n+1y
L H—Nj .
B HSQQJ' ] rl U,(Ij) 0 0 07 r HNj
Hslgj 0 0 u (Ij) 0 0 HN—lj
Hsogj _ 0 wu (—Ij) 0 0 0 .
HS,()Q]' |0 0 0 U (Ij) 0 :
H, 125 0 0 u(—1;) 0 0 H_ni1
_HS_QQJ'_ LO 0 0 U,(—Ij) 1. - H*Nj -
rl 0 0 0 07
0 wu(ly) 0 0 0
HsNNj 0 U,(—Ij) 0 0 0 HN]
HsN—le 0 0 u (Ij) 0 0 HN—lj
. —10 0 w(—=1I;) 0 0 (5)
H, niiny : : E 0 0 H_ni15
HstNj 0 0 0 U,(Ij) 0 H,Nj
0 : 0 0 u(=I;) 0
LO 0 0 0 1.
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—d technique, which utilize phase shifting of the triangular carrier
waveforms to shape the high-frequency harmonic spectrum
have been proposed. However, all of the variations are equiva-
VN . lent from the point of view of power transfer phenomenon and
/my, Umy, low-frequency characteristics. Therefore, the analysis here is
limited to the case where all the triangular carrier waveforms
are in phase.
- In order to develop an analysis technigue that can be extended
to any number of levels, a few normalizing assumptions are
made. The total dc-bus stack voltage, i.e., the difference between
\Y4 Vi andV_y is assumed to be 2 p.u., with the midpoint assumed

N-b=2 Vmy, Umg Umg . to be the reference voltage. As a result, the input voltage vector
for ann-level converter can be expressed by

1

n—1

il
3
—
.
s

[n—1 n—-3 - —n+3 —n+1]".
11)
The desired three-phase modulating signals with an amplitude
of m are given by
m(t) = m[cos(wt) cos(wt—2F) cos(wt+ F) 1°.
12)
If the output current amplitude is assumed to be 1 p.u., ata power
SN factor angle ofp, the output current vector may be represented

I by
Io(t)=[cos(wt—¢) cos (wt— %’T —d)) Cos (wt—i— %77 —d)) ]T .
(13)

s —

N=t+ Um 1/m_ l/m_

A. Modeling of Multiple-Carrier Modulation

Multiple carrier modulation technique for amlevel con-
verter consists oh — 1 triangular waveforms with identical
peak—peak values as illustrated in Fig. 4. The peak—peak value
of each waveformig/(n—1). Each carrier waveform has a dis-

1 1 1  tinct dc bias level such that the excursion of all the waveforms
together fit the vertical span betweerl and—1 perfectly and
none of their excursions overlap each other. Thus, each wave-
Va Vb Vc form spans the voltage difference between two adjacent levels of
L I I the dc-bus stack. Furthermore, the waveforms divide the vertical
space intow zones gn, zn—1, - . - ZN+1, 2—N), €ach one corre-
sponding to a distinct throw of the single-pole multiple-throw
Fig.3. Transformer-based dc/fundamental component equivalent circuitoft%\é"mh' The .throws O_f the switch ar,e operated SPC,h that When
three-phase multilevel converter. the modulating function of the particular phase is in a partic-
ular zone, the throw corresponding that zone is turned on. For

_— . Lo . instance, at the time denoted by the arrow in Fi tyisin
objective of any modulation function is to determine the dut y gra(?)

Yonez_ n41 and throwt_ 1, will be turned on.
ratio of various throwsin;;(t), or in general the elements of PN+ “Ntla
the modulation matriM(t) so that any desired power transfeB Matrix Description of Multiple-Carrier Modulation
objectives may be fulfilled. The equivalent circuit may be con-

veniently utilized to study and develop appropriate modulation T(;wel dmodt:Laﬂonf telfhnthuti destcrl?et?] ta:)r:)ve rga?/ t.be
strategies for the multilevel converter. modeled mathematically to the extent that the modulation

functions for each throw of the switch can be determined
from the value of the desired output voltage reference
waveform. For this purpose, the intervak-1—1] is di-
Several different modulation techniques for multilevel consided into n — 1 windows. The windows are labeled
verters have been proposed with a primary goal of synthesiziW n/n—1, Wy—_1/nv—2,- - - W_nt1/-n+2: W_n/—N41)s
a desired set of ac voltage waveforms and a secondary gsath that the windowV,,,,, is bounded in the direction away
for shaping the harmonic spectrum of the output voltageom zero byl and toward zero by,,. A membership function
waveforms. Among these, carrier based modulation schenfiesthe modulating signal corresponding to each window can be
have been studied quite extensively from the point of view dfefined as being unity when the signal occupies that window
harmonic characterization [13]. Several variations of the basiad zero otherwise.

[ll. ANALYSIS OF MULTIPLE-CARRIER-BASED MODULATION
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Fig. 4. lllustration of multiple triangular carrier waveforms and modulating waveforms for multilevel converter.

When the modulator is not saturated, the modulating sigrnaladily determined, given the modulation index and the power
[m(t)]; falls within the interval §-1—1] and, hence, will have factor of the output using (8) and (9).
its membership function corresponding to one window unity and The average input current waveforms for a five level converter
every other one zero. An example of the windows, modulatirigr a modulation index of 0.75, at a power factor of 0.8 is illus-
signal and its membership function f&¥, ,, for a five-level trated in Fig. 7. The horizontal axis covers one period of the

converter is illustrated in Fig. 5. output waveforms.
Using this definition of the membership function, the duty Itis clear from the figure that the input currents contain a large
ratio of theith throw of thejth switch is given by amount of low-frequency harmonics and this is one of the major
()], — V; sources of voltage variations of the dc-bus levels, especially at
maj(t) = uw‘  [m(t)], low output frequencies. It is also clear that under the chosen
i V. v, i/ J ; i
i+l — Vi operating conditions, the average current drawn from the outer
Vi — [m(t)] nodes of the dc-bus stack is lower than that from the inner nodes

IW. .
Vier =V, W1 [m(t)]ﬂ' - (4 of the dc-bus stack. Moreover, there is a large amount of third
harmonic current injected into the midpoint of the dc-bus stack.

An example of thg modulaﬂoq funpﬂon of Throw 1 for 8The nonzero nodes also carry a large amount of third-harmonic
four-level converter is illustrated in Fig. 6. In the case of th'éurrent loading

modulation strategy, the three-phase output voltage Waveform%ince the average current from each node can be calculated

_have an amplitude ok, which also becomes the mOdmat'orhsing the proposed approach, the average net power injection
index. at each level can be readily determined. In singly fed systems,
it is quite clear from the above waveforms that the node volt-
ages would gradually collapse, resulting in a two level con-
Using the model for the modulation functions as developeerter. However, in multifed systems where each of the nodes
in the above discussion, the output voltages and input currenfgshe multilevel bus is fed from an active source, this approach
of diode-clamped converter with any number of levels can lman be used to suitably size the power sources for each of the

C. AverageOutput Voltage and Input Current Waveforms
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0s 7N

0
-05
-1
<15
=3.14 -1.57 0 1.57 3.14
6
(b)

Fig. 5. (a) Carrier windows and modulating waveform for a five-level
converter with a modulation index of 0.75. (b) Window membership function
for W, for the waveform.

15

-1

~15,
§3.14 —1.57 0 1.57 3.14

Fig. 8.

0.5

AN

S

-0.5
-1
—3.14 ~1.57 0 1.57 3.14
6
(CY
1
P; Py
0.5
0
=3.14 -1.57 0 1.57 3.14
0
(b)

(a) Average input currents and (b) total input and output power
waveforms using multiple carrier modulation at a modulation index of 0.53
and power factor of 1 for a four-level converter.

under different operating conditions may also be determined,
thereby enabling appropriate choice of capacitor elements for
9 the bus stack.

Average input currents for a four-level converter are illus-

Fig. 6. Example modulation function and modulating waveform for Throw §rated in Fig. 8, along with total input and total output power

for the five-level converter.

waveforms. It is clear that although the individual input current

waveforms are rich in harmonics, the total power drawn from
levels under different operating conditions. In a back-to-batke dc-bus stack remains constant, since the output power of a
system, the source converter and load converter would feed ebalanced three-phase system is constant. This feature provides
other, albeit at different frequencies and provide net power b#the main motivation for the modulation strategy proposed fur-

ance. Furthermore, the harmonic current injection into the nodésr in the following section.
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IV. RECIPROCITY-TRANSPOSITIONBASED MODULATION 1

Under balanced loading conditions, it would be desirable to
draw equal amounts of current from each of the nodes of the
dc-bus stack. This would minimize ripple currents in the capac-
itors. Moreover, if each of the nodes of the dc-bus stack are fed
from a different power converter, it would be highly desirable to L
have the load at the nodes draw constant currents. Furthermore, op=m=mmmmTeTTEes B A "
the currents injected from the top half of the nodes of the dc-bus
stack would be positive and the bottom half of the dc-bus stack L,
would be negative for net power flow from the dc bus to the ac ~ —0.5 T
output. The direction of currents would reverse under ac-to-dc
net power flow conditions.

The load currents drawn from the ac port of the converter
would nominally form a balanced three-phase ac system.
Rewriting (4) using (10) and (13), the dc current injection into
theith node of the converter may be calculated in terms of the, o average input current waveforms using  reciprocity-transpo-

load current and modulation functions as sition-based modulation at an effective modulation index of 0.75 and power
factor of 0.8 for a five-level converter and current-sharing function 1:1.

0.5 B I,

~3.14 —1.57 0 1.57 3.14

I;(t) = miq(t) cos(wt — ¢) + myy(t) cos <wt — 2% — (/))

desired to draw equal amount of currents, all the sharing func-
2r tions would be chosen to be 1/3.
() cos <Wt Tt T d)) - @5y may also be observed from these figures that the variable
S(-) controls the amount of the current injected into or drawn
From (15), it can be concluded thatif;, (t), m (¢) andm;.(t)  out of a given node of the dc bus. Therefore, it may actually be
have a common term and/or if they form a balanced three-phasgd as a control input to regulate the particular node voltage of
set at frequency, then the average value 6f¢) will reduce to the dc-bus stack should a need arise. This feature can be conve-
a constant value. The following choice of modulation functioniently incorporated into a scheme for maintaining dc-bus regu-
realizes exactly that, while also maintaining the desired outgation as is common with other approaches to modulation, while
voltage simultaneously eliminating low-frequency ac components in the
dc-bus currents.
(16) The peak output voltagé’,) that is achievable from the con-
verter is a function of the amplitude of the modulating signals

] ) ) ) and the sharing functions. It can be shown that
Here,S(V;) defined as the “sharing function” of a given node,

determines the share of the current that will be drawn from the Vop =m Z Vi S (Vh). (17)
1th node of the dc-bus stack. Typically, the current drawn from
the midpoint of the dc-bus stack or the null node should be zero,
since that node is not capable of delivering net power under symifius, the modulation index of the system under the proposed
metric ac output conditions. As a result;1;) may be chosen strategy for a givem: is reduced by the factor equal to the sum-
to be zero, in case the converter has odd number of levels. mation termin (17). For instance, the peak output voltage avail-

In a symmetric converter, the number of nodes with positivable (atn = 1) from a four-level converter (with voltage levels
voltages is equal to the number of nodes with negative voltaggs..333 —.333 — 1]) that uses equal current sharing between
For net power flow from the dc ports to ac ports, the sum d@finer and outer node$'(V,) = S(V1) = S(V_1) = S(V_2) =
currents drawn from the positive nodes will be equal to the subrb) becomes 0.667. This is expected, because, the proposed
of currents sunk into the negative nodes, since we desire zerodulation strategy necessarily utilizesthe available voltage
current into the null node in case it is present. Therefore, thevels to synthesize the desired output and, hence, compromises
sum of all the sharing functions for a given converter shoulth modulation efficiency. However, by choosing a different set
equal 2. of sharing functions, for instance, witk(Vz) = S(V_5) =1

The total current drawn from the positive nodes may be spét S(V_;) = S(V_;) = 0), one is able to restore the maximum
from among all the positive nodes. Furthermore, for symmaeteltage attainable from the system to be unity. Thus, through
rical operating conditions, the ratio in which the currents agrudent choice of sharing functions at any desired modulation
split among the positive nodes would have to be identical todex, it is possible to optimize system performance objectives.
the ratio in which they are split among the negative nodes. ForFig. 9 illustrates the input current waveforms for a five-level
instance, it may be desirable to source/sink 50% of the cumnverter, at operating conditions identical those in Fig. 7.
rent from outer most pair of terminals and 25% each from thes may be observed, although the output voltage of the two
inner two pairs of terminals in a six-level converter. In that caseases are identical, the average input currents are now constant
S(Vz) = S(V_3), S(V2) = S(V_3),andS(V;) = S(V_1), and equal. The current injection into the null node is zero. In
would be chosen to be 0.5, 0.25, and 0.25 respectively. If itksg. 10, the input current waveforms are repeated for a 2:1

1+ [m(t)];sign (V)

mi(t) = S(V;) 5

>0
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Fig. 10. Average input current waveforms using waveforms using y
. . ;. L . ) . P) PO
reciprocity-transposition-based modulation at an effective modulation index
of 0.75 and power factor of 0.8 for a five-level converter and current-sharing 0.5 |
function 2:1.
current-sharing ratio between the outer nodes and the inner
nodes, while maintaining current injection into the null node 3.14 1.57 0 1.57 3.14
zero and the output voltage at the same amplitude. 6
It is clear that the sharing functions can be effectively used (b)

to steer current into or away from every node without compreig. 11. (a) Average input currents and (b) total input and output power
mising the quality of the desired average output voltage wawaveforms using reciprocity-transposition modulation at a modulation index
forms. However, depending on the sharing functions used, fH&-53 and power factor of 1 for a four-level converter.

amplitude ) of the modulating signalsn(t), will have to be

modified in comparison with the conventional strategy to ac- V. SIMULATION RESULTS

count for the application of additional voltage levels in order to A detailed circuit model of the diode-clamped four-level con-

synthesize the same output voltage level. verter was simulated using commercial power conversion circuit

_In singly fed systems, under steady-state operating congdfz,jation software (PSIM) [26]. The model was used to im-
tions, the sharing functions for the inner nodes would be zegg,ment the modulation algorithm presented here as well as the
and the outermost nodes would be unity. However, the sharig,, entional modulation algorithm using multiple carrier wave-

functions may be used actively to maintain the intermedi rms. The switching frequency was chosen to be 1 kHz in order

voltage levels at their appropriate quiescent conditions. Othgg-peer jllustrate the switching features of the waveforms in
wise, the voltage stress across the power semiconductor thrq?ygl

ces.

would exceed their design limits, which would compromise the
motst desirable feature of the diode clamped multilevel COR- ~qventional Multiple-Carrier Modulator
verter. _ i

In multifed systems, the voltage levels at the intermediate F19- 12 shows the traces of phase voltage] using a mul-
nodes of the dc bus would be fed from independent dc povxfé?'e carrier modulator for a modulation index of 53% at unity
sources or from a similar multilevel converter. In such thBOWer factor. In Fig. 12(d) and (e), the Fourier spectra of the
case, with the proposed modulation approach, the designdeb“S node currents computed using discrete Fourier transform
the replenishing sources becomes simple because of controfféf T) @reé shown. In addition to the switching frequency har-
loading at each of the nodes. Furthermore, the capacitors 88NIcS that occur_at the sidebands of multiples of the SW|tf:h|r!g
not carry any low frequency current injection and, hence, codgduency, & dominant amount of low-frequency harmonics is
be of a smaller value. This is particularly significant for motofe@dily apparent from the Fourier spectrum. Furthermore, the
drive applications, where the output frequencies may be lo\@rger dc current drawn from the inner nodes is also evident from
and large capacitors will be needed to limit the voltage rippl8€ SPectrum.
in the case of conventional modulation techniques. ) ) i

Fig. 11 shows the input currents drawn from the variold: Reciprocity-Transposition-Based Modulator
nodes for a four-level converter. The instantaneous total inputFig. 13 shows similar traces of phase voltaged) using a
and output power waveforms are also plotted. They may beciprocity-transposition modulator for a modulation index of
compared with the results from Fig. 8 using a convention&B% at unity power factor. In Fig. 13(d) and (e), the Fourier
modulator. These results illustrate the efficacy of the proposspectra of the dc-bus currents are shown. The absence of low-
modulation algorithm in suitably controlling the dc-bus powefrequency harmonics and equal value of dc components of the
flow in both even- and odd-level converters. dc-bus currents are readily apparent from the Fourier spectra.
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Fig. 12. (a)-(c) Simulation waveforms using multiple carrier modulation. (d) Three-phase output voltages, Fourier spectrum of inner nodesirtp)cur
Fourier spectrum of outer node input current. Modulation index of 0. 53 and power factor of 1.

The dominant harmonics occur at the sidebands of multiplesmmon-mode voltage variations in the output voltage. These
of the switching frequency. The simulation results thus confiriesues will have to be carefully weighed against the advantages
the modeling approach and the analytical results that have bedfiered by the proposed approach in a given application.
presented.

The output voltage waveforms shown in Figs. 12(a)—(c) and
13(a)—(c) also indicate certain disadvantages of the proposed
approach: 1) there are a higher number of switching events; 2)This paper has presented the application of reciprocity trans-
there are large phase voltage variations; and 3) there are Igogsition as a systematic technique for studying the effect of

VI. CONCLUSIONS



1046 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 49, NO. 5, OCTOBER 2002

(@) (b)

Fig. 13. (a)—(c) Simulation waveforms using reciprocity-transpsition-based modulation. (d) Fourier spectrum of inner node input currenéer (gpdeitum
of outer node input current. Modulation index 0.53 and power factoe 1.

modulation strategy on the current injection at the dc-bus teredes of the dc-bus stack to maintain power balance. Although
minals of a multilevel converter. Generally, most modulatioreciprocity transposition was presented for a carrier based mod-
strategies for multilevel converters have focused on the outpuiation strategy, it can be extended to evaluate the performance
voltage synthesis exclusively. The concomitant dc current injeaf the system under any desired modulation strategy, once the
tion results in large low-frequency variation in the stack voltmodulation functions are determined.

ages and often need corrective controllers to be incorporatedA modulation strategy was proposed in the paper that elim-
A simple but efficient technique to evaluate steady state cunates low-frequency ripple current injection into the nodes of
rent injection into the nodes of the dc-bus stack was presenthd dc bus stack under balanced operating conditions. The av-
here. The technique can be used for sizing the capacitors andarage currents drawn from each of the nodes of the dc-bus stack
corporate appropriate power sources that feed into the differané constant and may be made equal. The currents are predeter-
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mined by the choice of the modulation function and, hence, capns]
be used for sizing energy replenishing power sources connected
to the dc-bus stack. Moreover, the share of the current drawgs
from each of the nodes can be varied and, hence, can be used as
a control handle to raise or lower any particular node voltage of
the dc-bus stack. The strategy is equally applicable to converteps ]
with an even and an odd number of levels.

Analytical results from the application of the proposed tech{18l
nigue to example converters with four and five levels have been
presented. The results were verified using computer simulatiorjs9]
on a four-level converter.

Reciprocity transposition as an analytical and modeling tooizo]
for study of multilevel converters has not been explored ex-
tensively with switching power converters. This paper has atl?1]
tempted to apply this principle in the field of multilevel con-
verters and better manage input power flow. It is expected the
application of this valuable tool will lead to further develop- [22]
ments and yield even better modulation techniques.
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