
Practical Implementation and Error Analysis of PSCPWM Based Switching Audio Power Amplifiers 5040 (L-5)

Frank Schwartz Christensen, Thomas Mansachs Frederiksen, and Michael A. E. Andersen
Technical University of Denmark
DK-2800 Lyngby, Denmark

Karsten Nielsen
Bang & Olufsen A/S
DK-7600 Struer, Denmark

Presented at ^uDIO

the 107th Convention
1999 September 24-27
New York

Thisprep#nthas been reproducedfromthe author'sadvance
manuscript,withoutediting,correctionsor considerationby the
ReviewBoard. TheAES takesnoresponsibilityforthe
contents.

Additionalpreprintsmaybe obtainedby sendingrequestand
remittanceto theAudioEngineeringSociety,60 East42nd St.,
New York,New York 10165-2520, USA.

All rightsreserved.Reproductionof thispreprint,orany portion
thereof,is notpermittedwithoutdirectpermissionfromthe
Journalof theAudio EngineeringSociety.

AN AUDIO ENGINEERING SOCIETY PREPRINT



Practical implementation and error analysis of PSCPWM
based switching audio power amplifiers

by

Frank Schwartz Christensen, M.Sc (Eng).
e-mail: fsc@iae.dtu.dk

Thomas Mansachs Frederiksen, M.Sc (Eng).
e-mail: tmf@iae.dtu.dk

Michael A. E. Andersen, Assoc. Professor Dr.
e-mail: ma@iae.dtu.dk

Department of Applied Electronics, Technical University of Denmark

and

Karsten Nielsen, Ph.D
e-mail: kst@bang-olufsen.dk

Bang & Olufsen A/S, Denmark

Abstract

The paper presents an in depth analysis of practical results for a PSCPWM -
Paralleled Phase Shifted Carrier Pulse Width Modulation - amplifier. Spectral
analyses of error sources involved in PSCPWM are presented. The analysis is
preformed both by numerical means in Matlab and by simulation in PSPICE,
followed by practical verification on a prototype. A toolbox for Matlab has been
developed to ease the complex analysis.

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]-[24].

2. Phase Shifted Carrier PWM

Phase Sh_ed Carrier Pulse Width Modulation (PSCPWM or PSC in shorO was
presented in [6]- which can be considered a multi-level PWM method. The work



presented in this paper is an extension of this work. 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. 1.

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. 2
illustrates a circuit equivalent for PSCPWM where N switching legs are paralleled.
The contribution of each generator to the idle output voltage Vth(t ) (no load) is
found by Kirchoff's voltage law. Thus, vp,th(t)can be written as:

v_,.,h(t) = v_(t)+...v N(t)
N Eqn. 1

An alternative switching power stage topology for PSCPWM is the balanced
topology shown in Fig. 3. The topology will be referenced to as the BPSC
topology. The advantages of this bridging of the low 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. 1. 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 the previous paper [18] showed
that it can be possible to modulate the switches in way that will lead to a common
mode free output.
The three balanced control algorithms can be visualized by modulator structures as
shown in Fig. 4-Fig. 6.

Configuration [ Edge I Abbreviation

Non-balanced Singlesided NS
Doublesided ND

Balanced (Type 1,2 and Single sided NSB1, NSB2, NSB3
3)

Double sided NDB1, NDB2, NDB3

Table I Definition of PSCPWM methods.

3. Modulator Error Analysis.
In general, the modulator can be implemented with a performance level that well
exceeds what can be achieved by the subsequent power amplification stage.
However, this requires certain precautions in modulator design. The factors that
need consideration for a modulator consisting of only one comparator can be
summarized to:

· The inherent offset within the comparator leads to edge jitter and has be
sufficiently small.



· The speed of the comparator, especially in terms of differential delay between
turn-off and turn-on.

* The carrier generator jitter and noise (especially within the target bandwidth).

PSCPWM modulator implementation introduces new concerns that require a more
detailed analysis. In the following, the possible error sources will be discussed in
terms of the effect on the resulting PSCPWM modulator output. Modulator error
sources relate to errors on the carrier. Four categories can be defined:
* Interleave (phase) errors between carders. The error source will be represented

in degrees related to desired phase angle of the particular carrier.
· Carrier amplitude errors. This will lead to different amplitudes of the individual

carriers. The error will be defined (in %) as the relationship between the error
related to the nominal carder amplitude.

· Carrier symmetry errors in double sided modulation. The error source is
introduced if the individual carders are not symmetrical.

* DC offset errors. The error is represented relative to the amplitude of the carrier
(in %).

The origins of the errors are illustrated in Fig. 7. The case where N=4 is
investigated more closely in the following. All errors will be analyzed in the
absolute worst-case situation, by establishing tolerances for the individual error
sources for all PSCPWM modulation methods.

The investigations lead to one fundamental conclusion: All errors sources only
influence (i.e. degrade) the HF-characteristics and do not influence output stage
linearity. The degradation of the HF-output means the that the harmonic
cancellation of PSCPWM will not be perfect, i.e. there will be finite components
around all harmonics of the carrier etc. The effects of this degradation in HF-
characteristics should not be overestimated. Although the cancellation is imperfect,
a reduction of harmonic components is an improvement that will allow for lower
carrier frequency, higher control loop bandwidth, improved demodulation and all
the other positive effects of PSCPWM. A complete elimination of the components
is not possible in practice.

3.1.1 Parametric analysis of PSCPWM modulator error sources

To gain knowledge on the necessary tolerances to implement PSCPWM, a
systematic investigation of worst-case tolerances for at least 30dB, 40dB, 50dB
and 60dB of harmonic cancellation has been investigated. Worst case is the highest
frequency component of expected cancelled. All investigations have been carried
out at M=0.9. The investigations have been performed individually for each of the
double-sided modulation schemes. Single-sided modulation is not of any interest
for use in practical implementation in that the single-sided modulation in general
have twice as many harmonic components compared to double-sided
modulation[ 18].



The analysis has been carried out by numerical means in Matlab.

ND tolerance specifications (N=4):

Max.HF Phase Amplitude Symmetry DC
-30dB 4° 10% 2.5% 3%

-40dB 1.3° 3% 0.7% 1%
-50dB 0,4° 0.9% 0.2% 0.3%

-60dB 0.15° 0.3% 0.1% 0.1%

NDB1 tolerance specifications (N=4):

Max.HF Phase Amplitude Symmetry DC
-30dB 4° 10% 2.5% 3%
-40dB 1.3° 3% 0.7% 1%

-50dB 0.4° 0.9% 0.2% 0.3%

-60dB 0.15° 0.3% 0.1% 0.1%

NDB2 tolerance specifications (3/=4):

Max. HF Phase Amplitude Symmetry DC
-30dB 7° 13% 4% 5%

-40dB 2° 4% 1.2% 3%

-50dB 0.7° 1.2% 0.4% 0.6%

-60dB 0.25° 0.4% 0.15% 0.2%

NDB3 tolerance specifications (N=4):

Max.HFerror Phase Amplitude Symmetry DC
-30dB >10 ° >10% 10% 5%

-40dB >10 ° >10% 3% 1%

-50dB >10 ° >10% 1% 0.3%
-60dB >10 ° >10% 0.3% 0.1%

From the tolerance investigations the following is concluded:
· Generally, there is a nearly proportional relationship between the specified

peaks in the error HF spectrum and the tolerances, i.e. when the specification is
reduced 10dB, the tolerance also tightens 10dB.

· The tolerance specifications for ND and NDB1 are identical, corresponding
well with that the number of carriers are the same.

· For NDB2 the errors (tolerances) can generally be doubled, corresponding to
that the number of carders is halved.

· NDB3 is extraordinary insensitive to phase and amplitude errors and less
sensitive to symmetry errors that other methods. The tolerance to DC errors is
identical to ND.
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In conclusion, errors on the carrier waveform will generate a HF error spectrum
around all harmonics of the carrier. However, the tolerance specifications
corresponding to -30dB and -40dB can be implemented, especially in the NDB3
case. Correspondingly, PSCPWM is feasible and not inherently limited by
tolerances within the modulator.

4. PSCPWM Power Conversion.
In the next an analysis of the power stage losses is performed. The analysis can be
seen as a general analysis based on calculations in a single half-bridge, which can
be considered as the basic element of the PSCPWM output stage. The analysis
there by covers the previously known output stage like the H-bridge.

4.1 Efficiency analysis

The PSC switching power stage topology is realized by N parallel coupled
switching legs. In the balanced configuration for the BPSC topology, there are N/2
parallel-coupled switching legs driving each end of the load. Correspondingly, the

output current for each individual switching leg, IL_, is related to the total output
current/o as:

I Switchingleg PSC BPSC Ib._=lo _L_---/o/N IL_=2fo//v

Due to the paralleling of switching legs and balanced drive in BPSC, the required
inductance in each individual switching leg, £_, is dependent upon the number of
switching legs. The paralleling of N switching legs in PSC corresponds to a
paralleling of N inductors. Similarly, the balanced drive in BPSC corresponds to a
series coupling of two sets of N/2 inductors. Correspondingly, the inductor LN

required for each switching leg for the general PSC and BPSC switching
topologies are:

Switchingleg PSC BPSC ILN =L LN =L.N LN = L.N/4

To estimate the losses in the power stage the RMS-current and the rectified
average current have been derived. The current can be considered consisting of two
components; a low frequent sinus signal component and a high frequent triwave,
ripple component generated by the PWM pulses.



Currents IRMS Iav(rect)

L _2t
ILK ,PSC-signal _ _ LN

iL_.Psc.,p¢_ [r,p_,_, Not used45

IFET,PSC-signal [J.... Not used
2

[,,pple Not used
IFET,PSC-ripple _ '

The voltage swing over the inductors, corresponding to the necessary breakdown
voltage depends on power stage topology as:

[ Switchin_le_U PSC2Vs BPSCVs [

With these definitions, the general expressions for total semiconductor loss and
filter loss in an N-leg PSC or BPSC output stage can be derived. The switching
losses in one switching leg can be found to [12]:

, . 1 f_U2 [, R..[C,_ In(. E-UT______:.)+ 7-- 2&ii

ps,off(iz,v) i fsS2 fl, NRg[eisshl(ST+2f__c +rrd. Q2iL_ ] EqIl. 2

The losses due to the Cps (drain-source capacitance) in one switching leg can be
found to:

Pcos(U) = 2CasU2 f_ Eqn. 3

The conduction losses in one switching leg can be found to:

. R 2Pr.(I L_) = DS(o,.)l liMS.FET Eqn. 4

The total semiconductor losses are found be multiplying by N:

g..a.r (Io)= N'EPs.o,(ILN)+&.ojy(I&,)+Pc_s(U)+Pc(IL,)] Eqn. S

The core loses in a filter inductor is calculated using the following model [12],
which consists of two contributions:



B([L,_)hSignal
Loss o(iLN)=P.V (B,'S*[,f_,t) ( Bret ) Eqn.6

kf2 ^ kB2

Ripple Pco([rtppte)= P2Vfe(f' ) (B(I"PPte)] Eqn.7
LOSS [,f,e,) ( Bm J

The copper losses in the windings can be found to:

Pcu(IL_)= R,j R_S.LN2 Eqn.8

Like the semiconductor losses the total losses in the filter are found by
multiplication by N:

rFtlter(Io) = N.[Pcu(Iz_)+(rco([L_)+Pco(/r,vCe))] Eqn.9

These expressions are general with the relationships that have been established

between Io and I_ above.

It should be noticed that there are more contributions to the power loss than
considered above. These extra losses are:

)_ Losses due to reverse recovery in the free-wheel diode in the MOSFETs.
The copper loss in the filter will be affected by skin effect.

> Loss in the decoupling capacitors on the power supply.
Loss in the filter capacitors.

It have been chosen not to include these contributions of losses because they are
small due to selection of high quality components:
> Single layer inductors.

High quality Capacitors.
> Low RDs(on) in the FET's.

5. Power Stage Error Analysis
The Power Stage errors of an H-bridge are analyzed in [24]. The Half-Bridge has
a problem during the switching period since the FET's on- and off-time are finite.
If no dead time is applied during switching transitions shoot through current
occurs. At low signal amplitudes, the pulses are narrow and comparable to the
needed dead time. This means that at low output reduced performance should be
expected but that is no the fact. In fact, at output level where the filter inductor
ripple is larger than the signal current, the output stage has ZVS due to the
activation of the free wheel diode in the FET's. This means that no dead time

occurs at low output.



6. Comparison with Balanced Current Approach

For comparison an in depth examination of the existing Balanced Current (BC)
switching power stage [22],[23],[19] topology was done. A problem in the
ordinary half bridge is the need of dead time to avoid shot through. By applying
dead time, an error in the amplification of the PWM is introduced and the
performance is reduced. The idea in the BC output stage is to remove the necessity
of applying dead time to avoid shoot through by replacing one of the switches in
the half bridge with a diode.

6.1 BC Power Stage and Modulation

The power stage of a BC topology has solved the problem regarding the dead time
see Fig. 9 but at the same time some other problems occur. By the replacement
with a diode the half-bridge is limited to conduct in only one direction in the filter,
inductor depending on which switch (the upper or the lower) is replaced by a
diode. If the replacement takes place at the upper switch the current in the filter
inductor is limited only to flow into the half-bridge. If the replacement takes place
at the lower switch the current in the filter inductor is limited only to flow out of
the Half-Bridge. This limitation is solved in [19], [20] by using two paralleled
modified Half-Bridges (ABC Half-Bridge). One Half-Bridge with an upper
replacement and the other has a lower replacement.

By ensuring, a bias current is flowing from the one Half-Bridge to the other an AC
current flows to the output, as shown in Fig. 10. If the bias current is too low the
inductor goes into discontinued conduction mode and the linearity is compromised.
It could be said that the BC output stage is working as a switched Class A
amplifier since the bias current needs to have the same value as the AC-peak
current in the inductor. It is obvious that the needed bias will reduce the efficiency.

The AC signal is generated as a PWM modulation like described above. The bias
is generated in the modulation by adding a little DC to the carder. One should
think that a DC on a carrier should make the DC go to infinity but that is not the
fact since equilibrium is achieved due to the parasitic resistances in the current
path. The DC has to be controlled depending on the modulation index, because the
bias has to have the same value as the AC-peak current. It is seen in the modulation
error analysis above a DC on the carrier will not give a perfect cancellation of the
harmonics of the switching frequency.

6.2 Efficiency Analysis

The BC switching power stage topology is realized by N/2 parallel coupled BC
Half-Bridges, because the BC Half-Bridge consists of two switching legs. In the
balanced configuration for the BC topology, there are N/4 parallel-coupled BC
Half-Bridges driving each end of the load.



For the efficiency calculations, most the equations from the analysis on PSCPWM
can be reused. The only differens is that the BC approach has a bias current, which
leads to the following RMS and average currents:

BC IRMS Iav

IL,BC'sighal _/_L_ [%:

2 [.wt_

IL,BC.ripple xf_ Not used

IL_ 2 + ILN4[.....]FET 2 1,....

Isemi,BC-

]ILN 2- ILN

signal [,_,,13_2 [L_Diode 2 IL.... 4 L fL.... A

IsemiBC-ripple _--23[_,pple' 2

The losses are calculated in the same way as for PSCPWM but due to the
replacement of a FET with a diode an additional contribution from the diode must
be considered.

7. Practical implementation
PSCPWM provides both improved modulation and higher efficiency. The potential
of PSCPWM has been investigated in various high power systems [20]. The focus
has been on the BPSC topology due to the advantages in terms of single supply
operation and breakdown voltage requirements. The implementation of the
fundamental PSCPWM principle (NDB1) will be demonstrated by considering an
500W power stage. All double-sided methods NDB 1, NDB2 and NDB3 have been
successfully implemented with comparable results. As introduced above, each
individual switching leg can be designed individually. PSCPWM power stage
realization is as such relatively simple and straightforward and this flexibility in
power stage design is a desirable feature. In this particular case, 100V switching
technology has been used in the power stage. The essential parameters are outlined
below.



Parameter Description
Max.outputpower 500W/ 4 f_
Modulationmethod NDB1

N 4
vs 70v
fc 150KHz
LN 27//J/

16A

X_LN,max 8A

It was found that the most significant noise generator resided from the carrier
generators. The noise source will be reduced considerably by a control system.

Fig. 12 shows the currents in two of the summing inductors at quiescence and at
500W power output. Measurements have verified that the current characteristics in
the other two summing inductors the same. Clearly, the ripple currents have the
opposite phase as the NDB1 control algorithm specifies. Fig. 13 shows PMA
output near quiescence (at 10mW) and at 500W output. These fundamental
investigations verifies the concept of PSCPWM:
· The currents divide as desired between summing inductors, and there is no

circulating current flowing in the summing inductors.
* The output is close to perfectly demodulated although the carrier frequency is

only 150KHz in each switching leg. The harmonic cancellation of PSCPWM,
leading to both improved efficiency and superior modulator performance is a
reality in practice!

The residual switching ripple at idle operation is about 10mV RMS. This
corresponds to more than 40dB reduced switching amplitude compared to a simple
switching leg implementation.

Fig. 14 shows the distortion characteristics of the 5-level NDB 1 PSCPWM output
stage, with blanking delays optimized to a very acceptable 4W of idle loss (no
shoot-through.). The residual output noise open loop is about 1.5mV,
corresponding to the THD+N measured at lower output powers. The measured
distortion is highly acceptable for a non-controlled output stage, and this verifies
that PSCPWM does not compromise audio performance, compared to switching
leg or bridge implementations of the output stage.

The resulting specifications that have been measured on the non-controlled
PSCPWM output stage (without error correction) are summarized below:
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THD+N @ 1W/1KHz 0.3%

THD+N (1W-500W) 0.05%-0.5%

Residual noise 20Hz-20KHz (unw.) 1.5mV RMS
Efficiency 96%

Idlepowerdissipation 4W

The measured efficiency is in excellent correspondence with the estimation
provided by theory, using the Power Stage Optimization Tool. The idle power
dissipation is 1-2W higher than expected, due to the tradeoff between audio
performance (low dead time) and losses at quiescence.

7.1 Comparison with Balanced Current Approach

Fig. 15 shows the currents in two of the summing inductors at 500W power output.
Measurements have verified that the current characteristics in the other two

summing inductors the same. Fig. 16 shows PMA output near quiescence (at
10mW) and at 500W output. These fundamental investigations verifies the concept
of BCPWM:

· The currents divide as desired between summing inductors, and there are
circulating DC-current flowing in the summing inductors as expected since it is
necessary.

Fig. 17 shows the distortion characteristics of the 5-level NDB1 balanced BC
output stage. The residual output noise open loop is about lmV, corresponding to
the THD+N measured at lower output powers. The measured distortion is highly
acceptable for a non-controlled output stage, and this verifies that balanced BC
PWM does not compromise audio performance, compared to switching leg or
bridge implementations of the output stage.

The resulting specifications that have been measured on the non-controlled
BCPWM output stage (without error correction) are summarized below:

THD+N @ 1W/1KHz 1%

THD+N(1W-500W) 0.03%-1%

Residual noise 20Hz-20KHz (unw.) lmV RMS

Efficiency 86%
Idlepowerdissipation 5W

Compared with the results from the implementation of the PSCPWM power stage
it can be concluded that the BC approach have a reduced efficiency at high output
due to the required bias current.

8. Summary and conclusions
The paper has focus on analyzing the practical PSCPWM power amplifier
implementation. As opposed to trivial paralleling similar controlled switching legs,
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it is possible to synthesize highly interesting multi-level modulation waveforms
with a more intelligent control of the individual switching legs. Generally, the
balanced power stage topology (BPSC) was shown desirable due to the single
supply operation and the lower voltage requirements for the switches.
To ease the analysis and optimization of the power stage efficiency a Matlab based
toolbox have been developed Fig. 19.

The investigations of the modulator errors lead to one fundamental conclusion: All
errors sources only influence (i.e. degrade) the HF-characteristics and do not
influence output stage linearity. The error analysis of the output stage concluded,
that phase errors and summation has to be controlled within reasonable limits to
have proper PSCPWM implementation. However, it was proven practically
possible.

PSCPWM has been compared with the Balanced Current approach and found
superior in terms of performance, efficiency and HF spectral characteristics.

Practical verification proved that it is possible to realize an open loop power stage
with good distortion figures, fully comparable with classical output stages.
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