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Abstract—In this paper, the overmodulation region voltage- the range of linearity by a considerable amount. As a result,
gain characteristics and waveform quality of carrier-based the voltage linearity of a drive, for example, in the sinusoidal

pulsewidth-modulated (PWM) methods are investigated. PWM (SPWM) case, can be lost at as low a value as 70%
Through detailed analytical study, voltage-gain characteristics ’

are extracted independent of carrier frequency. The influence Of the six-step voltage. Fig. 2 illustrates the typical linear and
of blanking time and minimum pulsewidth (MPW) control —nonlinear range modulation waveforms of the SPWM method
on the inverter gain characteristics are studied and shown and switching device gate logic signals. The portion of the
to be significant. A comparative evaluation of the modulator maodulation wave having a larger magnitude than the triangular

characteristics reveals the advantageous high-modulation- . ;
range characteristics of discontinuous PWM methods and, wave peak value remains unmodulated, and the gate signals

in particular, the superior overmodulation performance of a feémain on or off for a full carrigr Cy(?Ie leading to a nonlinear
discontinuous PWM method. The modulation methods under reference output-voltage relationship.

consideration are tested on a PWM voltage-source inverter (VSI)-  Operating in the nonlinear modulation range, or in more
fed induction motor drive in the laboratory, and the theoretical common terms, the overmodulation range is problematic:

results are verified by experiments. Also, a gain linearization 0 ts of sub ier f h . i
technique is presented and experimentally verified. The results ) large amounts of subcarrier frequency harmonic currents

of this study are useful in design, performance prediction, and are generated; 2) the fundamental component voltage gain
development of high-performance overmodulation strategies significantly decreases; and 3) the switching device gate pulses

for PWM-VSI drives. are abruptly dropped. In constahy f-controlled PWM-VSI
Index Terms—Current harmonics, inverter, overmodulation, induction motor drives, operation in this range results in
voltage gain. poor performance, and frequent overcurrent fault conditions
occur. In current-controlled drives, in addition to the in-
|. INTRODUCTION herent modulator subcarrier frequency harmonic-distortion-

ULSEWIDTH-modulated (PWM) voltage-source inverdependent waveform degradation, current-regulator-dependent

ers (VSI's) are widely utilized in ac motor drive ap_pen‘ormance reduction results. The current regulators are heav-
plications and at a smaller quantity in controlled rectifigfy Purdened by the feedback current subcarrier frequency
applications as a means of @& ac power conversion devices.harmonics and regulator saturation and oscillatory operations
Many PWM-VSI drives employ carrier-based PWM method€sult in additional performance degradation. On the other
due to their fixed switching frequency, low ripple current, angand, full inverter voltage utilization is important from cost
well-defined harmonic spectrum characteristics. Utilizing tHé'd power density improvement perspectives. Also, a drive
conventional VSI structure shown in Fig. 1, which has eightith high-performance overmodulation range operating capa-
discrete voltage-output states, carrier-based PWM methdtidly is less sensitive to inverter dc-bus voltage sag, which
program a “per carrier cycle average output voltage” equgften occurs in diode-rectifier fr_o_nt—end—type dpves due to ac-
to the reference voltage. Employing the triangle-intersectidfi® voltage sag or fault conditions, hence, increased drive
technique [1] or direct digital pulse programming techmqu@hab{llty. Recently, overmodulation issues have gttracted the
[2], carrier-based PWM methods provide a linear relationshitention of many researchers, and overmodulation strategies
between the reference and output voltages within a limitd@r the two popular methods—SPWM [3], [4] and space-vector
range. PWM (SVPWM) [5], [6]—have been developed. However,

The linear voltage range of a PWM-VSI drive is mainlythe overmodulation characteristics of many other carrier-based
determined by the modulator characteristics. Inverter blankiffyVM methods have not been explored, nor has a comparative
time and minimum-pulsewidth constraints can further reduséudy been reported. _
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Fig. 1. Main power converter structure of the widely utilized diode-rectifier front-end-type PWM-VSI drive.

wave yields the gate signals. In addition to SPWM [1],
several high-performance zero-sequence signal injection meth-
ods such as the third-harmonic injection PWM (THIPWM)
[10], Depenbrock’s discontinuous PWM (DPWM1) method
[11], [12], and the zero-sequence signal injection method
equivalent of the conventional SVPWM method [13], [14]
also employ the triangle-intersection technique. The triangle-
intersection technique has been traditionally implemented by
analog hardware. Recently, various microprocesseiy and
digital signal processor (DSP) chips with built-in fully digital
triangle-intersection-based PWM capability have been devel-
oped and found a wide range of applications in fully digital
PWM-VSI drives. In this study, triangle-intersection-based
techniques will be considered. Although the overmodulation
Sa+ (}\T[—IF'H_]WI_HT 0 | N 1 B w;t switching patterns of the direct digital implemented PWM
! methods may be quite similar to triangle-intersection imple-

@

(b) mentations of PWM methods, the overmodulation strategies
H of the direct digital method [5], [6] are quite different and
.. 1 ] w,t more complex.
o oy -l LI .l - With simplicity and the degree of improvement over the

Fig. 2. SPWM modulation waveforms and switching device gate IogieXIStIng methods as the main criteria, of the many meth-
sigﬁalé. (a) Linear modulation range. (b) Overmodulation range. 8dS developed, only a small number of modulation methods
have gained wide acceptance [9]. Due to its simplicity, the
SPWM method has found a wide range of applications.
Il REVIEW OF CARRIER-BASED PWM METHODS The conventional SVPWM, its triangle-intersection imple-
There are two widely utilized carrier-based PWM implementation, and THIPWM methods are preferred in high-
mentation techniques: the direct digital gate pulse programerformance drives due to the wider linear range and re-
ming technique and the triangle-intersection technique. In tbgced carrier frequency harmonic distortion characteristics
direct method, the gate signal on-state tintgst;, and¢: they provide compared to the SPWM method. Two modulators
are calculated from the space-vector voltage equation awdh discontinuous modulation waves, classified as discon-
directly programmed. The space-vector PWM methods, whithuous PWM (DPWM), Depenbrock's DPWM1 [11], and
vary depending on the partitioning of two inverter zero state@gasawara’s DPWM2 [7] methods, have gained recognition
generally employ the direct method [2], [7]. due to their low harmonic distortion at high-voltage utiliza-
In the triangle-intersection technique [1], three referend®n and the controllability of the switching losses [8]. The
modulation waves;, v;, andv’ are compared with triangular first implementation of DPWM2 employed the direct digital
carrier waves to generate the switch gate signals. In isolaistplementation technique, while the triangle-intersection im-
neutral-type loads, the freedom to add a zero-sequence sigrlementation and therefore the modulation wave appeared in
to the modulation waves leads to a large variety of modulatidhe following years [15]. Fig. 4 shows the modulation waves
waves, hence modulation methods [8], [9]. As shown in Fig. 8f the discussed modulators at 72% of the six-step voltage.
in the zero-sequence signal injection method, the refereroethe figure, unity triangular carrier wave gain is assumed,
modulation waves*, v, and v} are utilized to compute a and the modulation signals are normalizedYge. Therefore,
zero-sequence signdt. Adding V; to the original reference i‘T‘ saturation limits correspond ted-1. The overmodula-
signals, the modified reference signalg*, v;*, and vX* tion voltage-gain characteristics of these modulators will be
are obtained, and comparing these signals with the carrievestigated in detail in this paper.
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Fig. 3. Triangle-intersection technique-based generalized zero-sequence injection PWM diagram.
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The voltage linearity, harmonic distortion, and overmoduwgalculation yieldsM; ,;,.xpwa) = QL\/E ~ 0.907. The theoret-
lation range performance characteristics of a modulator dcal linearity limit of all the discussed zero-sequence injection
mainly dependent on the voltage-utilization level, i.e., modPWM methods is equal to this inverter theoretical limit.
ulation index. At this stage, a modulation index definition Within the lower portion of the linear modulation range,
is required. For a given dc-bus voltadé., the ratio of SPWM, SVPWM, and THIPWM demonstrate better per-
the fundamental component magnitude of the line to neutfakmance characteristics than the two discontinuous PWM
inverter output voltagels,, to the fundamental componentmethods, while in the high-modulation region, the opposite
magnitude of the six-step mode voltaééj‘—c is termed the is true [8]. In addition, with the discontinuous PWM methods,

modulation indexa4; [9] the modulator characteristics have significant influence on the
Vim inverter switching losses: under the same inverter average

M= 59, (1)  switching frequency criteria, DPWM1 has reduced losses for

D unity power factor loads [15], and DPWM2 has reduced losses

Using this definition, full voltage utilization (six-step operatindor 30° lagging loads [7], [15] compared to SPWM and
mode) occurs atV/; = 1. Normalizing the triangular wave SVPWM. Therefore, the linear modulation range performance
peak-to-peak signal magnitude k., it follows that SPWM’s of a PWM-VSI drive can be enhanced by selecting SPWM,
linear modulation range ends &t,, = ‘2‘ a modulation THIPWM, or SVPWM in the low-modulation range, and
index of M; naxspwny = § = 0.785. The voltage linearity DPWM1 or DPWM2 in the high-linear-modulation range.
of a modulator can be significantly increased by injecting ldowever, at this point it is not clear which modulator has
zero-sequence signal. The theoretical limit of SVPWM can lietter performance in the overmodulation range. Also, the
easily calculated by evaluating the modulation signal at the 6fluence of inverter nonidealities such as blanking time and

point, where the zero-sequence signal becomes zero and thisimum pulsewidth (MPW) control on the linearity limit
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of a modulator is not quantified. From the perspective of

e . A \ N
optimizing the overall performance, the overmodulation rangg v / \
performance characteristics of these modulation methods m AN % ,
be evaluated. This paper is dedicated to a detailed study of the v va"
overmodulation region. P a |

lll. OVERMODULATION RANGE o, @ T (D:t o, n m:[

VOLTAGE-GAIN CHARACTERISTICS

In the triangle-intersection technique, when the modulation @ . _ . @ .
wave magnitude becomes Iarger than the peak of the triangtﬁ@r 5. SVP_WM tn_angle-mtersgctlon methoq modulation waveforms in the
. . . overmodulation region. (a) Region I. (b) Region II.
wave, switching during that carrier cycle ceases and the
corresponding switch remains locked to the inverter pole
within the carrier cycle. In the beginning of the overmodulatiognalysis, and the result can be expressed in terms of the
region, depending on the modulator type, one or two of tigodulation index relations in the following [4], [16]:
three modulation waves are simultaneously saturated. As the 5
modulat!on index increases, the satu_rated segments of eac}% _ <2>M*arcsin<i> + <1> 1— <L> )
modulation wave and the number of simultaneously saturated T) " 4M; 2 4M;
phases increase according to the waveform characteristic of (3)
each modulator until the six-step mode is reached. _ o
When saturation occurs, the reference per carrier cycleSince the output-voltage fundamental component is different
average voltage cannot be matched by the inverter, andr@m the reference voltage, the output modulation indéx
voltage-gain reduction results. This nonlinear voltage-gall2S @ different value from the reference modulation index
relation can be analytically modeled by Fourier analysis & - Utilizing the definition of (2), the fundamental compo-
the saturated modulation wave independently of the carrf@@nt voltage relation can be expressed by the following gain
frequency. The voltage gain calculated with this method fanction:
highly accurate. Detailed computer simulations indicated for - 1 0\ 2
% > 20, the relative gain error is less than 0.5% and the err@r = <;>arcsin<m> + <W> 1-— <W> N )]
significantly decreases with increasidg. Since the widely ‘ ‘ ‘
utilizgd PWM-VSI dri_ves employing iensulgted gate bipoIaB' Space-Vector PWM
transistor (IGBT) devices typically have hlgfr values, the ) _ )
model successfully represents most inverter drives. Utilizing G&nerating the modulation wave of conventional SVPWM
the modulation index definition, general formulas can p@&thod is quite simple. Of the three sinusoidal modulation
derived independent of the inverter voltage. Except for tfféaves, the one with the smallest magnitude is multiplied by
SPWM method, the voltage-gain formulas of the carrier-bas@dCoefficient of; to generate the zero-sequence signal [14].
PWM methods have not been reported, nor has a detailed g2ffling this signal to all the reference waves results in a mod-
characteristic study been conducted [4], [16]. In the following/lation wave which is very similar to THIPWM modulation
the gain formulas of the discussed modulators are derived, a¥gve- The overmodulation range characteristics of the triangle-
a comparative evaluation follows. intersection |mplementat|gn of the SVPWM, therefore, can
The fundamental component voltage gain of a modulator 3§ closed-form modeled in the same manner as SPWM. As
the ratio of the output-voltage fundamental component peliistrated in Fig. 5, the overmodulation region consists of
value V;,, to the reference modulation wave fundamentiyvo su_breg_lons. Region | has_two intersections between the
component peak valug* . Utilizing the modulation index and saturation line and the modulation waveform per quarter wave

reference modulation index definitions, it can also be express¥@ile Region Il has only one intersection. Employing Fourier
in terms of the modulation indexes as analysis, the fundamental component modulation index and

voltage-gain relations of overmodulation Region | are found

Vi M,
G= -2 =2", 2) as follows:
N )
The gain formulas developed below have the following ap- 1. . 3. . ] i
plications: M = =5 M7+ M EHcsm<2\/§Mi*>
1) fundamental component VSI overmodulation modeling; 5
2) linearizing the inverter gain block in the controller; n @ 1_ < ™ ) (5)
3) they provide simple tools for gain analysis and compar- 2 24/3M
isons of modulators. 1 3 T
G=—— + —arcsin<4>
. : 2 2vV3M;
A. Sinusoidal PWM —
The fundamental component of the saturated sinusoidal + i3*\/1 - <L*> . (6)
modulation wave can be calculated by employing Fourier 2M; 2V/3M;
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Fig. 7. DPWM1 method overmodulation waveforms.
Region Il begins atM} = 7 =~ 1.047 (M; =~ 0.957),

and the modulation index and gain relations in this region are L
calculated as follows: packages. Once the modulation index values are calculated,

the gain can be easily computed from (2).
3 _ - 1 r \?2 The third-harmonic injection PWM method with a slightly
M, = ;Mi*arCSIIl(W) + 3 1- <W> (7)  better linear modulation region waveform quality than the
¢ : above methody = %Vi,, sin(3w.t) [17]) loses linearity
7 ) N 1o < 7r )2. 8 &M = ?jﬁw ~ 0.885, and its overmodulation gain
6M; 2M; 6M; characteristic can be evaluated following the same algebraic
steps described in this section. The gain characteristic of
C. Third-Harmonic Injection PWM this modulator is very similar to the conventional THIPWM

The zero-sequence signal of THIPWM can be algebraicaffethod, and further details can be found in [18].
defined asvg = %Vlm sin(3w.t) [10]. The overmodulation
voltage-gain relations of this method are quite similar to th®. Depenbrock’s Discontinuous PWM Method (DPWM1)

S\;PWI\;I metho?:. 6 in Reaion 1. th dulat In this fairly old method [11], [12], the zero-sequence signal
S Shown 1n g. (@), in €glon 1, the modulator Waveg .o ration steps are simple. Of the three reference sinusoidal
form intersects with the saturation line twice per quarte%odulation waves, the one with the largest magnitude deter-
fundamental cycle. The intersection angles are calculated fr%es the zero se’quence The difference between the dc-bus
the following transcendental equation: rail with the same polarity as this modulation wave and
a0 ) the modulation wave is equal to the zero-sequence signal.
AMy” Assume that? is the signal with the largest magnitude. Then,
. . _ . o = (sign(v}))*4= — . Adding such a zero sequence to
The a_b_o_ve equat!on can *:"e easily solved by iterative meﬁhé reference signals, discontinuous modulation waves with
ods. Utilizing the intersection angle values, the referen?\%o 60° saturated segments result. As shown in Fig. 7, once
output—voltage.relatlonsh|p can t_’e comput.ed by the fOIIOW'ﬂH the overmodulation range, the saturated segments increase
formula established by the Fourier analysis of the modulatl%réyond the 60 value of the linear modulation range, and the

wave. modulation wave is upward shifted by an amount dependent on
the modulation index value. Fourier analysis of the saturated
wave yields the following:

3
G= —arcsin<
T

. 1.
sin oy 2 + G sin3avy 2 =

2 <
M, =-— M} il + oy —an + i(Sin2a2 — sin 20y )
T 2 12

1, . . V3 o1 T\ 1
+ —(sindas — sin 4 M, =-1 X \MF AN, D
7L 2 1)) + < - 2) *+ <4\/§> i
+ cos ap — €os aa. (20) .
_ _ ) ) + <—>M;'arcsin<7>
The above formula is valid until the reference modulation 4l 2\/3Mi*
index value of M = 3% ~ 0.943 and then Region Il begins 2
o L 10 . . . . V3 T
while in Region Il, only one intersection point exists and + [ — 1= —=— (12)
can be calculated from (9). Finally, the modulation index can 2 2v/3M;
be calculated from the Fourier analysis derived formula as _1 V3 o1 - 1
follows: G= Y — 3 <m> M
2 5 1
M, = <—>MZ* <a1 -2 sin2qq — — Sin4a1> + cosaj. <3> ) < T )
T 12 24 + | — Jarcsin| —————
(11) m 2v/3M;
Although the above formulas are dependent on the intersec- V3 - 2
tion angles and difficult to completely write in full closed form, + | 555 - <—> (13)
. . : 2M; 2/3M*
they can be easily evaluated by simple numerical software @
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In this method, the zero-sequence signal is generated in a 4|
manner similar to DPWML1. The three reference sinusoidal

modulation waves are phase shifted by 8@gging), then the 08

signal with the maximum magnitude defines the inverterlegto .|
be unmodulated. The zero-sequence signal is the difference be-
tween the original modulation wave defined by the maximum ©06f
magnitude test and the saturation line with the same polar
as this modulation wave. The resulting modulation wave is not

gain equations are complex compared to the previous cases.
As shown in Fig. 8, the overmodulation region is divided

0.3

into two subregions. In the first subregion, as shown in o02f
Fig. 8(a), the modulation wave has four saturated segments per | . .

CSVPWM

+DPWMI
" DPWM2 -

. . : T
guarter-wave symmetric, hence, the overmodulation voltage- 04" HIPWM

fundamental cycle. Employing Fourier analysis and utilizing

the intermediate variableg, a;, andb,, the voltage relations
in the first region can be calculated from the following:

m m
= —— +arcsin| ———— 14
== aesin () 14)
=yt —sn(y - g) g M
3. . T
~ - Mjos (2¢ + g) (15)
1 T \/3 N
by = —5(305(1/) + 5) + EMZ
x (g o — 5111(21/) - g)) (16)
M; = /a2 + 2. (17)
The second subregion begins Af = Z. Shown in

Fig. 8(b), the modulation wave heavily saturates, and

each side two saturated segments merge, leading to only t

saturated segments per cycle. Introducing the variablthe
coefficientsa; andb; can be calculated as follows:

o= 2% — arCSin<2\/§7Mi*> (18)
— gM:COS <2a — 2%) (19)
b — _co;a n §M:

0 l 1 l 1
08 0.85 08 0.95 1
M;

Fig. 9. The overmodulation region voltage-gain characteristics of the popular
modulators.

Once the above coefficients are known, the reference output-
voltage relations can be calculated from (17) and the voltage
gain can be calculated in both subregions from the definition
of (2).

IV. VOLTAGE-GAIN COMPARISONS

In this section, the voltage-gain characteristics of all the
discussed modulators are comparatively evaluated. The com-
parisons are provided in terms of the voltage déin= f(1;)]
and modulation inde{M; = f(M})] relations. Utilizing
e gain functions derived in the previous section, the gain
characteristics of the candidate modulators are calculated and
illustrated in Fig. 9. The improvement in the linearity range of
all the zero-sequence injection methods compared to SPWM is
obvious from the figure. More importantly, the graph reveals
the unusual gain characteristic of Depenbrock's DPWML1
method: the gain of this modulator drops at a significantly
smaller rate than all the other modulators, and the minimum
value, which occurs at the six-step operating point{%z
0.551. All the other modulators have a rapid drop in gain,
and eventually the gain becomes practically zero at the six-
step operating point. The similarity of their gain characteristics
with respect to each other is also obvious from the figure.

Shown in Fig. 10 and illustrated in terms of the modula-
tion indexes, the input—output-voltage relations provide more
specific information. Except for DPWM1, all the modulators
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require large reference signals in order to penetrate the over- 4
modulation region. In particular, DPWML1 requires a reference
signal with a magnitude o/ = = =~ 1.81, while the

other modulators require signals with very large magnitudes
(M} = 5...20). This result is extremely important from

an implementation perspective: the smaller the gain range,
the better the accuracy of the modulation signal and thé/"i

1:SPWM
smaller word length requirement of a signal processor (or osr SR ; .
the signal range in an analog implementation). Therefore, 2 SVPWM
DPWML1 utilizes the signal range of a processor with high 3:THIPWM
resolution and abrupt pulse dropping, and the consequent | [/ ]
overcurrent fault condition is avoided. 4 DEWM1
The unusual gain characteristic of DPWML1 is not difficult 5

: DPW M?2
to explain. In the overmodulation range, the zero-sequence _ : ; '
signal of this modulator is effectively a square-wave function 08 f i Co]
with an increasing magnitude as the six-step operating point is ‘ i i ; ;
approached. Therefore, in this method, the modulation wave ! s z 25 My 3% ¢
is vertically and horizontally forced to approach the six-step
mode, while the other zero-sequence injection methods fofde 10-
the modulation wave to expand mainly horizontally until the
six-step mode is generated. This characteristic of DPWML Cit. The lowest modulation level at which this problem
be clearly observed in Fig. 11, where DPWM1 and SVPWMccurs can be easily calculated. When the modulation signal
modulation waveforms are compared for a set of referengepositive, the narrow pulse occurs when the upper inverter leg

modulation index values. It is apparent that as the referenggitch is the off state with a duratiati calculated as follows:
modulation index increases, the SVPWM modulation wave

saturates heavily, while the DPWM1 modulation wave easily <Tc> < v )

Overmodulation regiod/; = f(M;) characteristics.

approaches the square wave. b = 5 (21)

Substituting the modulation wave peak value of the mod-
ulator under investigation in the above formula and selecting

o o ~ the minimum pulse width equal &, the practical maximum
Inverter blank|ng time is the time interval that both SW”:Cheﬁ]ear modulation |ndeMp can be found as follows:

of an inverter leg are open following a change in the gate e
logic reference signal value. It is provided for protection M - <1—k2td> « M
against the dc-bus short circuit. As shown in Fig. 12(b), the imax i max-
blanking time circuit delays the reference gate signals by the
blanking timet, and results in loss of gate signal symmetry In the above formula}f} ... is the theoretical linearity limit
(increases the uncharacteristic harmonics) and also a reducttbthe modulator. The: coefficient distinguishes the discon-
in the output-voltage value. Typically, a gate-pulse-correctiamuous PWM methods from the continuous-wave modulation
(compensation) algorithm is employed in order to restoraethods. Its value i$ = 1 for the DPWM methods and
the symmetry and volt-second balance [19]. As shown = 2 for the modulators with continuous modulation wave.
Fig. 12(c), in the exact compensation method, if the polarity dhe smallk coefficient of the DPWM methods indicates that
the phase current of the corresponding inverter leg is positiz&®WM methods have a wider voltage linearity range than
(negative), the reference gate signal on the triangle side wBfPWM, SVPWM, and other continuous-wave PWM methods.
negative (positive) slope is advanced (delayed) by the blankimbis result is a consequence of the different distribution of the
time, leading to the correct output-voltage pulse. inverter zero states in the two different modulation groups.
When a modulator operates near its theoretical linearity lirithe discontinuous PWM methods generate only one inverter
its, as shown in Fig. 12(a), narrow gate pulses are generateetro state per carrier cycléy( all the lower inverter switches
When the width of such pulses becomes smaller ttgnthe are in the on state of7: all the upper switches are in the
compensation algorithm fails to correct the pulses properly. tm-state), while the continuous PWM methods generate two
Fig. 12(c), this condition corresponds 0 < 0 and correct zero states (for SVPWM, = t7). Since the total zero
compensation requires interference with the modulation sigrstiate time is not a function of the zero-sequence signal,
in the previous half-carrier cycle. Since in the conventiondlut the line—line reference voltage, for the same line—line
digital PWM methods the reference modulation signal isutput voltage and carrier frequency value, the gate pulses
generated only at the positive and/or negative peak poimtsthe DPWM methods are wider than the gate pulses of the
of the triangular carrier wave (regular sampling), correchodulators with continuous modulation waves. Therefore, the
compensation of such a narrow pulse is not possible. Henoeyrow pulse problem occurs at a higher modulation index
voltage-gain reduction occurs before the theoretical linearityith DPWM methods than continuous PWM methods.

V. INFLUENCE OF BLANKING TIME AND
MINIMUM PULSEWIDTH ON MODULATOR GAIN

(22)

C
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Fig. 11. Overmodulation region modulation wave profiles of SVPWM and DPWML1 for five differéhtvalues.

Notice that in both continuous and discontinuous PWM
cases, the linearity boundaries depend on the ratio of the blank- o
ing time to the carrier cycle. Since the increasing carrier cycle 1 ()

practically implies increasing inverter power and increasing A /25 -t $| L_—o
blanking time, the ratio is at least a few percent in mo& N e : Pt

PWM-VSI drives. As a result, in most applications the linearity o /2]

1
range of a modulator is reduced by a nonnegligible amount. 5 Hi L, | ‘1> ©)
In either modulation method, once beyond the boundary of : , E s ; 0
linear modulation range, the output voltage is reduced by T, i »0

an amount which depends on the overlap time’ ‘shown

in Fig. 12(c). As a result, the gain begins to decrease at’§ 12 Regular sampling PWM reference and gate signals. (a) The ref-
. . : . T rence gate signal at high-modulation level. (b) No compensation results in

|OW€I’ mOdU|atI0n IﬂdeX than the theoret'cal ||near|ty ||m|t anasymmetnc gate s|gna| (eras > 0) (c) S|gna| after exact Compensation'

decreases more rapidly than the theoretical gain characteristic.

Compared to the modulator theoretical gain reduction, the

gain reduction of the DPWM methods due to the blankin s_inserting_ reactors between the drive a_md the motor, or
time is fairly small and can be ignored for inverters wit ctive solutions such as MPW control which only requires

a few kilohertz switching frequency and blanking time Iesrgmdmcatlon to the PWM algorithm of a drive. The active

than a few microseconds [18]. In the gate-turn-off (GTO olution is more economic, compact, and maintenance free.

switching-device-based PWM-VSI applications, the effect is1 When employeq, MPW control algquthms affect t'he mod-
. T Ulator voltage gain and reduce the linear modulation range
more emphasized due to the long blanking time.

. L . noticeably. The pulse elimination method (PEM) omits pulses
In certain applications, the narrow voltage pulses wh|crt|1

. . . rrower than a desirable limit and increases the modulator
occur at high-modulation levels may damage the drive or Ioa?ia

. . ) ) ain. The pulse limiting method (PLM) limits the width of
In such cases, the blanking time correction algorithm yields Jo, pulses to the minimum allowable pulse width limit and

a MPW control algorithm. For example, the switching deV'Cﬁaduces the gain. However, as the modulation index increases,

turn-on and/or turn-off speed capabilities of a GTO may N@he modulator theoretical gain characteristics dominate, and

be suff|C|e_nt to generate such narrow_pulses. In order to avaidyih cases the gain decreases rapidly, therefore, the gain
commutation failure of GTO-based drives, such narrow pulsggnes follow the gain curves of Fig. 9 closely. In either
are either eliminated or fixed at an acceptable level. Na"QWethod, the linearity limit of a modulator becomes smaller
voltage pulses can also cause overvoltage related motor 45, the theoretical limits. In a proper design, the MPW pulses
sulation failure. State-of-the-art PWM-VSI drives utilize thgyre wider than2t,, therefore, the blanking time controller
modern third-generation IGBT devices with very small turas no influence on the modulator linearity in this case.
on and turn-off times. Feeding motors with long cables frofyhen MPW is applied, the practical voltage linearity limit
such PWM-VSI drives, significant overvoltages are generatgfl an inverter can be found from (22) by substituting the
across the motor terminals due to voltage reflection. ASginimum pulse timetypw instead of 2¢4. Since in this
result, the motor terminals experience excessive overvolfigorithm both sides of the triangle are affected while in
ages contributing to insulation failure. When such PWM-VShe blanking time compensation case only one side of the
drives operate at high-modulation levels and narrow pulsgiangle has incorrect gate signal, the effect of MPW control
are generated, the voltage-reflection problem is exacerbategds more influence on the gain characteristic of a PWM-
overvoltages in excess of twice the dc-bus value can app&Sl. In particular, in GTO-based high-power PWM-VSI's
across the terminals of a motor connected to a drive throughvalsich employ GTO’s with large MPW valuest\fpw =
short a cable as 30 m [20]. Therefore, narrow voltage pulsg@ ps), MPW control starts at very low-modulation depths,
are problematic in many PWM-VSI drives. These problenend the nonlinear gain characteristics dominate the drive
can be eliminated by either employing passive solutions sulsbhavior at a low-modulation depth. Although less significant,
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the effect cannot be underemphasized in the modern IGBT —. . . 0.96
device-based PWM-VSI drives. In order to avoid the above- ‘ 2 e 4 .
mentioned overvoltage problem, MPW times as large as 8-16 v K ‘1 094
ps are required [20]. Since the carrier frequency is at leasbos} . ' = 0.9
a few kilohertz, the influence of MPW control on the gain 37 : :
characteristics of such drives is significant. il : ; 0.9
The MPW-controlled modulator gain formulas can be osf i/ f i i
closed-form calculated by modifying the theoretical modulato . ‘ ' 088
gain formulas [18]. For example, when employing PEM, the™* .' _ M; ossl
modulation index relations of the DPWM1 method becomeossf/f i i ,
as follows [18] : : : : 084',I R S ]
Mz/ =M; + 2(COS mo — COSOle) - M;%(O‘ml - amO) 0.8p R 1 0.82_.”?’ ......... - VVVVVV ........ 1
. : : !
08F ¥ -
+ M:ﬁ (Sin (2aml + E) — sin (2ocmo + E)) (23) v : ; -
& 6 6 07514 L 1 i 078+ ; i i
0.8 1 1.2 14 08 08 09 095 1
In the above equatiori\/[i' is the output-voltage modulation M} M}

index and}; is the theoretical modulation index value with-

out MPW control which is given by (12). The intermediate @ ®)

i . Fig. 13. (a) SVPWM and DPWML1 theoreticf; = f(A*) characteristics
variablesamo anda, are calculated as follows: and (b) the magnified view in the low end of the overmodulation region. 1:

T T MW SVPWM, 2: DPWM1, 3: SVPWM with MPW, and 4: DPWM1 with MPW.
o = —— + arcsin( <1 — )) (24) The blanking-time-dependent nonlinearity of DPWM1 is shown with thé *
*
6 2v/3M; T, symbol.
7r ) 7r
Q1 = —— + arcsm(—). (25) ) )
6 2v/3M} Therefore, fundamental component voltage linearity must be

éF:_tained in the overmodulation range also. Since the discussed
modulation methods have nonlinear gain characteristics, to
retain voltage linearity, a gain compensation technique must be

fapw = 12 ps. As the figure illustrates, the influence Opmployed. Gain compensation techniques are based on either

i . dding extra signals such as square waves to the reference
the MPW algorithm has a nonnegligible effect on the VOlta.q%Odu?ation Wa\?es or by increa(iing or decreasing the fun-

gain of SVPWM. The nonlinearity is noticeably smaller in . .
the DPWM1 case. On the same figure, the bIanking-timg?mental component magnitude of the reference modulation

dependent gain characteristic of DPWML1 is showntfpe 4 waves [3]. As shown_ in Fig. 14(b), in the latter approz?\ch
the reference modulation wave fundamental component signal

s. Notice the blanking time has very little influence on L . . . .
ﬁ1e linearity com aredgto MPW They ain curves of this premultiplied with the inverse gain function such that the
y P i 9 onlinearity is canceled. The former approach may alter the

. . . . . A]
PEM-controlled drive clearly indicate the linearity range of . . .

DPWM methods is significantly wider than SVPWM, and ir]modylator harmqnlc charaqterlstlcs whllle the'latter. does not.
n this work, the inverse gain method will be investigated.

the overmodulation region, DPWM1 is the only modulator In both gain linearization methods, calculating the gain

that maintains a high gain. Therefore, DPWML can be mogct)mpensation function is very difficult. The difficulty of

beneficial to high-power PWM-VSI drives and all the PWM_descr'b'n the gain functions in closed-form equations has
VSI drives with IargetMT% ratio while operating in the 'oing gain funct ! quati

high-modulation range. been overcome in the early st'ages of th'is paper. I—!owever,
closed-form calculation of the inverse gain function is very
difficult. Furthermore, on-line computation of such complex
VI. VOLTAGE-GAIN LINEARIZATION gain compensation signals with the state-of-the-art DSRRor
As illustrated in Fig. 14(a) in block diagram form, in thedevices is prohibitive. Instead, the gain function and its inverse
overmodulation region the VSI output voltage is differentan be numerically computed off line, and the data can be
from the reference voltage due to gain nonlinearity. PWM-VSiltilized to approximate the gain compensation function by a
drives which employ PLM and drives which do not employookup table and/or a simple curve-fitting method.
any MPW control algorithm always experience gain reduction, Inverse gain compensation-based gain linearization of the
while those employing PEM experience gain increase in ti8PWM method which employs a table lookup approach was
entrance of the overmodulation region and gain reduction peviously reported, and the requirement for a large table size
the overmodulation region is further penetrated. On the othemd an efficient table search algorithm was indicated [3]. The
hand, it is important to program the reference fundamentaro-sequence injection PWM methods which are discussed in
component voltage value correctly so that the drive perfahis paper have a smaller gain range than SPWM, therefore,
mance does not degrade. For example, in ac motor dritree memory requirements are less demanding. However, of
applications the stator flux value (or equivalently t%’le/alue) all the discussed methods, DPWM1 provides an exceptional
must be maintained at a proper level to obtain high efficiencdynplementation advantage due to its significantly small gain

Fig. 13 shows the closed-form-calculated gain charact
istics of PEM-controlled PWM-VSI for both SVPWM and
DPWM1 [18]. Both modulators employ. = 5 kHz and
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Fig. 14. Overmodulation range voltage-gain block diagrams. (a) Modulator nonlinear gain characteristic. (b) The compensator cancels thty nonlinea
by inverse gain multiplication.

reduction. The gain compensation signal (inverse gain functianhigh-performance drive must select SVPWM in the low-
magnitude) of DPWML is less than two units while the othenodulation region and make a transition to DPWM methods
modulators require large signals ranging from 5 to 20 uniteeyond a certain modulation level. The proper transition
Therefore, when employing DPWML in a fixed-point digitamodulation index value can be found from the intersection
platform, the word length of the.P or DSP can be more point of the modulation index versus waveform quality factor
efficiently utilized. The other methods require a significardurves of the selected methods. Defined in the following,
amount of data shifting to process the large inverse gain valube inverter output line—line voltage weighted total harmonic
such that overflow does not occur, and this results in podistortion (WTHD) factor is an appropriate measure in deter-
modulation signal resolution and increased computation timaining the modulator waveform quality both in the linear and
The inverse gain function data of DPWML1 can be easily fit intovermodulation range [18]

several first-order polynomials leading to a smaller memory

size requirement and improved accuracy. Near the six-step 5
operating point(M; > 0.99), the gain inverse coefficients >, (‘%)

increase due to the rapid gain reduction and the inverse gain WTHD = 100 X —————
function can be better modeled by several data entries.

Employing the analytical gain function of DPWM1 and In most ac motor drive and utility interface applications,
accounting for PEM-based non"nearity [18]’ the inverse gathe WTHD funCtion iS more meaningful than the Conventional
function data can be accurately and easily computed from (249ltage THD definition in which the; weight factor is
Utilizing this data to obtain a simple hybrid model consistbsent in the formula because the WTHD function accounts
ing of several piecewise first-order polynomial functions an@r the low-pass filter characteristic of the load inductance
several data entries is a straightforward task. automatically. Hence, a better measure for the current har-

Compared to the direct digital PWM implementation, thgonic distortion. The WTHD function is carrier frequency
triangle-intersection technique requires simpler overmodutdependent, and thé7r,; terms are typically calculated by
tion algorithms. In the direct digital method, the overmodulgvaluating the PWM-VSI lineline output-voltage data for
tion condition is detected only after computing a zero-stafle fundamental cycle (obtained by simulation) through fast
time length with negative sign. Therefore, a back step furier transformation (FFT) analysis.
correcting the sign is inevitable, and additional algorithms !N this study, line—line voltage WTHD curves for SVPWM
(Often Comp'ex) must be emp'oyed to Compensate for tﬁé\d DPWM1 are Calculated and Compared. The inVerter
gain loss [6]. Therefore, the DPWM1 triangle-intersectioine—line voltage data of a PWM-VSI drive which employs
method requires the simplest overmodulation algorithm a#ee once per carrier regular sampling technique is generated

PWM methods reported. fundamental frequency of. = 60 Hz. The carrier frequency

fe 18 5 kHz in the DPWML1 case and 3.33 kHz in the SVPWM
case. This implies equal inverter average switching frequency
VIl. 'WAVEFORM QUALITY AND SWITCHING LOSSES in both methods. In order to illustrate the carrier frequency
The linear modulation range harmonics of carrier-basependency of the WTHD function, the SVPWM case is
PWM methods (characteristic harmonics) are concentratedeatiluated for 5 kHz also. The harmonic voltages, accounting
the carrier frequency and its sidebands. In the overmodulatifam all the dominant harmonics (up &..), were calculated by
region, as the unmodulated portions of the modulation wavesgaluating the 8192 data points by means of an FFT algorithm
increase, the characteristic harmonics decrease. However, laxfjthe MATLAB numerical software package.
amounts of subcarrier frequency harmonics (5th, 7th, etc.)The WTHD curves in Fig. 15(a) illustrate the advantageous
are generated, and as the six-step mode is approached, tineseeform characteristics of the DPWM1 method at high mod-
harmonics become increasingly dominant in determining thsation including the overmodulation range. Under the equal
waveform quality. In this section, the linear modulation anohverter average switching frequency criteria, the harmonic
overmodulation region waveform quality factor of the disdistortion of DPWM1 is less than the SVPWM methods from
cussed modulators is investigated. M; =~ 0.6 to M; = 0.95, where both curves merge. Under an
In the high end of the linear modulation range, the waveforequal carrier frequency criteria, which implies a 50% increase
quality of DPWM methods is superior to SVPWM and othein the average switching frequency in the SVPWM case, the
PWM methods with continuous modulation wave, and theaveform quality advantage of SVPWM over DPWM1 is lost
opposite is true in the low-modulation range [8]. Therefor@ear M; ~ 0.90.

26
VL1 (26)
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Fig. 15. WTHD characteristics of SVPWM and DPWML1. (a) Ideal inverter model case. (b) Magnified view with MPW (—) and without MPW (- - -)
control algorithm.

The blanking time and MPW control-algorithm-dependent 1

inverter nonlinearities can cause significant harmonic dis- .l . 24 &, T4

tortion increase which is modulator dependent. Fig. 15(b) . 4 | /5

illustrates the increase in the harmonic distortion when a 12-

ps MPW control algorithm is employed in the above systemyy, o7 | ,

Although the harmonic distortion increases in all the cases, 9| 1

the relative increase in the DPWML1 case is significantly —osp--f- o v S

smaller than the SVPWM'’s. The data clearly indicates that ool ... ... .i...] 3

the harmonic distortion of the SVPWM method significantly . 5

increases and the increase in the switching frequency worsens

the harmonic distortion. Therefore, accounting for the MPW o2 -

nonlinearity, the superiority of DPWM1 over SVPWM begins ~ °*'[/"

at a significantly smaller modulation index value than the ideal o P 2 y-Smm ’
M*

case. Fig. 15(b) clearly indicates that if the carrier frequency
is kept constant and the modulation method is switched from
SVPWM 10 DP.WMJ.' beyondMi ~ 0.8, Do degradatlon of ig. 16. Experimental and theoreticdll; = f(M}) characteristics of
waveform quality will be obtained relative to the SVPWMspwm and SVPWM. (a) Full modulation range. (b) Magnified view of the
case. Furthermore, the switching losses are greatly reducedenlinear modulation region. 1: SPWM, 2: SVPWM, 3: SPWM with MPW,
Fig. 15 also indicates the overmodulation region waveforf§d 4 SVPWM with MPW. The experimental data is shown withand *x

o X X symbols, while the continuous curves correspond to the theoretical formulas.
characteristics of DPWML1 are superior to SVPWM until the
point where the 5th, 7th, etc., subcarrier frequency harmonics
totally dominate and both WTHD curves mergll; ~ 0.95). In the high end of the linear modulation region, the wave-
Although in the low end of the overmodulation range th&rm quality of DPWM2 is only slightly better than DPWM1,
WTHD factor is strongly dependent on the carrier frequenctherefore, the choice between the two modulators can be
inverter nonlinearities, and the modulation method, in the higtased on the switching loss minimization criteria [8]. The
end it is dominated by the subcarrier frequency harmonicyitching losses of the drive can be reduced by selecting
and it is weakly dependent on the carrier frequency afPWML1 for near unity-power-factor loads and DPWM2 for
the modulation method [18]. Since the subcarrier frequenogar 30 lagging loads because with this modulator choice the
harmonics do not play an important role in determiningnmodulated portions of each modulation wave coincide with
the modulator waveform quality, the performance evaluatidhe largest current conducting intervals of the corresponding
should mainly be based on the low-end overmodulation rangeve phase. At the DPWM linear modulation limit, regardless
waveform quality, and clearly this argument favors DPWMthe load value, DPWM1 should be selected in order to obtain
due to its superior voltage-gain characteristics. high-voltage gain in the overmodulation region. Since the

13

(b)
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Fig. 17. The experimental setup and the gain linearized DPWMl-béémdmtrolled motor drive block diagram.

overmodulation range waveform quality of all the DPWMPEM eliminates (drops) the pulses which are narrower than 12
methods is practically the same, DPWML1 is invariably thgs. Experimental results are shown in Fig. 16 along with the
optimal overmodulation modulator [18]. Generating all the disnalytical results. As the figure clearly indicates, the theoretical
cussed modulation waves in fully digital triangle-intersectioand experimental results match with good accuracy. The
implementation-based digital platforms is an easy task. P®VPWM method has wider linearity range than the SPWM
gramming several modulators by employing the low-costethod, and both methods require very large reference signals
high-performance state-of-the-art DSP’s /@P’s and on-line in order to reach the six-step mode. As the experimental data
selecting a modulation method depending on the modulatiordicates, PEM narrows the linearity range of both modulators
index is a feasible approach. quite significantly.

In the second stage, the gain characteristics of DPWM1
were measured—first without PEM control and second with
12-us PEM control. In the following, an inverse gain algorithm

In this section, the experimental voltage-gain characteristis®s implemented for the PEM-controlled case and gain data
of SPWM, SVPWM, and DPWM1 are extracted, and theixtracted. Selecting the MPW length as A8, the inverse
waveform characteristics are illustrated. For this purpose, gain function data was computed from (23), and this data was
experimental system which consists of a PWM-VSI drive andilized to extract the following numerical approximation for
a 10-HP induction machine has been utilized. The invertre inverse gain compensated modulation index function:
drive employs triangle-intersection technique-based PWM, and N " .
the carrigr )lirequer?cy is 5 kHz. The bﬁanking time of the (M 0< M <0852
. . . L . 0.5252M* + 0.4026 0.852 < M* < 0.88
|nverter_|s 4us._The controller is fully dlglta|! and it employs 1.0823MZ<* _ 0.0887 0.88 < M?*Z< 091
?rj;l;l;:z(ye.d-pomt DSP (Motorola 56 005) with 40-MHz clock 1.6659M* — 0.6191  0.91 < M* < 0.94

For the purpose of voltage-gain measurement, operating the S-4396M7 = 22903 0.93 < M7 < 0.97

. - ' 7.9754MF — 6.6882 0.97 < M} < 0.99
drive in the constant’/ f mode is adequate, and the motor can ¢ ’

VIIl. EXPERIMENTAL RESULTS

be operated at no load. Th& f algorithm and the modulation A;* (M) = 1;;1; 8'3321%*106933 4
waves are generated by the DSP. In particular, generation 1'335 0'994 < M%* < 0'996
of all the discussed modulation waves, exact blanking time 1'422 0'996 < M7* < 0'998
compensation, and required MPW control are all simple tasks 1'49 0.998 < M7* < 0'999
requiring only a few lines of software code when employing a 1'547 0'999 < M%* < 0'9993
DSP. The digitally implemented triangular comparison hard- ) ) A '

. L . L 1.65 0.999 < M} < 0.9995
ware (PWM block) is als_o inside the DSP chip providing a (181 0.9995 < M* < 1.0,
compact integrated solution. * 27)

First, the SPWM and SVPWM method voltage-gain char-

acteristics were extracted by measuring the reference andrne apove numerical representation provides a straight-
output line—line voltages from zero voltage until the siXtorward and highly accurate approximation with little com-
step mode is reached. The inverter output-voltage fundamerﬁa{aﬁon and memory requirements, suitable for e or
component value was measured by a dynamic signal analyg®ip implementations. In the gain-linearized case, a dc-bus
(HP35670A). The inverter dc-bus voltage was also measurggliage-disturbance decoupling algorithm which scales the

in order to account for the utility line and load-dependentarence modulation index b%‘u was also implemented in
dc-bus voltage variations. The test was conducted with and de

without PEM-based MPW control algorithm. When employed:frder to account for the dc-bus voltage variations. 'l%l%e
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0.86: R R b Fig. 20. Experimental DPWM1 modulation wave, its fundamental compo-
nent, and the motor current waveforms fdf* = 0.75 value. Scales: 2
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Fig. 18. (a) Experimental and theoretichl; = f(M ") characteristics of
DPWM1 with and without linearization and (b) the magnified view of the
overmodulation region. 1: The theoreticAl; = f(M;) curve. 2: The
theoretical M; = f(M}) curve with MPW. 3: Ideal linear modulator line.
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N, N waveforms for M* = 0.82. Note the low-frequency current harmonic
&{ M distortion. Scales: 2 ms/div, 2 A/div, and 5 V/div.
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Fig. 21. Experimental SVPWM modulation wave, modulation signal pre-

current and modulation waveforms of SVPWM and DPWM1
for M ~ 0.75. As the figures indicate, both modulators have
Fig. 19. Experimental SVPWM modulation wave, its fundamental comp(gOOd wayeform quahty Wlthm t_he linear modulation range,
nent, and the motor current waveforms fof = 0.75. Scales: 2 ms/div, 2 and the ripple of SVPWM is slightly less. However, as the
A/div, and 5 V/div. modulation index is increased and MPW control is applied, the
SVPWM performance degrades significantly. Fig. 21 shows

when a 124s PEM is employed, the SVPWM method perfor-

vallue was computed by a simple Taylor series approximatigi, o degrades at/7 ~ 0.82, a value significantly smaller

(T3 & 1 -« + 2%) instead of straightforward division which o the theoretical linearity limit (0.907). The modulator
consumes a significant amount of computations. The ComplﬁFF‘earity is lost atM; ~ 0.82, and the current waveform
block diagram of the system for this case is shown in Fig. 1¢ontains significant low-frequency harmonic distortion leading
Fig. 18 shows the theoretical and experimental gain chag poor motor performance. As illustrated by the ~ 0.855
acteristics of the DPWM1 method. The linearity range querating point in Fig. 22, DPWM1 maintains linearity and
the DPWM1 method as the data indicates is wider than thgy harmonic distortion in a significantly wider modulation
SVPWM case, and the influence of the MPW algorithm iﬁange_ As illustrated in Fig. 23 by th®/} ~ 0.876 operating
significantly smaller. The gain compensator, as shown in thgint, beyondM; ~ 0.855, modulator linearity is lost and the
figure extends the modulator linearity until near the six-stepaveform quality significantly degrades. A further increase in
operating mode with high accuracy. the modulation index results in significant increase of the low-

For the purpose of comparing the waveform quality ofequency subcarrier harmonic content. Fig. 24 illustrates the
DPWML1 and SVPWM, the motor currents for several modulgrear six-step mode behavior of the inverter.

tion index values are demonstrated along with the modulationNotice in all the figures which belong to the high-
waveforms. The modulation signals were output from the DSRodulation region that the PWM ripple current magnitude
through a digital-to-analog (D/A) converter and the triangulaippears to be practically the same. Since the carrier frequency
wave gain is2-¥ (+£10 V represent the positive/negative dgs fixed at 5 kHz for both SVPWM and DPWMZ1, the average
rail clamp condciitions). Figs. 19 and 20 illustrate the motawitching frequency of DPWML1 is 33% less than SVPWM.
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Fig. 22. Experimental DPWM1 modulation wave, its fundamental compo-
nent, and the motor current waveforms fof* = 0.855 value. Scales: 2

ms/div, 2 A/div, and 5 V/div.
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Fig. 25. Terminal-voltage dc-bus voltage characteristicsigyy, = 337 V.

pling algorithms. The\’/ f-controlled induction machine was
operated at constant inverter output-voltage reference value
Vi, = 337 V (M} = 0.855 at V. = 620 V). Obtained
from a diode rectifier, the dc-bus voltage of the drive was
slowly varied by adjusting the ac-input voltage via an auto-
transformer, and the motor terminal voltage was measured.
Fig. 25 illustrates the experimental inverter output-voltage
dc-bus voltage characteristics with and without inverse gain
compensation and dc-bus voltage-disturbance decoupling. As

Fig. 23. Experimental DPWM1 modulation wave, modulation signal pret—he, flgljlre indicates, the compensated ?ase output VOItage_ls
vious to MPW block, its fundamental component, and the motor curreR@intained at the commanded value until the dc-bus voltage is

waveforms forM¥ = 0.876. Scales: 2 ms/div, 2 A/div, and 5 V/div.
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significantly reduced, and the inverter operates in the six-step
mode. The uncompensated case output voltage significantly
changes with the dc-bus voltage variation. The motor speed
and torque deviate from the normal operating points, and poor
drive performance results. Therefore, the compensated drive
performance is insensitive to the dc-bus voltage variations
for a wide range of dc-bus voltage variations (utility-line
voltage sag or surge conditions), while the uncompensated
drive experiences disturbances.

IX. CURRENT-CONTROLLED DRIVES

High-performance field-orientation-controlled (FOC) drives
and voltage-source converter (VSC) utility interface appli-

Fig. 24. Experimental DPWM1 modulation wave, modulation signal previgations generally employ high-bandwidth current-control al-

ous to MPW block, and the motor current waveforms fdf = 0.964. Note
near the six-step mode the low-frequency subcarrier harmonics are domin

Scales: 2 ms/div, 2 A/div, and 5 V/div.

gqrithms and in such applications dynamic performance re-
guirements are demanding. Although the conventional high-
performance current controllers and the PWM methods have
satisfactory linear modulation range performance, the over-

Therefore, DPWML1 has Significantly reduced SWitChing IOSS%du'ation range performance is poor. Since in the over-
compared to SVPWM. Considering the reduction in thgodulation range the feedback currents contain considerable
switching losses and increase in the linear modulation ran@@aount of subcarrier frequency harmonics, in addition to the
the DPWM1 method clearly becomes the choice for operatiigherent modulator/inverter subcarrier frequency harmonics,

in the high-modulation range.

feedback harmonic current-dependent harmonics are gener-

Finally, the sensitivity of theV’/f-controlled drive to dc- ated. Performance degradation is generally significant, and the
bus voltage variations is illustrated with and without thevermodulation operating region is often prohibited except for
inverse gain compensation and dc-bus disturbance decdynamic conditions.
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Since the gain compensation technique provides “per funda-
mental cycle volt-second balance,” in this technique intentionatll]
reference output-voltage errors are generated within well
defined intervals of the fundamental cycle. On the other
hand, to obtain high dynamic performance (to manipulaté?
the dynamic condition rapidly), the voltage error must be
minimized in every carrier cycle [21]. Therefore, the inverse3]
gain compensation technique does not guarantee high dynamic
performance, and high modulator gain does not guarantes
superior dynamic overmodulation performance. However, by
employing DPWM methods in the higher end of the Iinears]
modulation region, the carrier-based current-controlled PWM-
VSI drives can benefit from the high-performance character-
istics of DPWM methods, and the influence blanking time
and MPW control algorithm on voltage linearity range can be
significantly reduced. The dynamic overmodulation issues df!
high-performance current controllers and PWM algorithms are
beyond the scope of this paper, and they are reported in [19B]

X. CONCLUSION [9]

Closed-form voltage-gain formulas of the conventiongho;
carrier-based PWM methods, which are very useful tools
in the analysis and design of PWM-VSI drives have bedh’
derived. High-modulation index operating range voltage-gajme]
characteristics of various conventional carrier-based PW(!\/I

. 113
methods have been analyzed and comparative results provi ed.
The study indicates the DPWM methods have wider linearity
range than the continuous PWM methods. The overmodulatiBf!
range performance characteristics of DPWM1 are shown
to be superior to the remainder of the known modulator.5]
The voltage gain of DPWM1 is exceptionally high, and the
harmonic distortion is low.

It is shown that the inverter blanking time and MPW16]
control-based nonlinearities can significantly influence volta ]
gain and harmonic distortion characteristics of a modulator.
MPW control significantly reduces the linearity range anfi
increases the harmonic distortion. The effect is less sign 11-8]
icant in the discontinuous PWM methods compared to thes]
conventional SPWM and SVPWM methods.

The study indicates that for best overall performance, gy
combination of two different modulators must be employed:
in the low-modulation index range SVPWM has lower har-21]
monic distortion. In the high-modulation index range, DPW
methods have wider linearity and less harmonic distortion. In
the overmodulation region, DPWML is the best solution.

\oltage-gain linearization is a simple task with DPWM1,
and a polynomial curve-fit-based inverse gain function in most
of the region and a small table entry near six step were found to
be adequate to provide good linearity in the overmodulatic
range.

Experimental gain characteristics are in good agreeme
with the theoretical predictions and illustrate the performan:
superiority of DPWM1 over SVPWM in the high-modulation
and overmodulation ranges. The inverse gain compensat
and dc-bus disturbance decoupling algorithms linearize t
modulator with high accuracy and result in high-drive pel
formance.
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