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Multilevel Voltage-Source Duty-Cycle Modulation:
Analysis and Implementation

Keith A. Corzine Member, IEEEand James R. Baker

Abstract—Multilevel converters have become increasingly pop- Te
ular in recent years due to high power quality, high-voltage ca- —
pability, low switching losses, and low electromagnetic compati- +
bility concerns. Considering these advantages, the multilevel con- Multi-
verter is a suitable candidate for implementation of future naval level
ship propulsion systems. This paper focuses on modulation tech- Vae converter
nigues for the multilevel converter. In particular, a novel voltage-
source method of multilevel modulation is introduced and com-
pared to existing methods. The proposed method is discrete in na- ) g
ture and can therefore be readily implemented on a digital signal - Motor
processor. The method is also readily extendable to any number of 1 Load
voltage levels. Results of experimental implementation are demon- Sg Sp S,
strated using a four-level rectifier/inverter system, which incorpo- . e
rates diode-clamped multilevel converters and an 11-level cascaded Voltage-source | '@ "5 e
multilevel H-bridge inverter. modulation [

Index Terms—Multilevel converters, pulsewidth modulation,
sine triangle, space vector, voltage source. Fig. 1. General multilevel converter structure.

|. INTRODUCTION [2]-[4]. This method is fairly straightforward and insightful

ULTILEVEL power conversion, introduced in 1981 [1],for de;cbrlptlon Qdf mululﬁvel systetms. M:IE!eveItStVM_ 'Sﬂfgr'
has gained much attention in recent years [2]-[18] arﬁa””e y considering the converter switching stales Iy

is the subject of state-of-the-art power electronic research. ﬁ_}%ltlonarybreferenctehframe [StHS]' IAItho(lngIh tr_noreihmathetaw %t'.'
general concept involves producing ac waveforms from smgfl Y cumboersome than siné-triangie modutation, the metnod 1

voltage steps by utilizing isolated dc sources or a bank of ser gre rteg(i;ll\%l |mplemer:1tﬁd ofn a d'g('jtal S'gn‘;l] pcrjocefsspr (ll:.)S.P)'
capacitors. The small voltage steps yield waveforms with |0 gcen research has focused on methods of simplifying

harmonic distortion as well as lod/dt's. Further advantagesthe nearest voltage vector selection [13], [14]. Other research

include high-voltage capability and low switching losses dLJ%aS demonstrated the equivalence .Of SVM and sme-tr_|angle
to the arrangement of the semiconductor devices. The prim%’?du'at'on [15], [16] and that F:hanglng free_ parameters in the
disadvantage of multilevel converters is that a larger numb M method (such as dwell time or switching sequence) can

of semiconductor devices are required when compared to tP : done as well in sine-triangle modulation by choosing the

ditional power converters. This does not lead to an increase ape of the sine and triangle waveforms.

semiconductor costs since lower voltage rated transistors m th's dpatper, almet%(:d IS pr_eslented wfhlch_t|shl_3aseo: (;n time-
be used. However, it does increase the required gate drive ga_mam uly cycles. The equivaience of switching state pro-

cuitry and lead to a more complex mechanical layout. uction to that of sine_—triangle modulgtion and SVM i§ shown.
Pulsewidth modulation (PWM) of multilevel converters i4—|9\./vever, t_he method introduced herein does not require the d.ef'

typically an extension of two-level methods [19]-[22]. Thdnition of tr'langle wayeforms or voltag.e vectors. The method is

most common types of multilevel voltage-source PWM ar athematically straightforward but discrete in nature for DSP

sine-triangle modulation and space-vector modulation (SVwalementanon.

Multilevel sine-triangle modulation relies on defining a number

of triangle waveforms and switching rules for the intersection Il. MULTILEVEL POWER CONVERSION

of these waveforms with a commanded voltage waveformrig 1 shows a general structure that is typical of most multi-

level conversion systems. Therein, the power conversion is per-
Manuscript received June 29, 2001; revised November 11, 2001. Abstrermed between a single dc source and a motor load. In this
published on the Internet July 15, 2002. This paper was presented at the 2, %’per the term converter will be used to denote a power sec-
IEEE Industry Applications Society Annual Meeting. Chicago IL, September -
30th—October 4th. 2001. lon, which may convert power from a dc source to an ac load or
K. A. Corzine is with the Department of Electrical Engineering, Universityise-versa. Although inverter examples will be primarily shown

of Wisconsin, Milwaukee, W1 53211 USA (e-mail: Keith@Corzine.net). here, it should be pointed out that the modulation method is ap-

J. R. Baker is with the Naval Surface Warfare Center, Philadelphia, PA 1911 . g .
USA. P pﬁcable to both inverter and rectifier applications and may be
Publisher Item Identifier 10.1109/TIE.2002.803203. connected to an electric utility or other type of load. At this

0278-0046/02$17.00 © 2002 IEEE
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stage in the development, the type of converter is not signi v,
cant. A diode-clamped [2]-[9], [11], flying capacitor [10], or 4
other novel topologies [5], [6] may be inserted in the multi 'v ° 'v e
level converter block in Fig. 1. The primary exception to this i = # “ %
the cascaded H-bridge converter, which is supplied from seve ° ° ® ° °
isolated sources. However, it will be shown in the developme Vi3 V829 Vagss  Vaosr Vs
that the modulation method applies to these converters as v
with a slight modification to one equation. . ., 2 e e
. . .. .. 14 92,30 4,25,46 20,41,62 36,57 52
The first step in the converter analysis involves definition ¢ v

the load voltages in terms of the inverter line-to-ground vol__¢ o . . . — "
ages, which may be expressed as [23] Vis  Viesr  Vsz647 Vg,zzé,s Vigszss  Vszss Vs

Vas 2 -1 -1 Vag ° ° e ° ° ®

ws | == -1 2 -1 Vbg | - (1) Vi V627 Vi2243| Vi73859 Y3354 Va9

Yes -2 Yeg . ° * . °
Under proper multilevel converter operation, the line-to-grour V7 Vazz o |Visse o Vs Vso
voltages may be directly controlled to be some fraction of tt ° ° ° °
dc-link voltage. In particular, the line-to-ground voltage fo V3 Vig V35 Vsi
phaser is

S Fig. 2. Voltage vector plot for the four-level converter.

Vpg = mvdg, Sy :0,1,(71—1) (2)

dot with the vector number,. As can be seen, some switching

wheren is the number of voltage levels that the converter i§4teg produce the same voltages inghistationary plane (i.e.

capable of producing ang. is the switching state determined, - anq,,..). Due to these redundant switching states, there are
by the modulator for phase. As can be seen from (2), the

L ! S only 37 unique voltage vectors produced from the 64 switching
switching state defined herein is directly related to the V°|ta%?ates_ In general, the number of voltage vectors for a three-
level. Itis also directly related to the transistor signals for a give{}ase converter c:am be calculated from

converter topology [5],[6], [18]. It should be pointed out that (2

is an idealized equation in that itis assumed that a capacitor bank ny = 3n(n —1)+ 1. @)

with balanced voltages or isolated dc voltage sources are avail- ) ) ]

able. In practice, this may be readily ensured as will be demon-Fig. 1 also depicts thg m_odulatlon section of the converter.
strated in the laboratory examples shown below. It is sometinfd$ €an be seen, the switching states are based on commanded
helpful to express the switching states for all three phases cdMiase voltages;, v;,, andvy,.

pressed into one variable. For this reason, the overall switching
state will be defined as [ll. M ULTILEVEL VOLTAGE-SOURCE MODULATION

9 A. Duty Cycles
SW=n’s, +ns, + s.. 3) . . ) o
The basis of the modulation method introduced herein is to
Using (3), the switching statew is a number in the mathemat-define duty cycles for each phase, which will be based on com-
ical base of the number of converter levels. For example, ifrmanded line-to-ground voltages. However, a supervisory con-
four-level converter is consideregty will be a base four repre- trol (such as an induction motor vector control) will typically
sentation of the switching states of the individual phases. Fooatput commanded phase voltages, which may be expressed
p phase converter, the total number of switching states is
vy =V20] cos (6,) ®)

2
vt =2 cos <ec - %) 9)
For converter analysis purposes, it is often convenient to view
the voltages in the—d stationary reference. Transformation to v* =20 cos <gc + 2_7r> (10)

Ngw = n?. (4)

this reference frame is accomplished through [23] 3
.2 1 1 wherev} is the commanded magnitude afidis the electrical
Ups =3 <Uas — Vs §ch> (5) angle. Since the determinate of the matrix in (1) is zero, there

1 are an infinite number of commanded line-to-ground voltage
Vs == (Ves — Vps) (6) sets that will yield the commanded phase voltages. This is due
V3 to the fact that zero-sequence terms in the commanded line-to-
Plottingv,, andv;, for all possible switching states, results irground voltages cancel in (1). In a three-phase system, the zero-
the voltage vector plot [6], [7]. As an example, consider theequence components of , v;, andv;, are dc offsets and
four-level converter+ = 4). According to (4), there are 64 triplen harmonics of the fundamental frequency. The quantity
unique switching states. Fig. 2 shows the voltage vector plot fand amplitude of triplen harmonics added to the commanded
this converter. Therein, each voltage vector is represented byna-to-ground voltages may be selected in order to maximize
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converter output voltage [22], reduce switching losses [21], or Duty cycles will now be defined by normalizing the com-
improve harmonic distortion [21]. Herein, a third harmonic wilmanded line-to-ground voltages to the dc voltage. This results
be added in order to maximize the output voltage resulting in duty cycles of

commanded line-to-ground voltages of

dg :% [1 + mcos(f.) — % cos (39(:)} (21)
* Vdc m
vy, =—— |1+ mcos(6.) — — cos (36, (12)
9772 [ (6c) = 5 cos( )} dy == |14 meos (. — 27} = P os 36| (22)
Ude 27 m 2 3 6
Vg = [1 ~+ m cos <9c — ?> % cos (396)} (12) 1 o m
; d, =5 [1 -+ mcos <9c + ?> — g o8 (396)} . (23)
U;:kg :% |:]_ =+ m cos <9c + _7r> — T COs (39c):| (13)
2 3 6 From the duty cycles, the switching state and switching times to

wherem is a modulation index. The PWM will achieve thesebe directly determined as described in the following section.

commanded voltages (if the switching frequency component
neglected). The resulting phase voltages may be determine

substituting (11)—(13) into (1) which results in Performing PWM switching from duty cycles in a multilevel
converter is based on determining the nearest voltage levels (or

?yTimer Scheduling

L MU P 14 the three nearest vectors in SVM) and the percentage of time
Uas =—5— cos(fe) (14)  spent at each level. This information may be determined by
. MUge 0 27 15 modifying the range on the duty cycles. Specifically, for phase

Vos = ¢ cT 3 (15)  ; the modified duty cycle is

By :m;}“c cos <9C + %”) . (16) dom = (n — 1)d,. (24)

The nearest voltage level is then directly found by integerizing

In (14)—(16), the symbdlrepresents fast-average which N€1 e modified duty cycle as

glects the switching components of the PWM. By comparing

(14)—(16) with the commanded voltages (8)—(10), it can be seen le = INT (dy) (25)
that the commanded voltage are achieved if the modulation
index is set to where the INT function returns the nearest integer that is less
. than or equal to its argument. The time spent in this level can be
= 2\/50;' (17) determined from
Vde
ty = (dacrn - la;) Tsw (26)

At this point, it would be important to point out the differ-
ence between modulation methods for cascaded H-bridge typigerel’,,, is the switching period of the DSP. The remainder of
of converters [12], [18]. In H-bridge based converters, the rang&e switching period is spent in the voltage lekgh- 1. As an
of output voltage is twice that of converters where one dc voltaggample of how the switching may be accomplished, consider
supplies all three phases (as in Fig. 1). In this case, the modulse switching state scheduling over one DSP period
tion index must be related to the commanded voltage magnitude

I.+1, 0<t<t,
> 3”":{1 t <t < Ty 27)
my = @ (18) Fig. 3(a) illustrates an example of the switching. Therein,
Yde the modified duty cycle for phase is shown along with the

The modulation process described herein may be app“edswitching rules according to (27). The vertical lines represent

H-bridge converters by substituting;; for m in the equations the start of a DSP clock cycle. At that time, the duty cycle is
that follow. computed as indicated by the dots. The switching level and time

Since the third-harmonic term has been added to the coff€ calculated according to (25) and (26) and the switching state

manded line-to-ground voltages, the modulation index hadSscheduled according to (27). Note that the discrete computing
range of [22] of d,., will result in a nonideal zero-order-hold effect. This

effect is typically negligible if the DSP switching period is
2 small compared to the change in the duty cycle. It should be
%' (19) pointed out that, in practice, there will be a one-sample-delay
effect since the DSP will require time to process the duty cycle.
It is sometimes helpful to express the modulation index asThis means that a duty cycle computed during one switching
percentage of the maximum available voltage by defining  period is not available to be scheduled until the start of the next
clock cycle. This effect is also negligible if the DSP switching
V3 period is small. The switching shown in Fig. 3(a) is sometimes
5 (20) referred to as left-justified PWM since the pulses are aligned

0<m<

m =
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(b)

© (d)

Fig. 3. Multilevel duty-cycle modulation technique. (a) Left-justified timer scheduling. (b) Right-justified timer scheduling. (c) Cerifiedjtister scheduling.
(d) Alternate-justified timer scheduling.

with the left side of the DSP cycle. Right-justified PWM can
also be scheduled by

o la}v 0 S t < (Tsw - tac) S
e = {lac + 17 (Tsw - ta}) S t S Tsw ) (28)

Fig. 3(b) shows an example of right-justified PWM. For a more
symmetrical waveform, center-justified PWM can be used.
Using this method, the scheduling of the switching state is set

according to
Tow — 1

lx7 0 < t SW Z
1< <72 ) 8,
Tsw - ta} Tsw tw

sa=d 41, (=t} cpo (Tt} (29
2 2 o -

TSVV tac

lacv <T+> S t S Tsw- (b)

Fig. 4. Multilevel sine-triangle modulation. (a) Duty-cycle and triangle
Fig. 3(c) demonstrates center-justified PWM. As can be segffveforms. (b) Resulting switching state.

the DSP period has been set to twice that of the previous exam-

ples in order to keep the switching frequency constant. An evbald is placed upon the modified duty cycle. Center-justified
more symmetrical switching waveform can be achieved throughodulation may be achieved if the zero-order hold is extended
alternate justification. This may be described by alternating bier two switching cycles in Fig. 4. Left or right justification may
tween left and right justification. Fig. 3(d) shows an example dife achieved if the triangle waveform is replaced with a sawtooth
alternating justification. or reverse-sawtooth waveform, respectively.

C. Triangle Waveforms D. Voltage Vectors

The equivalence of the proposed method to sine-triangleThe voltage vectors of the proposed method will now be
modulating may be readily seen. Fig. 4 shows an exammgamined based on the previous definition of the overall
of the multilevel sine-triangle method [2]-[4]. Therein, threswitching state. Fig. 5 shows an example of the b-, and
triangle waveforms are definea@ (— 1 triangle waveforms in c-phase switching states over one DSP switching period using
general) and the switching state rules are the proposed method. For this example, the switching states

start out ass, = 3, s, = 2, ands. = 1. From (3), the overall
0, da;m <itr . . . . .
switching state isw = 57. On the vector plot of Fig. 2, this
’ try < drnrn, S tro . . . 4

b < do < by (30) switching state is represented by;. Based on the times for

5 t7’2 edn ™ 3 each phaset{, t,, andt,), it can be seen that thephase will
rs wme have a transition first followed by tHephase, then the phase.

As can be seen from Fig. 4, the resulting switching state is thibese three transitions uniquely define four windows in the

same as it would be with alternate justification if a zero-ord€SP switching period indicated by I, Il, lll, and IV in Fig. 5.

Sy =
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o1 0 m omoi IV DSP . mp
: : : ' : Equations | %2 v % | A/Dand | So S» S
s, 3 b3 b3 2 (21-27) | RSS table ’
5, 2 | 2 11 Phase curtents (i, iy, i) j
S—' ! E E Capacitor voltages (v, V.5 . . .)
Se 1 0 ! 0 ! 0 :
, . . ' , Fig. 6. Implementation of RSS using a PLD.
Vow V57 | Vse LoV 1 v .
' ' ! ! ' Equations
0 % % A T, (21-26)
Fig. 5. Duty-cycle modulation voltage vectors. Iy Iy I
Lt b,
Each window has a correspondingly unique switching state Window
and voltage vector. In particular, for this example, the voltage calculations
vector sequence ig7; — vzs — vz2 — wvsg. From the vector SN S Sh S Shw S
. . . . . al’ [+ el all * *c]
plot of Fig. 2, it can be seen that this results in a clockwise o or o ox o
. . Sarp S Semr Sarye Surve Sy
selection of the three-nearest voltage vectoss &éndwvsg being o
of redundant states). It should be noted that the nearest vectors ‘as s> Les . Af:ialoé‘%sreagl
and switching times are readily determined using the proposed Ve Ve - - - and RSS table

method. The same result can be accomplished with SVM Sap Sep S S Sew Sen
[5]-8], but with awkward geometrical relationships. A reversal
of the sequence in the voltage vectors can be accomplished by
switching to right justification in the proposed method.

Samw Senp Sam Sare Sery Sav

v

Timer
scheduling

IV. REDUNDANT STATE SELECTION
Fig. 7. Implementation of RSS using a DSP.

In multilevel power conversion, it is often necessary to uti-

lize the redundant switching states for balancing of the voltaggg pLD so that they align with the DSP switching period. This
on input capacitor banks [11]. The idea is that if the capacitgfeyents changes in switching state during the DSP cycle due
voltages are nearly balanced, then the load voltage will be changes in the analog inputs.

same regardless of which redundant state is selected. For exrhe RSS table may also be incorporated in the DSP. This is
ample, windows | and IV in Fig. 5 utilize switching states thae|pful for algorithms such as dead-time compensation where
produce the same voltage vector. In general, a redundant sigig helpful to determine the final switching state within the
may be found for a given switching state by incrementing @frocessor. Fig. 7 shows a flowchart of the steps necessary to
decrementing the states for all three phases since this resulty#lyde the RSS table in the DSP. As can be seen, the desired
changing the zero-sequence line-to-ground voltage, which dagtching states are computed for all four windows based on
not affect the load voltages. Although the load voltages are t |evel transitions of all three phases. Then, four RSS table
same regardless of the redundant switching state used, thgggkups are performed in order to determine the redundant states
sulting currents in the capacitors for a given topology are widefyr each window. The switching states along with the switching

different. Therefore, the appropriate redundant switching stajges may be scheduled by loading this information into a PLD.
that results in improving the balance of the capacitor voltages

may be selected when a choice arises. V. LABORATORY RESULTS

As a matter of practical implementation, redundant states .
may be calculated offline and programmed into a programmatite FoUr-Level Rectifier/Inverter System
logic device (PLD) table [11]. Fig. 6 shows a block diagram Fig. 8 shows a four-level back-to-back power conversion
of how this may be accomplished. Therein, the modulati@ystem which was used to validate the proposed modulation
is programmed in the DSP which output switching states, awethod. This system was constructed to mimic future naval
described above, which are labelgf] s;, ands? to indicate ship propulsion systems, which include a synchronous gener-
desired switching states. These switching states along with #ter, rectifier, and motor drive for propulsion. The details of the
phase currents and the capacitor voltages are input to the PEdur-level rectifier and inverter will not be presented herein.
An analog-to-digital conversion is performed on the phagehe interested reader is referred to [17]. The four-level rectifier
currents and capacitor voltages in order to determine the curreativerts a 450 V 60 Hz source to a dc voltage, which is regu-
direction and the voltage imbalance [11]. This informatiotated tov);, = 660 V. The regulating control is a proportional
along with the desired switching state forms the address of thkeis integral (PI) control used to determine a commanded
redundant state selection (RSS) table. The table output is twerent magnitude based on the dc voltage error. Using the
switching states, which include capacitor voltage balancimgeasured line voltages,, andwv,., the commanded rectifier
information. It may be desirable to latch the analog inputs turrents:},. ands<;,. can be aligned with the source voltages so
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d,
d2 J':‘ir:.?
Four- Four-
| level Ly, level
rectifier d inverter
-
N
- vcl
d, T - Motor
] — 2 ‘ load
Sar SprSer SaSpSe
i, Iy, | Redundant V.1V Ve; | Redundant | i 7,
state < » state
selector selector
Vab y 7'y
e S5 S5 o 53955
v »| Four-level mn
de DC voltage| ., .. current- Four-level j¢——
control arler regulated duty-cycle J
g modulation &
control
T
Fig. 8. Four-level rectifier/inverter system and associated control.
that unity power factor operation is ensured. These commanded 500
currents are regulated by a hysteresis current control, the \ h h h
details of which are given in [9]. The resulting switching v (V) 0
states are input to a four-level RSS table for capacitor voltage 'ﬂ
balancing. The reader is referred to [11] for the details of the v v V
RSS table. The inverter is controlled by a DSP using duty-cycle -500-
modulation as described herein with = 0.9 and a constant 601
frequency off* = 100 Hz. The modulation electrical angle is
then related to the commanded frequencyby= 27 f*¢. The \ /\ /\ A
DSP switching period for this study wag,, = 200 us and iy (A) ¢
alternate-justification method was utilized. The redundant state \/ v \/
selection for the inverter was identical to that of the rectifier.
The motor load is an 18-kW induction motor, which is loaded -60-
by a synchronous generator. 5001
Fig. 9 shows the four-level system performance. Therein, the
motor phase voltage,;, motor phase currenf,, source voltage \ /\ /
v, and source currenf, are shown. As can be seen, the motor v,(V) 0
voltage exhibits the typical four-level waveshape [5]. The phase \/ \/
current has exceptionally low harmonics due to the machine in- 500
ductance. Unity power factor operation can be seen from the
source voltage and current. Fig. 10 shows the capacitor voltages 60
and the motor phase current during transient operation. In this "Vw\\ m 5ms. /ﬂ
study, the motor load is stepped from zero to rated. As can be i) o i
seen, the rectifier control regulates the total dc voltage and the  “
RSS switching ensures capacitor voltage balance. \M/ W

B. 11-Level Cascaded Multilevel H-Bridge Inverter

-60-

As a demonstration of extension of the proposed modulatibl§- & Four-level system laboratory measurements.

to other types of inverters, the method was also validated on an

11-level cascaded multilevel H-bridge inverter. Fig. 11 shovesthree-level cell. Three phases were then wye connected and
the specific topology for the phase. As can be seen, the inused to drive a 3.7-kW induction motor. The details of this in-
verter is constructed of a five-level H-bridge cell in series witkierter and capacitor balancing RSS table will not be included
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2501

v; (V) 1251

0
250

v, (V) 1251

2507

v (V) 1254

601

ix(A) o

-60-

Fig. 10. Four-level system transient performance.

Fig. 11. 11-level cascaded inverter ghase).

herein, but may be found in [18]. For this example, the modu-
lation index and commanded frequency were setite= 0.9

400 L\
ve(V) g "‘.-/ J'ﬁ".‘\.‘-,{'f
-400 4

20 q

5 ms

VNI

-20 -
200 -

veia (V) 100

0
200 7

Vera (V) 100

0

Fig. 12. 11-level inverter laboratory measurements.

Fig. 13. 11-level utilized voltage vectors.

the inverter line-to-line neutral,,, phase current,,, and ca-
pacitor voltages.;, andwv.o,. The ac waveforms exhibit high
power quality resulting form the high number of voltage levels.

It can be seen that the capacitor voltages are effectively bal-
anced through the RSS table. Fig. 13 shows the utilized voltage
vectors for this study which were obtained by transforming the
phase voltages to the synchronous reference frame [23]. As can
be seen, the utilized vectors consist of the nearest available vec-
tors which would be selected using SVM.

VI. CONCLUSION

and f* = 60 Hz. The DSP switching period for this study was A new multilevel modulation method was introduced. It was
Tsw = 100 us and left justification was utilized. Fig. 12 showsshown that the nearest voltage vector selection as well as the
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PWM switching times can be directly determined from per-[13] N. Celanovic and D. Boroyevich, “A fast space-vector modulation algo-
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[15] F. Wang, “Sine-triangle vs. space vector modulation for three-level

triangle modulation and multilevel SVM. Inclusion of redun-

dant state selection for capacitor voltage balancing is described.
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