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Abstract

The paper presents a fundamental analysis of modulation schemes and their
spectral aspects for a range of power stage topologies, from a simple 2-level
switching leg to more complex multi-level switching topologies. A family of
modulation schemes are introduced and the double Fourier series based analysis
leads to a redefinition of pulse width modulation including amplitude
modulation. A GUI-based simulation toolbox for MATLAB' — PWMSIM - has
been developed to ease the design of optimized modulator structures for any
application.

1 Introduction

Analog and digital Pulse Modulation Amplifiers (PMAs) founded on a class D
switching power conversion stage, has over the past decade been investigated
intensively with increased focus in recent years [1]-[15]. The main objectives
are the appealing combination of high performance, high efficiency and low
complexity that can be implemented. The research has been concentrated on the
classical topologies Class AD, which is a two level modulation, and Class BD
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[1], which is a three level modulation, implemented with a H-bridge as shown
on Fig. 1 and Fig. 2. Both modulation topologies suffers from a large amount of
high frequency components and furthermore Class BD [1] in the H-bridge
implementation results in common mode on the output terminals. However,
class BD modulation has the advantage over Class AD that it completely
eliminates all components related to odd harmonics of the carrier which is a
significant advantage [2].

A detailed investigation of the classical modulation schemes are presented in
[2]. Througout the paper abbreviations introduced in this paper will be used to
define the classical modulation methods. In Table 1 below these abbreviations
are outlined.

Sampling method Edge Levels Abbreviation
Single sided Two(AD) NADS
Natural sampling Three(BD) NBDS
(NPWM) Double sided Two(AD) NADD
Three(BD) NBDD

Table 1 Abbreviations used for the classical modulation methods.

For high power (>400W) the current in the switching devices becomes
significant and it will be nessecary to use switching devices rated for high
current but this solution is not preferable because of the increased switching
times. Its evident that there is a huge interest in new modulation schemes and
output stages topogies that will solve these problems elegantly.

To the best of the authors knowledge only a little reseach has been carried out in

this field, despite the obvious spectral disadvantages and limited powerhandling

capabilities of the conventional H-bridge implementation. Fundamentally, the

desired output stage caracteristics are:

o General output stage topology structure that can be scaled to any desired
output power.

o Single supply operation.

e Low complexity.

Also, the desired pulse modulator caracteristics can be formulated:

¢ A high basic linearity in order to minimize the need for error correction.

o A minimal switching frequency(f)/bandwith(B) ratio.

o A minimum of HF spectral content at all modulation depths. The ideal
modulator would generate no HF-components.

o A minimum of common mode content at all modulation depths.

o Low complexity.



2 Analysis Method

A suite of modulation schemes are defined and investigated by several methods.
For each modulation scheme analytical expressions for Double Fourier Series
(DFS) for both differential output and common mode output will be presented.
Furthermore numerical time domain and FFT analysis are performed.

The results from the DFS will be presented using Harmonic Envelope Surface
(HES) as introduced in [2]. The HES is a three dimensional figure where the
amplitude is plotted vs. the normalized frequency and modulation depth. The
amplitude is represented by a grayscale.

A GUI controlled software toolbox has been developed for MATLAB to
simplify the analysis of Pulse Width Modulation methods. The GUI is shown in
Fig. 3. PWMSIM allows both time and frequency domain investigation of a
range of PWM methods, using an analytical (DFS/HES) approach or numerical
analysis. The toolbox has been used extensively for the investigation of
PSCPWM methods.

Througout the paper there will be used several symbols, mainly in the
expressions for the DFS, which are explained in Table 2 below.

N Number of switching legs(half bridges)
M Modulation index

/e Carrier frequency

x=ayt ), = Carrier signal angle frequency
y=ax @= Audio signal angle frequency

A Bessel function of n-th order

n Index to harmonics of the audio signal
m Index to harmonics of the carrier signal

Table 2 Symbols used for the DFS expressions.

3 General Multi-level PWM

From the analysis of the fundamental PWM methods the question arises if it is
possible, by simple means, to synthesize even more efficient PWM waveforms
than NBDD [2]. An enhanced pulse modulated waveform with minimal HF
content would certainly be interesting. There is enough motivating factors, as
improved demodulation, lower switching frequency and a reduction of
switching noise in measured variables for control systems. However, enhanced
pulse modulation methods are only interesting if:

o There are simple implementation strategies.



s There is a possibility for single or dual supply operation for minimal power
supply complexity.

o The power stage linearity is not be compromised. The linearity should be
comparable to what can be achieved with the four fundamental PWM
methods using the H-bridge topology.

3.1 Phase Shifted Carrier PWM (PSCPWM)

A new scheme Phase Shifted Carrier Pulse Width Modulation (PSCPWM or
PSC in short) was presented in [3] - that can be considered a multi-level PWM
method. The work presented in this paper is an extension of this work
[71,[81,[9]. Multi-level PWM has never been considered for PMAs before and
the subject is therefore new in the field. The general switching power stage
structure for PSCPWM is shown in its most general form in Fig. 4.

A typical approach to obtain higher powers in a switching power stage is to
parallel switches or bridge legs that are driven with the same modulator. The
PSCPWM power stage topology in Fig. 4 is equally based on paralleling of
switching legs, i.e. the topology has some resemblance with this approach.
However, instead of just paralleling similar controlled switching legs, it is
possible to synthesize highly interesting multi-level modulation waveforms with
a more intelligent control of the individual switching legs. The method is based
on interleaving the phase of carrier and/or the modulating signal to each
switching leg by intelligently controlled phase shifts. Fig. 5 illustrates a circuit
equivalent for PSCPWM where N switching legs are paralleled. The
contribution of each generator to the idle output voltage v,,(#) (no load) is found
by Kirchoff’s voltage law. Thus, v, (#) can be written as:

V() +...vy (1) Egn. 1
N

vp.th(’)=

An alternative switching power stage topology for PSCPWM is the balanced
topology shown in Fig. 6. The topology will be referenced to as the BPSC
topology. The advantages of this bridging are well known from the simple H-
bridge: the required break down voltage on each switch is halved compared to
the single ended topology in Fig. 4. Furthermore, only a single supply voltage is
required. The disadvantage of the BPSC topology is the potential risk for
common mode problems. The work presented in this paper is focused on the
development of new modulation schemes for the BPSC topology.

3.2 Multiple Leveled Carrier PWM (MLCPWM)

PSCPWM relies on an effective synthesis of a multi-level pulse waveform by
superposition through summing impedance’s. An alternative approach is to
physically minimize the switching amplitude levels. Such direct methods are



known as multi-level PWM, and have found their place in high power switching
inverter systems [4], [5], [6]. The foundation is generally a switching power
stage with multiple power supply voltage levels and often complex control
circuitry. The general drawback of such methods is the severe distortion that is
introduced from diodes in the signal path. However, the methods also have
certain interesting properties.

The most promising method of the above mentioned for audio use is the
topology proposed in [4]. This method MLCPWM) differs from PSCPWM in
terms of switching power stage realization. Fig. 7 shows the general power
stage structure. The power supply is divided in N+1 levels by separate power
supplies or capacitors. The control of the switches is rather complicated and is
dependent upon N. For a four level topology the resulting HES-plot is shown on

Fig. 8. It is seen that there are intermodulation components around all hamonics

of the carrier. There are several differences between this approach and

PSCPWM that are outlined below:

e The output stage contains diodes which will introduce severe distortion. This
excludes this approach to be used for audio amplification.

o The output stage does not need summing inductors which is an advantage of
this method.

o Each switch has to handle the full load current. In the case of PSCPWM the
load current is divide by the switches and the current in a single switch will
be N/2 times lower.

o The voltage over the capacitors has to be constant. Variations will introduce
severe distortion.

o The topology does not improve the spectral characteristics compared with
the conventional PWM methods.

It can be concluded that the approach suggested in [4] is not optimal for audio
amplification.

4 PSCPWM methods and analysis

The BPSC power stage topology in Fig. 6 differs significantly from the PSC
topology in that the modulators drive each side of the load. Thus, v, s(?) is:

vi(t) +vy(8).. vy (7) ¥ [GERACIRIO) Eqn 2
N N

Vo () =

The optimal control algorithm that has been specified for the basic PSCPWM
switching topology above, can not be directly applied to the BPSC switching
topology. Three different control algorithms have been devised for the balanced
topology, all with interesting properties.



Balanced PSCPWM type 1 is defined by the following control algorithm:

27 r 7
6, ,=(p-D)— d Oy, =(p-1)—+— 1L..N,
np =Py and Gnp=(pDy ey Pl Eqn. 3
9, =0 and @p,=7 ,pe{l.N}

WhereN, =N/2 and @,,/6,, is the phase shift of the p's carrier on the

left/right side of the load relative to some fundamental carrier waveform v, (z).
Similarly, ¢,, / ¢, , denotes the phase shift of the p'th modulating signal on the

left and right side of the load, relative to the fundamental modulation signal
v,(t). The basic principle is to distribute the N interleaved carries equally on
each side of the load and invert the modulating signal to the right side of the
load.

Balanced PSCPWM type 2 is a simplified control algorithm where the
numbers of carriers are halved compared to type 1. The control algorithm is
defined as:

ud i
OLp=(p-1 d Op,=(p-D— L.N
b =Py o Oy =p=Dy pefl- N Eqn. 4
0,,=0 and ¢p,=7 pef{l.N]

Balanced PSCPWM type 3 is familiar to type 2 by only utilizing N/2 carriers.
However, the interleaving of carriers is different:

2r 2
6, ,=(p-H— d Oy ,=(p~1)— L..N
Lp=(p )Ns an rp = (P )NX pef o Eqn. 5
(0,ﬂ,,=0 and Prp =7 pe{l...Nx}

The three balanced control algorithms can be visualized by modulator structures
as shown in Fig. 9- Fig. 11.

Configuration Edge Abbreviation
Single sided NS
Non-balanced Double sided ND
Single sided NSB1, NSB2, NSB3

Balanced (Type 1,2and 3) |5 " Gided NDB1, NDB2, NDB3
Table 3 Definition of PSCPWM methods.

All the control algorithms presented above can be realized using both single
sided or double sided modulation and the possible set of PSCPWM variants are
summarized in Table 3. The time domain characteristics of the balanced
PSCPWM methods are illustrated in Fig. 12. Only N = 4 is considered since this
is the most interesting case for the balanced control methods. A detailed



analysis of the differential and common mode output requires insight into the
frequency domain characteristics. This is the subject of the following section,
where DFS expressions are derived for all of the above presented, novel
PSCPWM pulse modulation methods.

4.1 Unbalanced PSCPWM methods

According to Eqn. 1 the equivalent generator voltage of the modulator and
power stage for N paralleled switching legs can be written as a sum of N double
Fourier series expressions:

L&
Fyn =W{§Fe,, Eqn. 6

With the control algorithm specified above each element in the sum Eqn. 6 is
derived form the basic Natural sampled AD Single sided (NADS) DFS [2] with
the substitution x -6, — x where 6, is defined above:

Fyans.p, = Mcos(y)

+2i 1— Jo(maM)cos(mm)

2z
i — —pEL
sin(mx —m(p—1) I )

Eqn. 7

m=1
& J (maMy V2] nr
—222%sm(mx—m(p—1)—]7+ny—m7!——é—)

m=1ntl

It can be shown that the DFS for NS can be written in the following general
form for N switching legs:

Fys.n = Mcos(y)
1~ Jy(maM)cos(mn)

+2 sin(mx)
me{N2N,3N...} mn Eqn. 8
& J, (maM) nm
-2 A Ssin(mx -+ ny ———mx
D sin(nx -+ ny ===~ m)

me{ N, 2N 3N.. .} ntl
For double edge modulation ND the resulting series reduces to:

Fuypy = Mcos(y)

Jo(mﬂ:ﬂ)
27 . Mm%
+2 ——=< gin(——) cos(mx)
me{NaNN.)  ME 2

Eqn. 9

M
+oo J,I (mﬂ—)
+2 2 sin(@) cos(mx +ny)

me(NININ. Jnzl T

2



The most interesting observation from the resulting DFS for both NS and ND is
the similarity with the basic schemes NADS and NADD [2], respectively. The
PSCPWM output is constituted of a partial set of components from the scheme
used in each switching leg. PSCPWM does not contribute with any “new”
components. This can be seen by observing the factors in the sums in Eqn. 8
and comparing these with the original DFS expression for single sided
modulation in a single switching leg (NADS).

4.2 Spectral characteristics for PSCPWM

Fig. 13 - Fig. 18 shows HES-plots for NS and ND with N = 3, 4 and 8. A close

investigation of the result reveals some obvious general advantages of these two

PSCPWM methods:

o The differential amplitude output spectrum only contains components around
multiples of N - f, for both the single and double-sided case.

o PSCPWM provides an effective increase in sampling frequency by a factor
of N.

e The maximum amplitude of the high-frequency spectrum, F,,, decreases
considerably with N.

This effective increase of sampling frequency is a very useful property, since it

can be used effectively to reduce the switching frequency in each switching leg.

The PSCPWM algorithm in effect just removes all spectral components in the

original single-leg spectrum except those around multiples of N7 . These

causes the resulting spectral characteristics to differ dependent upon if N is odd
or even:

e With even N no harmonics of the carrier are present in the output.

o With even N the HF characteristics are very appealing at lower modulation
depths where there is a close to proportional relationship between the
Intermodulation (IM) -component amplitude and M. Thus, at M=0 there are
no HF components at all. This resembles the characteristics for three-level
methods NBDS and NBDD.

o Odd N leads to less appealing characteristics at idle, where harmonics of the
carrier will be present around multiples of Nf,

The differences between NS and ND are not surprisingly similar to the
differences between NADS and NADD [2]. Generally, the side-bands for
double sided modulation are smaller and half of the IM-components are
eliminated (i.e. a ‘striped’ nature in the HES). Consequently, ND is preferable.

4.3 Balanced PSCPWM

The balanced type uses the output stage as shown in Fig. 6. The topology is
appealing because of the single supply implementation, but the drawback is the



risk of common mode on the output. In the following there will be presented
modulation schemes that do not suffer from common mode.

4.3.1 Balanced PSCPWM - type 1 (NSB1 and NDB1)

The control algorithm for the type 1 balanced configuration is defined above
and repeated here:

9L,p=(P—1)]2V—”, pe{l..Ng}
7w Eqn. 10

A pe{l.Ng}

Op,p = (p—l)—sz+
The time domain characteristics for the control algorithm were shown in Fig. 12
for N=4. N, = N /2 indicate the number of modulators on each side of the load.
It should be emphasized that NSB1/NDBI is equivalent to NADS/NADD in the
case where N=2, corresponding to a simple H-bridge implementation.
NSB1/NDBI in this specific case are new interesting modulation methods
utilizing N=2 carriers, by which the H-bridge power stage can be controlled.

In the case of single sided modulation the effective signal on left side
FLyspy,and right side FRyg, v 0f the load are found by superposition and

normalization as:
L& 1 &
FLysg1ng Z_EFNADS.H,_. and FRysp1ng =_2FNADS,9RI Eqgn. 11
N 4 N, 4
= s p=l

The NSB1 differential and common mode output are:

FL ~FR
NBS1,Ng NSB1,Ng, % Eqn. 12

Fyspin = 2

FLysaing + FRysp1 NG 5 Eqn. 13

Fyssine = 5

Exactly the same approach is used to derive expressions for NDB1 and all
balanced types in general. The complete derivation of all expressions for all
PSCPWM methods can be seen in [7],[8] and [11]. The results are presented
below.

NSB1 differential DFS



Fysgin = Mcos(y)
me{Ns2N5.3Ns...} mr
§ J, (maM)

- Z A~ cos(mz)(1— cos(mL) cos(nm))sin(mx + ny—-n—l—z-)
me{Ny, 2Ny 3Ny, }nt1 M7 Ng 2

+ (1=cos(m NLS)) sin(mx)

Eqn. 14

NSB1 common mode DFS

1- M
Fuspine =+ 1= Jo(mah) costmm) 1+ COS(m—NL)) sin(mx)
s

me{Ng, 2Ny 3Ns...} mr
oo
J, (maM .
- Z Zﬂ—)(Hcos(m—’—[—)cos(nn)) sm(mx+ny—m75—ﬂ)
me{Ng 2Ng,3Ns...} ntl 7 Ng 2

Eqn. 15

NDBI1 differential DFS

Fypmy = Mcos(y)

M
JO(”‘”T)

mr

+

sin(m—”)(l —cos(m L)) cos(mx)
me{Ng,2Ng 3Ns...} 2 Ny

Eqgn. 16

M
+oo J,(MT—)
+ ! 2 sin(—(m;n)”

)1 = cos(m—=) cos(n)) cos(mx +ny)
me{Ng,2Ng 3Ng...}ntl Ng

nx
2

NDB1 common mode DFS

M
J 2
o(mm 5 )

me{Ns.INg 3N} T
2

Fyppine = sin(mT”)(l +cos(m —NE—-)) cos(mx)
s
Eqn. 17

oo ), (mﬂ%)
mz

(m+n)n

+ sin( Y1+ cos(m NL) cos(nz)) cos(mx +ny)
s

me{Ng,2Ns,3Ng..} ntl

4.3.2 Spectral characteristics for Balanced PSCPWM — Type 1.

The NSB1/NDB1 methods are now analyzed by the HES that is generated
directly from the synthesized DFS expressions. Generally, the performance of
the balanced PSCPWM methods depend on N, =~N/2. Consequently,
NSB1/NDBI are not equivalent implementations of NS/ND on the BPSC power
stage structure.

Fig. 19 and Fig. 20 shows the HES for the differential and common mode
output of NSB1 with four switching legs N =4. Since the carriers are the same
as for NS and the modulating signal is inverted to the right side of the load, one



should expect exactly the same spectral characteristics as for NS. The main

reason for the significant differences is the subtraction of modulator outputs

over the load. The following general characteristics are observed for NSB1.

e Both the differential and common mode contain components around
multiples of f,N, = f,N /2.

o Although the carrier is single sided, only half of the components are present
in the output spectrum (i.e. the “striped” nature of the HES).

o Common mode components are present around multiples of N.f,.

® No harmonics of the carrier are present in the output spectrum. The dynamic
characteristic of the common mode output is very good since the components

are close to proportional to the modulation index (i.e. they disappear at
idle).

Fig. 21 and Fig. 22 shows the HES for the differential and common mode

output of NDB1 in the specific case where N =4. The HES shown that the

differential output is as desired i.e. exactly as basic double sided PSCPWM

(ND). However, common mode components are generated with the first “lump”

present at f/.N. A more general investigation of NDB1 vs. the number of

switching legss shows that the general characteristics depend significantly upon

evenorodd N,:

e For N, even the differential output is as for ND and there is a common mode
output with the first “lump” around N f .

o For N,odd (not illustrated) the differential output is not as ND, but contains
HF- modulation components around multiples of N_f . However, no common
mode components are generated,

NDBI1 with N odd is a specifically interesting case in that it synthesizes a
multiple level waveform from a single supply level without generating common
mode. Thus, PSCPWM solves this fundamental problem that renders
conventional methods as NBDS and NBDD unusable in many applications.
Comparing NSB1 and NDB1 leads to the clear conclusion that NDB1 is
superior in terms of both differential and common mode characteristics.

4.4 Balanced PSCPWM - type 2 (NSB2 and NDB2)

The control algorithm for Balanced PSCPWM Type 2, are given in Eqn. 4 and
the time domain characteristics were illustrated in Fig. 12. The method requires
half as many carriers as type 1. The methods should be seen as a generalization
of fundamental three-level PWM methods NBDS and NBDD. For N=2, NSB2
is equivalent to NBDS and NDB2 equal to NBDD. The resulting expressions
are presented below.

DFS for NSB2 differential output



Fuspay = Mcos(y)

&J M
+ L o (m7M) sin(ﬂ)(l ~cos(nrm)) cos(mx +ny + T mm— ﬂ)
Ng me{ Ng,2Ng 3Ng....} A modd ntl m 2Ns 2Ng 2
mm
cos( )

2 &0 (maM) 2N mrm n
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N me(NgaNg 3Ng..} amodd nml 17T sin(m—”) 2N 2

N
= J M
+ Zm(cos(nﬂ) ~ 1) sin(mx +ny+m—”—mn—ﬂ)
me{2Ng,4Ng,6Ns,...} nl 74 Ny 2
Eqgn. 18
DFS for NSB2 common mode output
- M
Fugwe = 2 1-J,(maM)cos(mrm) sing mr ) cos(mx + mr )
Ng me{ Ng,2Ns 3Ng...} am odd mr 2N Ny
mr
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Egn. 19

DFS for NDB2 differential output

Fypmay = Mcos(y)

J (mnm M)
m U . i
+2(=1)2Ms Z 2 2 sin((m+n)7'€)(l —cos(nzx)) cos(mx + ny +M)
me{2Ng,4Ng 6Ng....} ntl mnr N,
Egn. 20

DFS for NDB2 commeon mode output






