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Abstract

A given converter voltage space vector can be realized by a three-phase PWM
converter system by switching only two bridge legs. There, the third phase
is clamped to the positive or negative DC link voltage. This method is called
discontinuous modulation due to the discontinuous shape of the generating
phase modulation functions. (On the contrary, continuous modulation is
given in the case where all bridge legs are switched. The phase modulation
functions are continuous in this case.) As a closer analysis shows, the dis-
continuous method allows to increase the effective system pulse frequency,
dependent on the phase angle between converter output voltage and output
current. There, the basis for a comparison with the continuous method is
chosen as equal average switching losses of any converter bridge leg. There-
fore, there result operating regions where the quality index (defined by the
harmonic losses) for discontinuous modulation is significantly beneath the
index for continuous modulation.

For harmonic-optimal operation therefore one has to change between con-
tinuous and discontinuous modulation (or between various variants of the
discontinuous modulation) in dependency on the load status. The harmonic
losses of the control methods are calculated directly in the time domain. For
this purpose, the space vector calculus is applied and approximations are
used which are sufficiently exact for PWM converter systems with high pulse
frequency.

Besides the determination of the exact limits of the operating regions of
the various modulation methods the paper also discusses suboptimal approx-
imations of these limits for the application of the system as PWM rectifier,
static Var compensator or machine converter.

According to the duality relationships between DC voltage link and DC
current link PWM converters all control (modulation) methods described
here can be directly tranferred to the DC current link converter.
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1 Introduction

In the following the mathematical formulation of the voltage generation and
of the the harmonic losses is described. Also, a summary of the optimization
of the continuous modulation and the basics of the discontinuous modulation
are given. Then a detailed analysis of the methods for controlling a three-
phase PWM converter system with DC voltage link (cf. Fig.1) based on
discontinuous modulation is presented (cf. also Ref.[1], Ref.[2], Ref.[3]).

There, exclusively the converter operation without overmodulation is con-
sidered. Furthermore, pulse frequencies are assumed which are sufficiently
higher than that of the output voltage fundamental. This allows analytically
closed calculations and therefore results in simple mathematical expressions
for the characteristic quantities of the modulation methods.

2 Space Vector Calculus and Voltage Gener-
ation

Due to the floating mains/load neutral point the representation of the con-
verter voltage system can be given via the related space vector

v

2 1 V3
=3 [uv,r + avv,s +a® uu ) a= (—5 +J—2-) . (1)

There, the phase voltages uy,r, uy,s and uyr shall be referenced to the
center point of the DC link voltage. The zero-quantity

1
ug = s(uu'n + uy,s + uu,T) (2)

(which is decoupled due to the space vector transformation) characterizes a
voltage contribution which at a given time appears equally in all converter
phase voltages. This contribution defines the voltage between mains/load
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Fig.1: Structure of the power circuit of a three-phase
voltage DC link PWM converter system. For usage
as PWM inverter for AC machine drives the induc-
tances L and the three phase system u, can be inter-
preted as simple equivalent circuit of the AC machine
formed by leakage inductances and machine counter
emf. On the other hand, for mains operation of the
PWM converter (PWM rectifier, static Var compen-
sator) the inductances have to be connected in series;
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neutral point and DC link voltage center point for the case of a mains/load
voltage system without zero quantities. Furthermore, this contribution does
not influence the generation of the output currents.

According to Eq.(1) the sinusoidal converter voltage system to be gener-
ated is described by

uy =Ujexpipy  pu=wnT. ®)
For the definition of the modulation depth we have
203 2
M= 0,—=] . 4
T 0, 75] @

For the further considerations we can assume that the converter bridge legs
are replaced by two-pole switches between positive and negative DC link
voltage bus. If we relate a two-level switching function to each bridge leg
according to

1
+-Uzx

2 spr=1

Yy,r
(5)

we can denote each of the 8 possible converter switching states by a binary
number (sp, r,3p,5,8p,7)2 (Which is formed based on the instantaneous values
of the switching functions) or by its decimal equivalent.

1
uy,R - §sz spr=0

Due to the 60°%symmetry of the converter voltage space vectors resulting
for the various converter switching states (except the free-wheeling states
(000), (111) ) the considerations in the following are limited to the angle
interval py € [3, ;’ . As Fig.2 shows, in the angle interval considered, a
particular output voltage space vector uj; is formed regarding its time average
over a pulse half-period $Tp by a switching state sequence

] ...0267

4Pt/€[3 3 4 = (8)

7620
0 t,

,0267...
F]

For defining the switching states we have here, accordingly to the previously
made remarks,

111 = To
{1 10]2 = 6y
010, = 25
[000); = 040 (M

The switching state sequence is selected regarding minimal switching fre-
quency such that switching of only one bridge leg leads to the following con-
verter voltage space vector. This explains the order of the switching states
in alternating increasing and decreasing sequence (cf. Eq.(6)). The variable
t, denotes a local (microscopic) time within the pulse periods. The position
of the pulse interval within the fundamental period is defined by the angle
v or by the global (macroscopic) time 7. For the (relative) duration of the
switching states related to one pulse half-period there follows

Im, B

Uy2 Yy 010} Yuino) Yus

=

Yy
Yyz

v Yu,t000!

Yup

o= Han(o+)
b = \/iM sin (<py - ;) 8)
60+67=l—(52+66). (9)

3 Space Vector of the Output Current Har-
monics

The calculation of the output current harmonics

(10)
existing due to the way of generating a given output voltage space vector u;
(which is only possible in the average over a pulse period) can now be per-
formed directly in the time domain. There, a sufficiently high pulse number
pz = Tn/Tp = fp/fn is assumed (T...fundamental period, Tp. .. pulse
period, fy and fp are the related frequencies). The ideally to be generated
output current space vector shall be given by

o
Aiy =iy — iy

in(r) = Iyexpjlwnt+90) 9=y, - (11)

For a harmonic-free mains voltage system the output current harmonics
are defined directly based on the integral of the local deviation between the
reference value and the actually generated converter voltage. For approxima-
tion of the circular trajectory of the output current fundamental space vector
by the local tangent in the instant 7 (macroscopic position of the considered
pulse interval) the space vector Aiy of the current harmonics describes a
trajectory within a pulse half-period as shown in Fig.3, starting and ending
in the origin of the coordinate system.

The ratio of the sides of the triangle giving the current deviations are
determined like the relative switching state time intervals (cf. Egs.(8), (9))
directly by modulation depth M and phase angle gy of the converter voltage
space vector to be generated. However, there is nothing said about the split of
the free-wheeling state between beginning and end of each pulse half-interval.
This represents a parameter for optimising the modulation method ding
the harmonics.

4 Harmonic-Optimal Continuous Modulation

If one chooses the rms value of the current harmonics as quality factor (to be
minimized by an optimal converter control) according to

- T
/ /t,. =7
T~ tu=o

1
=37 / Ay mST,me(T)dT — Min
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2

AL vy T

(Aik p+ Adk s + Aikr) dt,.} dr

(12)

(approximation for high pulse number), one can include the considerations
made in section 3 directly into the opti dure. A mini
of the phase—related global harmonic losses has to ) be performed according to
Eq.(12) by minimizing the (always positivé) power loss contributions of the
single pulse intervals. Then the optimization can be performed separately for
each pulse interval based on a quality factor

"

ion on

(13)

T = Ai} rsT,eme(7) = Min .

Fig.2: Basically there can be generated only such output volt-
age space vectors uy, which lie within the equilateral triangle
formed by the converter voltage space vectors uy; and .
The margin in di dulati fore is given
(if the generation of a sinusoidal output voltage system is re-
quired) by M = 7’; (as shown); parameters of uy,: M = 0.75,
ou =T15°.
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Fig.8: Trajectory of the harmonic currents space vector Ai, within a pulse half-period; right side: microscopic time behavior

1t

of the related lised converter

(pulse pattern). The non-voltage-forming free-wheeling state is realized alternating

by the switching states (000) and (111); according to continuous modulation it is split up between beginning and end of each

pulse half-period; parameters: M = 0.75, pu = 75°.

(which can be defined as local harmonic current rms value). In Eq.(13) the
sum of the phase contributions is denoted by RST. Equation (13) is directly
related to the trajectory of the harmonic currents space vector Aiy by

T,

1 =R \
L

ETTP (14)

2
Biy psTems(T) =

Comparison with pts from mechanics shall illustrate the considera-
tions made here: Equation (14) has a similarity to the definition of a 2°¢ order
moment of inertia of a mass distribution (in this case there is the analogy
to the harmonic current space vector trajectory which is considered having
mass) related to an axis leading through the "bearing point” of the harmonic
current triangle. (The "bearing point” I (see Fig.3) lies in the origin.)

(X 1

Then the optimization p is clearly to the problem to
shift the harmonic triangle by appropriate distribution of the free-wheeling
states 0, 7 such that a minimisation of the t of inertia” is achieved.
In the course of the actual calculation we have to consider, however, a time-
weighting (67, 86, 62, 6o) of the single trajectory segments. This goes beyond
the analogy described.

For the local harmonic current rms value we receive after an involved
calculation

A RS ema,1 {87(7),66(), 82(7)} +
N, RST,rme,2 166(7), 62(T)}

Aiyy ps T ema(7)

+

(15)

1 . 48
aa AiY rsTrmen —9‘57{5256(62 = 86) — 2636 [1 - (87 + &6 + &3)] }
4

1. 16
Fm},' RSTyrmez = —{65:6 + 2636 — 463 — 465 — 462636 — 486626 —

ia 9

= 86,8826 + 26358 — 6266 + 38365 — 5;53} (16)
with
26 = 63 + 8266 + 82 (17)
Uzx T

Ain = —ZX°P (18)

8L

The optimisation of the harmonic current losses of the modulation method
(cf. Eq.(12)) therefore is reduced to the solution of a simple extremal value
problem

=0. (19)

The free-wheeling state interval 67 received leads under consideration of

Eq.(8) and Eq.(9) or

8,
3_51A‘N’RST'"M’1 67,0 =min

B_ &
b 1-(8r+66+63)
directly to the optimal distribution of the free-wheeling states.

In this paper we only want to discuss briefly the suboptimal solution of
the optimisation calculus

(20)

T T

X 2x
33 (21)
which in the following will be used as characteristic example of continuous
modulation.!

The modulation method corr ding to Eq.(21) (as also given in Ref.[4],
where it is called optimal, however) shows advantages regarding its practical
realisation. This is due to the free-wheeling state distribution which is inde-
pendent of gy and shows equal parts at the beginning and at the end of each
pulse half-interval. As compared to the optimal solutions (cf. Refs.[2],(5])
there result only marginally higher harmonic losses. Furthermore, the volt-
age region up to the theoretical overmodulation limit (M = -33) can be used,

1
ov €[ 1 o =87 = 51— (62 + 66)]

as opposed to the optimal solution (M < 0.972—}—5).

Further methods (known from the literature, cf. Refs.[6],(7]) which are
based on the ext of simple si idal modulation by addition of phase
voltage harmonics of the order 3N show no substantial differences regarding
the modulation limit (limit to overmodulation) and regarding the harmonics
conditions. Therefore, a more detailed discussion shall be omitted here; the
reader shall be referred to Ref.{5].

For the global harmonic losses (as used later for a comparison of various
modulation methods) of the modulation method defined by Eq.(21) and de-
noted as [2]? in the following, there follows under consideration of Eqs.(12),

(15), (16), (17), (18) and (21)
(-]

In general, the denomination of the modulation methods in this paper is
based on other papers of the authors in the area ”Harmonics Optimisation of
Modulation Methods of Three-Phase PWM Converters” (cf. Refs.[1], {2, (3],
[5]). Therefore the denomination is purposely not in the sequence as treated
in this paper in order to make comparisons with earlier papers easier.

8 2
Al rmefs) = %A".’.M 2 [1 _ M oM

Tt (23)

5 Discontinuous Modulation

If (contrary to the previously analyzed (sub)optimal free-wheeling state dis-
tribution) the whole free-wheeling interval is shifted according to

* 2%
231 207 762 267... 24
eu €[5 57] 2 4 =0 =Tz (29)
! Continuous modulation shall be given when ding to a switching seq
x 2%
wvé{;.?] ,..ozevl - vszoL”:Z}ozer“ (22)

within each pulse half-period all converter bridge legs are switched. The control signals
then can be thought to be derived from phase dulati 3 heref
there occur always both free-wheeling states (000) and (111) of the converter system (cf.
Fig.3, left hand side; beginning and end of the pulse half-period) in the switching sequence.

funct

2Brack denote dulati hods in this paper; references are marked, e.g., as
Ref.[2].
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to the beginning (in the following denoted as modulation method [6]) or,
according to

x 2%
T2 oz2s
yuelz, 5] ]tuzoszo]t“ 026 (25)

=Te
=7

to the end (modulation method [7}) of the pulse half-period considered (t, €
[0, Tr)), we receive increased current harmonics and harmonic losses as com-
pared to the optimal solution. (This can be explained clearly again by using
the then higher "moment of inertia” of the harmonic current triangle (the
"bearing” is in either of the corner points; see Figs.4 and 5, cf. also Fig.3).

An analysis of the switching state sequences given by Eqs.(24), (25) shows
that the voltage generation in this case is performed by switching only two
bridge legs where the third phase is "clamped” to the positive or negative
DC link voltage bus (cf. Fig.4 — clamping of phase S to +1Uzx and Fig.5 -
clamping of phase T to —1Uzk).

Therefore, the line-to-line voltages are generated directly. This is opposed
to the case of continuous modulation (switching of all bridge legs) which is
based on phase voltages related to the DC link voltage center point. Consid-
ering the cyclic change of the clamping states between the phases (symmetry
of the generated three-phase system), as a result each bridge leg is not pulsed
within a third of the output voltage fund tal. If we equal average
switching losses as for continuous modulation, this makes possible an i

kyy = f—}’}fl (26)

Aulat:

(fp- .. pulse freq y for conti ). This results accordingly
in a reduction of the initially increased local harmonic loss contributions
(which are caused by the shift of the free-wheeling states). (A pulse-frequency-
proportional reduction of the linear dimensions of the current harmonics tri-
angle results.) This motivates a closer analysis of discontinuous modulation
methods® and a comparison with continuous modulation.

Basically, a comparison of different modulation methods can be made on
the basis of local and of global parameters. A local comparison (of each
pulse period) is related to the concept of the local harmonic loss contribution
(cf. Eq.(14)) as introduced for optimising the conti modulation. For a
comparison related to the fund tal we have to apply the (global) current
harmonics rms value (cf. Eq.(12)).

At this location (cf. Fig.6) we want to add the dependency of the normal-
ised local harmonic losses Ai?v' RST,rma (2] OB the modulation index and on the

31f within each pulse half-period only two bridge legs are switched (i.c., the free-wheeli
state is not split up between beginning and end of the pulse half-period), this case shall
be called di. i dult in the foll g. The reason is that in this case the
modulation signals of the bridge legs can be assumed to be derived from an intersection

of the (effective) system pulse frequency (cf. section 6) defined by a factor

of & tri Jar carrier signal (with pulse fre ) with di
functions (cf. Refs.[1], (3]).

mkltu) [— ——— —J +1
J R
ms(ty) —_ —1 !
it — -1
Il J

. A
tu ¢ T DTl
Wity Wy Wus Yu2 u%K“u.len kee= 3

Fig.4: Trajectory of the space vector Ajy, of the current harmonics for a switching sequence according to Eq.(24) (modulation
method [6]). There are conditions shown for the case of a pulse frequency equal as for continuous modulation and for the case
of a pulse frequency increased by a factor of ky,js) = %; right side: microscopic time behavior of the related normalized converter

phase voltages (for ky(q) = 3); parameter: M = 0.75, gy = 75°.
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Fig.5: As Fig.4, but modulation method [7] (according to Eq.(25).
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position of the pulse interval py for the (sub)otimal continuous modulation
(2] (cf. Bqs.(8), (15), (16), (17) and (21).
For characterising the local harmonic power loss contributions of the (dis-

continuous) modulation methods [6] and {7] there follow Figs.7 and 8 after
introducing the defining equations

2
v € ['13[‘ Txl bof) =0 brpe)=1-(82+4) (@7
and 2
x x
YU € [3‘. T] 61’[11 =0 60,[1] =1- (82 + ) (28)

and considering Eqs.(8), (15), (16), (17). Due to the there not yet consid-
ered possibility of increasing the pulse frequency (as mentioned before, factor
kgi)) the local harmonic losses (cf. Figs.7 and 8) lie always above the ap-
proximation of the minimum surface as given for [2] (cf.Fig.6).

Figures 7 and 8 suggest the definition of a further discontinuous modu-

lation method [4] by bining modulation methods [6] and [7] according
ev €[5, 5] So a1 =0 Sr.4) = 1= (62 + ) 2)
vu € (%, Zf] Sy =0 Soa) = 1 (62 + &)

(cf. Fig.9). According to the defining equation, in dependency on the position
wy of the converter voltage phasor that particular modulation method is
selected there which makes the smallest contribution to the global harmonic
power losses. E.g., for oy = 75° and M = 0.75 (cf. Figs.7 and 8) modulation
method [6] shows a distinctively lower harmonics power loss contribution as
compared to modulation method (7). This can be illustrated also by the
different "moment of inertia” of the current harmonic triangles as shown in
Figs.4 and 5.

Based on the explanations given, the (discontinuous) modulation method
denoted by [5] and defined by the alternative combination

ev €[5, 3] br5 =0 o5 = 1~ (82 + 6) ”
e €35 bos) = 0 b1 = 1~ (62 + &)

of modulation methods [6) and [7] does not seem to be very advantageous at
first (cf. Figs.10 and 9). However, as shown in detail later, the admissible
pulse frequency increase for [5] in wide operating regions lies substantially
above the increase as possible for [4]. (The basis of comparison is given by
maintaining the same average switching losses (related to the fundamental)
as occurring for continuous modulation for pulse frequency fp). This justifies
an inclusion of modulation method (5] into further considerations.

After comparing the local harmonic power loss contributions of modula-
tion methods [6], [7] and of the derived methods [4], [5] we will now calculate
the harmonic power loss defining the actual quality index (or the harmonic
current rms values related to the fundamental) of the different modulation

thods, and the It

(3]
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) on the modulation index M and on the phase pu of the converter
modnlation).

The (normalised) harmonic power losses for continuous modulation have
been given already in section 4. For discontinuous modulation there follow
under consideration of the defining equations (Eqs.(27), (28), (29) and (30))
of the various modulation methods the relationships

1 1 3BM  9M? 3v3
Iel 1, 2,0
AN o l6] = GA".M 4 an + 3 (2+ e )] (31)

Kt 161
3v3
+ ?)] (32

1 . 1 3BM  9M?
AI}I,rm-,['l] = EA"?nMQ— 44—t — (2

Kml V3 8

1 1 M 9M? V3

AL o= AR M? - (62-15v3) + — |24+ =
Nyrms,[4] = g5 k;-[ﬂ \/5.,( ) 8 x o
33

and

1 1 M IM? V3

ALY s = AEMP o — |4 —— (8415v3) + — [24 2=
Nirma [5] = ¢ 500 k;,lsl[ ﬁ,( ) 8 21—( )
34

(ky,1:) denotes, as mentioned, the possible frequency increase when discontinu-
ous modulation [i] is applied as compared to applying continuous modulation

[2] (c£.Eq.(26))).

Figure 11 shows graphically the relationships defined by Eqs.(23), (31),
(32), (33) and (34). As one can expect, the harmonic power losses for dis-
continuous modulation lie in the whole modulation region above the values
obtainable by continuous modulation (note: k; ;) = 11).

For exclusive consideration of discontinuous modulation (as immediately
clear by inspection of Figs.7,8,9,10) the modulation method {4] shows the
lowest, the modulation method [5) the highest harmonic power losses. [6] and
(7) lead to identical results (cf. Eqs.(31), (32) and the symmetry conditions
of Figs.7 and 8) and lie between [4] and [5].

Finally, we want to mention that for all modulation methods treated here
the maximum possible modulation range (limit to overmodulation) is given

by
me o]
" ‘\/5 .

This can be explained by the fact that discontinuous modulation only means
that the distribution of the free-wheeling states is in a different manner as
compared to continuous modulation. The distribution of the free-wheeling
states does not influence the voltage space vector uy (cf. Fig.2) which is
generated in the average over one pulse period, but it influences essentially
the occurring current harmonics.

(35)
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6 Admissible Pulse Frequency Increase for
Discontinuous Modulation

As shown in Refs.{1], [8] one can obtain the average (related to the funda-
mental) switching loss Ppr3,py of a diode/transistor combination (T2 and
D1, see phase R in Fig.1) for high pulse rates simply by integration of

1 pirli-e

Ppr2,p1 = P prra,p1{vv)dlvy) , (36)

-%x/2-p

i.e., of the local power losses ppr2,p1(v). There, the integration has to be
made over that interval within which the electric. valves (e.g., T2 and D1)
alternatively conduct the phase current. In the case at hand this means the
half-period with positive current. The local power losses are defined according
to

1
prro(pU) = i.;“’P,TD(V’U) = fp-wprD (37)

as switching energy loss weighted by the switching frequency. As experimen-
tally verified, this energy loss shows approximately a linear dependency
wprap1{in(pv)} = kurpin(ev)  inleu) 20 (38)

with the factor

Fig.11: Comparison of the (global) current har-
monic rms values for continuous modulation {2] and
for discontinuous modulation [4-7] on the basis of
ks = 1. Under ideration of the i of the
effective pulse frequency which becomes possible for
discontinuous modulation (cf. section 6) the discon-
tinuous modulation methods (shown for the example
of [5] for ky(5) = 1.6) show lower harmonic losses in
the upper modulation region (for M > M) (s}) than
the continuous modulation [2].

kyrp = ki1 + kip (39)
on the phase current iy (¢v) to be switched locally at position py. For con-

tinuous modulation there follows under the assumption of a purely sinusoidal
phase current shape

- k
Pprip1=Infp 1,:1.7 . (40)

If a converter bridge leg is switched only in certain segments (i.e., for
discontinuous modulation; cf. section 5), there results a corresponding re-
duction of the averaged switching losses. Also, one can say that the effective
pulse frequency of the converter can be increased for equal average switching
losses as for continuous modulation.

Remark: Besides the switching losses also the local conduction losses
are influenced for clamping of a bridge leg in certain time intervals. This is
because within these intervals the current flows only through the transistor
or the diode of one half of the converter bridge leg (and not through valves
of different bridge leg halves). A more detailed analysis (Ref.[3]) shows no
essential changes of the conduction losses averaged over the fundamental
period, however. Therefore, in the following we do not want to consider this
aspect. This is especially adequate here because we consider PWM converters
with high switching frequency where mainly the switching losses determine
the junction temperature.

The possible switching fi y i is infl d by the duration

378



and distribution (or by the position) of the clamping intervals within the cur-
rent fundamental (cf. Ref.[3]). The switching losses are reduced substantially
if, e.g., for a given phase angle there exists a phase relationship between con-
verter phase voltage and phase current such that the clamping intervals will
lie in the vicinity of the current maxima. On the contrary, if the clamping
intervals lie in the vicinity of the current zero crossings there results a smaller
switching loss reduction and therefore a lower possible switching fi

As can be seen from Fig.12, one can achieve twice the effective pulse fre-
quency (clamping is performed symmetrically with respect to the positive
and negative maxima of the phase current, cf. Ref.[3]) for selected phase
angles using modulation methods [5], [6] and [7]. This also resuits in a har-
monic loss reduction by a factor of 1/k} = } as compared to ky = 1 (cf.
Eqs.(31),(32),(33),(34)). The modulation method {4] (cf. Fig.11) showing

g lreq Yy
increase. In summary, each discontinuous modulation method [i] shows a
characteristic dependency of the possible switching frequency increase ky ;)
on the phase angle ¢ of the output current.

A detailed analysis (given in Ref.[3]) leads to

_frl _ 1 x
by = 7#1 = [1 “ B, v] pel0, g
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fsing + cos ) '3 (41)
1 XX
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i e s CC I A
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- 3sin g vel3. 3l
kria(e) = krple ~ §) (43)
and .
krim(e) = kgsi{e + 5) - (44)

Values for the other phase angle regions follow by symmetry considerations
(cf. Fig.12).

the llest harmonic power losses (as achievable by discontinuous modula-
tion) for k; = 1 allows only a pulse frequency increase by 50%, but for the
whole phase angle region.

Now the question arises which modulation method will result in the small-
est harmonic power losses for given modulation index and phase angle, or,
where a transistion between continuous modulation and discontinuous mod-
ulation has to be made.

7 Transition from Continuous Modulation to
Discontinuous Modulation

The calculation of that modulation index M3 () from which on (for given
ky,1i1) the harmonic power losses AI},,"MJ_.‘ of the discontinuous modulation
method [i] are decreased below the losses for continuous modulation can
simply be performed by solving the resulting quadratic equations
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Fig.12: Dependency of the possi-
ble frequency increase ky ;) on the

phase angle ¢ between converter
phase voltage and phase current

(cf. Eqs.(41), (42), (43), (44))

for discontinuous medulation [i]

(related to continuous modula-
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and of discontinuous modulation {5} on the frequency increase kj ).
of modulation {2] is pointed out by the dotted area.
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(given for modulation method [5]; the other equations are analogous, cf.
Eq.(23) and Eqs.(31), (32), (33) ).

The bination of modulation methods [2] and [5] in dependency on
ky (5} is shown in Fig.13. For ks(s) = 2 the harmonic power losses of the

discontinuous modulation lie below the losses of the continuous modulation
in the whole modulation region.

For a given phase angle, we can calculate the respective value kj ;) for
each modulation method by using Eqs.(41), (42), (43), (44). In a further
step, we can determine the intersections M) () (Eq.(45); cf. also Fig.14)).
Therefore, there follow directly these phase-angles/modulation-regions where
continuous modulation [2] leads to the lowest harmonic power loss (pointed
out in Fig.14 by the dotted area).

8 Harmonic-Optimal Combination of Contin-
uous and Discontinuous Modulation

Because in the previous section only the transition from continuous modula-
tion to di tinuous modulation has been treated, we now want to investi-
gate in conclusion which modulation method ([2], [4], (5}, (6] or (7]) results in
the lowest harmonic power losses for given modulation index and phase angle.
We also will show the dependency on the respective operating condition. The
minimum area of the harmonic power losses resulting by using Eqs.(23), (31),
(32), (33), (34), (41), (42), (43), (44) is shown in Fig.15. We want to mention
that the optimal transition bet the modulation methods regarding the

possible frequency increase or regarding the effective system pulse frequency
is not continuous.

Basically, therefore one has to change from continuous to discontinuous
modulation in the upper modulation region. The discontinuous modulation
method to be applied is essentially determined by the given phase angle ¢ or
by the frequency increase (kz;)(¢), cf. Fig.12) possible there. As a simple
suboptimal approximation of the harmonics power loss optimal transition
strategy (defined by the dotted boundary lines in Fig.15, right hand side)
therefore one always has to apply that discontinuous modulation method
which allows the maximum frequency increase.

In general, there follow different harmonic optimal modulation methods
for each specific application of the PWM converter system. For application
as PWM rectifier we have high modulation indices and phase angles close to
0. The harmonic optimal modulation method is given by [5]. For operation
of the converter as static Var compensator we have a phase angle close to
+7 and also high modulation indices. Accordingly, we then have to apply
modulation method [4). For machine converters we have a comparatively
wide phase angle and modulation index region (p ~€ +[%, 7]). Furthermore,
we then have to consider the dependency of the current amplitude on the
phase angle (note that the comparison of the modulation methods has been
performed for phase-angle-independent current amplitude, cf. Eq.(40)) and
a thermal limitation of the discontinuous modulation (cf. remark regarding
the thermal inertia of power electronic devices in section 9). Also, in this
case, the discontinuous modulation (modulation methods [6] and [7]) shows
significant advantages in the upper speed range as compared to continuous
modulation [2]. Therefore, the discontinuous modulation has to be included

125 Fig.14: Nlustration of the
determination of the limit
e between continuous modu-
ors lation [2] and discontinu-
YR—— ous modulation [4]-[7] in
2L as0 dependency on the phase
angle; region of continuous
025 modulation [2] pointed out
' by the dotted area.
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Fig.15: Dependency of the lised h ic power losses on the phase angle ¢ and on the modulation index M for harmonics
power loss optimal combination of i modulation {2] and discontinuous modulation [4], [5], [6] or [7]. The representation is
limited to ¢ € [0, §]. The other regi follow by idering Figs.12 and 14 using simple symmetry iderations (note especially
[6] and [7] in Fig.14). One can clearly recognise the application limits of the different modulation methods as pointed out in the
topographical rep ion. The region of continuous modulation {2] has been pointed out again (as in Figs.13 and 14) by the dotted
area.
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into the choice of the modulation method in any case.

Basically, there would be a frequency increase by a factor of k;y = 2
for the entire phase angle region ¢ € [~%,+§] possible using discontinuous
modulation. (Therefore, an even greater reduction of the harmonic power loss
would be achieved.) However, then the clamping region (being symmetrical
to the current maximum for ¢ = 0) of the discontinuos modulation [5] would
have to be shifted according to the phase angle (or to the current maximum).
[5] then coincides with [6] for ¢ = +% and with (7] for ¢ = —% (cf. Fig.12).

9 Conclusions

As mentioned, we have assumed a sufficiently high converter pulse rate pz
for the calculations made. A comparison (not given in detail here) of the
approximate calculation and of a digital simulation shows already for pz >
21 excellent consistency of the lts (maximum deviation < 1%). The
assumption of high pulse rates therefore does not mean a basic limitation of
the considerations given in this paper. This is especially true because modern
power electronic devices allow relatively high switching rates.

Regarding the parison of continuous and discontinuous modulation
(which is based on equal average switching power loss, related to the funda-
mental period) we have to note that this implies a sufficiently high thermal
inertia of the power electronic devices. Only then the local power loss shape
results in an only marginally changing junction temperature, which is de-
termined by the power loss average and which can be used for a thermal
dimensioning of the power semiconductors. For low output frequencies (e.g.,
for supplying AC machines in the lower speed/modulation region) or for low
thermal inertia of the valves, the maximum junction temperature is deter-
mined directly by the local power loss shape. Then the comparison of dif-
ferent modulation methods becomes much more complicated. For a specific
application of the results derived in this paper therefore one has to check the
time dependency of the junction temperature. This can be done, e.g., by ap-
proximating the transient thermal resistance by a thermal equivalent circuit
of second order and by using the local switching and conduction losses. A
calculation to check the conditions for mains operation of a converter system
consisting of 100A/1200V IGBT half-bridge modules shows that the assump-
tions made in this paper are sufficiently well met. In this case we have oper-
ation with high modulation indices and therefore discontinuous modulation
(cf. Fig.15); the details of this calculation have to be ommited here for the
sake of brevity. The thermal limitation of the discontinuous modulation (to
be inserted into Fig.15) for application as modulation method for drives with
high speed range will be the topic of a future paper being under preparation.

Specific methods of discontinuous modulation methods given in the lit-
erature (see Refs.[9], [10], [11], (12}, [13]) which can be derived as subsets of
the modulation methods treated here do not consider the "thermal side con-
dition” and are based on a possible frequency increase by a factor of ky = %
The possible frequency i there is only derived from the lower number
of switchings per pulse half-period for disconti dulation (2 instead
of 3 switchings as used for continuous modulation). There it is not taken
into account where (i.e, for which current) the switch occurs. The actually
possible frequency increase for these modulation methods will be also the
topic of a future paper.

‘We have to note that also for classical pulse pattern optimisation (cf.,
e.g., Refs.[14], [15]) the actual thermal conditions of the power electronic
devices remain unconsidered. There, a given quality index is optimized by
appropriate shifting of a given number of switching angles per fundamental
quarter period. Therefore, the thermal stress on the power electronic devices
is changed during the course of the optimisation. This aspect is especially of
interest if the pulse pattern shows clamping intervals (cf. Ref.[15]); this can
lead to a reduction of the switching losses (as for discontinuous modulation)
and, alternatively to a higher admissible number of switching angles. A closer
analysis of these aspects (which have not been discussed in literature so far)
would be certainly of interest. However, the computational effort probably is
very high because already without considering these aspects computing times
are tremendous for a higher given number of switching angles.

A comparison of the solutions presented here with the classical pulse pat-
tern optimisation shows in general that also there (i.e., already for a relatively
low number of switching angles) in the case of a loss minimisation (cf. EOC
in Ref.[15]) two classes of solutions can be observed. They correspond basi-
cally to the continuous and to the discontinuous modulation as can be seen
by comparing the dep: ies of the normalizsed harmonic power losses on
the converter modulation index (cf. Fig.11).

In conclusion, we want to point out that (as shown in Ref.[16] and as
mentioned also in Ref.(13]) all the considerations described in this paper also
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can be applied to converters with DC current link if one applies the duality
relations. Due to the very clear representation of the system quantities by
space vectors and due to the implicite decoupling of zero quantities also in
this case this method has to be highly preferred as compared to using phase
quantities. A more detailed discussion shall be omitted here for the sake of
brevity.
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