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Abstract - This work presents a study with emphasis on
modulation principles. It revisits the concepts of Delta and
Sigma-Delta modulators and merges then into a hybrid
modulator - the Delta-H modulator. The analysis of this new
modulator considers demodulation the ideal way to recover
modulated signals. Delta-H operation and model are detailed
here. This modulator is better suited to systems operating at
frequencies higher than the supply frequency. Finally, an
audio amplifier is suggested as a possible application.
Simulation results verify the description and operation of this
model, with an excellent performance in the suggested
application.

the input. However, modulation can be achieved through
time-variant linear systems. These systems are present at
switching systems, largely used in Power Electronics. [3].

Fundamentally, there are two basic kinds of modulation
accordingly to the carrier waveform. The continuous wave
modulation is done through a carrier with a pure sinusoidal
waveform. Pulse modulation is done with a train of
periodic pulses. Modulation is also classified accordingly
to the way information is incorporated to the carrier. The
principal forms are AM - Amplitude Modulation, and FM -
Frequency Modulation.

|. INTRODUCTION Both can be used in applications, either as continuous

modulation or pulse modulation. Besides these basic

Most studies in Power Electronics deal basically W|thforms modulation can be achieved varying pulse width,
conversion processes. These converters work with gripﬂlse frequency or both.
power amounts, in variated combinations between AC and
DC modes. Input and output AC frequencies ordinarily are The term Pulse-Frequency Modulation is neither usually
never higher than the supply's frequency (usually 60 HzWescribed nor used. This work introduces it in order to
There are few works with generic non-sinusoidal currendiffer from other pre-existing modulation forms. This
and voltage waveforms, and at higher power levels. Alsanodulation characteristic is the energy processing through
many of the approaches to this subject need conceptuzdrrier period length variation. The pulse width is constant,
refinement. The present work analyses concepts, modelifignce the energy carried in each period is also constant.
and topological description of a converter with a generiélthough energy in each period is constant, the average
output waveform. Such structure is capable of reproducingower value varies accordingly to the modulation interval
functions at frequencies higher than supply and with higin each period.
fidelity, even at high output power level. Practical
applications range from active filtering and power function
generation, to audio amplifiers.

I1l. DELTA M ODULATOR [1], [2].

One of the most common examples of Pulse-
Frequency Modulation is presented in Delta Modulation
[1] and [2]. This type of modulation is exactly as described

Basically, modulation can be described as two differerpreviously. A finite and constant energy amount is
signals combined for information transmission. The firsprocessed in a rate (frequency) defined by the information
signal is the information for transmission and is calledmodulation signal).
envelope. The other signal is the carrier signal and
transmits the information or envelope.

Il. BASIC CONCEPTS

In Fig. 1, a block diagram of a Delta Modulator is
presented. A sample and hold block takes the error e(t).
In the signal analysis point-of-view, modulation is The sampled error e*(t) corresponds to the actuating signal
directly related to the frequency shift property. Modulationu(t). This signal, u(t), is injected to the limiting block,
shifts the frequency spectrum - so the output frequencies which defines a constant level for each output pulse with a
a modulator are different of the input frequencies. Theorresponding algebraic signal. The level of each pulse is
frequency shifts purpose is to use the better transmissi@onstant from the beginning to the end of a sample when
characteristics present in higher frequencies. its value is refreshed. The fixed sample rate (frequency)

Modulation i iated t i . %efines the pulse width and the maximum modulation
odulation 1S associated 1o non-iinear operation an equency. This frequency is a half the sample rate.

normally achieved through the algebraic product of the tW%mally, after the limiting block output the pulse modulated
functions. It is not possible to achieve modulation througf& mmand function s(t), is obtained.

non-time-variant linear systems because the outp ut
response of these systems produces frequency |dent|cal to



The Delta Modulator’s main characteristic is the output For the DELTA-H modulator analysis a full-bridge
of the integrator block. This block input is a two-level power converter was chosen. An inductor and a resistor in
discrete signal from t). After integration, the output a series association necessarily form the load. This
average signal is a reproduction of the reference signagstriction comes from the converters characteristic output
Vredt). The integrated instantaneous value of the signdlurrent.
vo(t) will have better fidelity to the reference signal Fig. 3.a shows this bridge converter topology. Fig. 3.b
waveform with the increasing of the sample and holdows an adapted model.
command frequency.f
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Fig. 1. Block diagram of the DELTA Modulator. 3-)

IV. SIGMA-DELTA M ODULATOR[2].

Another example of Pulse-Frequency Modulation is the —
Sigma-Delta Modulation [2]. This modulator is very
similar to the previous and shows the same functional
blocks. Its main characteristic is at the integrator block
input. The error signal, e(t), is the subtraction of the
reference signal,¢(t), and the output voltageg{). The
output voltage is a discrete pulse train and the reference is
a constant signal, so the subtraction of both signals is an
amplitude and frequency modulated signal. The Sigma- L

Delta modulator is depicted in Fig. 2.
Vg (1)

V. DELTA-H MODULATOR

The proposed modulator in this study, the DELTA-H
Modulator, is hybrid from the DELTA [1], [2] and  pqp this analysis a fundamental consideration is made.
SIGMA-DELTA [2] modulators. This modulator shows ggcq\se this converter has an output characteristic of a
the main characteristics from both previous modulators,, rent source, it can be assumed that the voltage
merging the two from a common point. waveform, in the resistive portion of the load, is the same

Fundamentally, the DELTA and SIGMA-DELTA as the current-reference signal. Then, exclusively for
modulators show four basic blocks. These blocks perfornodeling, the resistive portion of the load can be
addiction, integration, sample and hold and limiting. Theconsidered as a time-variant voltage sourggty.

DELTA-H modulator is based on the way each block
performs these basic functions.
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Fig. 3. The bridge converter. a) Topology and b) Adapted model.
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Fig. 4. Redefined model of the bridge converter.
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Fig. 5. Equivalence between models of the bridge converter.



The proposed model in Fig. 3.b is redefined and adapted
to this consideration and presented in Fig. 4. Notice in Fig. %0 @
5 that the integrative characteristic of inductor L
establishes equivalence between the electric model and the
controller block. This equivalence shows that the block
diagram corresponds to the SIGMA-DELTA modulator

previously described. JI_ o SH

In the electric model, the inductor integrative 'Ret ()
characteristic changes variables to guarantee the ch
dimensional relation between input voltage and output
current of this element. The complete DELTA-H
modulator model is obtained through the DELTA This analysis aims to separate the main differences
modulator blocks, which are responsible for the currenramong the filtering and demodulation processes. Although
waveform imposition, [(t). Fig. 6 shows this model and they show very close models, a distinction and
Fig. 7 shows the equivalent functional blocks. characterization of both processes is necessary. A low-pass
filter is associated to lower frequencies, that is, lower
dynamics. A demodulator, though, is associated to higher
frequencies, that is, very fast dynamics. Hence, a
distinction between both elements is necessary to obtain
From the model and proposed analysis, at Fig. 7 thihe best performance of each system.
corresponding parts of DELTA and SIGMA-DELTA . R
modulgtors and Ec)heir fusion around the integrator block can In the DELTA-H modulator mtrqduc_:ed in this _study, the
be distinguished. Therefore, the power converter baledUCt'Ve element at the power circuit acts basically as an

comes from SIGMA-DELTA modulator while the control 'ntegrator block. This block performs at each switching
loop is originated from the DELTA model period the algebraic integrate of the voltage discrete

function, defining a continuous average value to the

current function. The relation between voltage and current

is purely linear. Though integration is also linear, it can be
Demodulation is the complementary process ofpplied to demodulation since this system is time-variant.

Modulation. Demodulation is used to recover the

information from a modulated function. The recovering VII. APPLICATION

process used in Power Electronics is exclusively the i . .

modulated function filtering. All modulation processesfreTﬁingEgLAdig ar:rwr?dlil}lilg;[orthlzt Tsrg ?)ggls'egngo s%t:?tgss

used in Power Electronics carries energy at low guency pirier, : . .
mplifier. The analysis of its performance in this

frequencies. The information recovering in this frequencﬁl o .
range is possible using a low-pass filter. It restricts thélpphcatlon is frequency-limited 1g3400Hz. The sample

analysis since the filtering process, though a quite simpl@t€ (frequency) was defined tg=400kHz, limiting the
solution shows barely acceptable results. maximum modulation frequency to 500 times the higher

) response frequency. The signal used for performance
Some frequency-modulation processes do not havgaluation is a 400Hz sinusoidal function. It is considered

energy at the same spectrum range as the information. average power dissipation at load around,s5G0W.
these cases, the exclusive use of a filtering element shows

poor results. The information can only be recovered Unlike the conventional audio power amplifiers, the
through demodulation. dissipated power is directly proportional to the load
he | h is shifted f himpedance. That is, at same operation conditions, a load
In the latter, the energy spectrum is shifted from t Gr'mpedance of &80 dissipates more power than g2Q

carrier frequency range to the information range. Thi o L T
process can be refined then through filtering, similar to th?eoad' This is due to the output characteristic, which is of a

: S current source.
exclusively filtering processes.
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Fig. 6. Model of the Delta-H modulator.

Like the DELTA modulator, the current reproduction in
the DELTA-H modulator will increase in quality
proportionally to the sampling frequengy f

VI. DEMODULATION

L

Fig. 7. Delta-H Modulator block diagram.



The load impedance of this application was&>2 and L maximum) = 4-9 (MH) (11)
the sinusoidal output current was definegky=8A.

Besides, sinusoidal output voltage was established L aaopreg = 2.0 (MH) (12)
Vorms=64V. Summarizing. The inductance just works as an integrative constant,
P, = 500(W) 1) and so its value is not critic. The inductance value adopted

gives a current rate two times greater than the designed

V,aws = 64 (V) one. The current rate value was used as design criteria, to

@) guarantee a converter safety operation.
lors =8 (A) (3) The linearity is the most important characteristic of the
inductor. It must not reach the saturation to avoid
Z, =R, =8(Q) 4) distortion on the current waveform. To achieve this
condition it should be used an inductor with air gap.
f, =400(Hz) 5) _ _
The maximum current ripple happens at the output
f. = 400(kHz) (©) current peak. In other words, the maximum current ripple
happens when the sinusoidal waveform assumes its

The output voltage of Mus=64V corresponds to a maximgm absolute value.. The current ripple is
peak-voltage of ¥=90V, approximately. This peak voltage Proportional to the MI and inversely proportional to the
is important to the Modulation Index (MI). It is defined asSa@mpling frequency fc. Hence:

the ratio between the maximum sinusoidal voltage output (L+MI)-E
and the DC input voltage source. Thence: Al = I (A) (13)
v, ’
Ml =— (7) Al, =0.295(A) (14)

In this study, the Ml is directly related to the converters 1his value was verified through the converter numeric
dynamic operation. As the Modulation Factor approache¥mulation. The maximum current ripple obtained was
to the unit, the operation dynamics becomes slower arfRfiual toAl=289.5mA. Fig. 9 depicts a current waveform
therefore reducing the operation frequency. With this irfletail where this value was determined.
consideration, the adopted MI varies from 0.6 to 0.7. This
project parameter is fundamental because it provides VIII. SIMULATION
excellent operation behavior even during possible Thig modeling was confirmed through numeric
fluctuations in the input voltage source. Since the outpWiiation. The parameters previously determined were
voltage depends only on the reference sigralf)i the Ml ;seq in the power circuit at the sampling frequency

adjusts automatically to quiescent point variations. Thi$ _s50kHz and output frequency=H00Hz.
characteristic assures high immunity to distortion of the®
IRF640 L

output signal due to input source variations.

Other important parameter to consider for the power J IRF640
circuit design is the value of the output inductor L, though
it is not critic. The chosen value of this inductor must be a
compromise between the maximum current rate at thggy —
converter output and a low current ripple of the same T
signal. The maximum current rate happens when the
sinusoidal waveform assumes a null value. In this ? IRF640 IRF640 %@
condition, the inductance value is determined by the input ‘
source. Hence:

di (t
2 o= 202 s (AT9) ®
dt
L oo =E-— (H 9
(maximum) le ( ) ( ) N
\/Re,(t) D SET g .
This theoretical value of the inductance was chosen for CD4013A
an input voltage source of E=140V. A slightly lower f Heser O
inductance value is adopted in the project. The results It
fol | ow: f=400kHz
di, (t) lo= 28400(A /) (10) Fig. 8. Circuit used to obtain the simulation results.

dt



The converter was simulated through a circuit simulator

VLA

(Pspice). The models of the components used are as far [[: : -

close to the real as possible. The circuit used is showed ip,,
Fig. 8. The results are presented in Fig. 9 to 13.

The output current and voltage waveforms are depicte@'3
at Fig. 10. Fig. 11 depicts the reference signal and output

Fundamental = 200 Hz|]

current waveforms. It can be seen that the current outpu‘n?'4

waveform is practically identical to the reference. 5

10
Output current ripple is minimal compared to the high

frequency average value. Besides, the speaker can easity®
filter this ripple. Fig. 12 depicts output current and

reference signal spectra at audible frequency range. Fig. 13
depicts output current harmonic spectrum at the sampling .
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Fig. 12. Audible frequency range spectrum.

frequency limits range.
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Fig. 11. Reference signal and output current waveforms
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The Total Harmonic Distortion of these signals was
calculated, being equal to THZ6=0.04% (reference
waveform) and THR%=0,19 (output current waveform).
The absolute algebraic difference between these two values
results on a THD%=0.15%.

IX. EXPERIMENTAL RESULTS

The Delta-H modulation was implemented through
experimental prototype. The parameters previously
determined were used in the power converter at the
sampling frequency £300kHz and output frequency
f,=400Hz. The circuit used is very similar to that in Fig. 8.
Some functions were implemented to provide dead time
and power MOSFET driver. A slightly lower sampling
frequency was chosen to reduce the noise in the reference
signal. The converter performance was verified to an
output active power of 2250W, which is a half of the
designed nominal power. The results are presented in Fig.
14 to 17.

The converter reference signal and output current
waveforms are depicted at Fig. 14. It can be seen that the
current output is tracking the sinusoidal reference signal.
Fig. 15 depicts the output voltage and current waveforms.
The value read on the auxiliary channel must be multiplied
by a scale factor of 0.5A/mV, at both figures.

Fig. 16 depicts reference signal and output current
spectra, at audible frequency range. The Total Harmonic
Distortion of these signals was calculated, being equal to
THDr%=4.81% and THB%=4.94%. The absolute
algebraic difference between these two values results on a
THD%=0.13%.



TeK Stop: T00KS/5 25 Agas Fig. 17 depicts output voltage and current harmonic

N i ,.\\ spectrum at aud!ble frequency_. The corresponding Total
[ A1 CyernS Harmonic Distortion of these signals are Ty¥»=3.92%
1 / \ . \ g and THD:%=3.90%.
// \ / e X. CONCLUSION
\/ 4 o breq The circuit’'s simplicity and its control strategy ensure
p -/ 403.88 Hz the stability of the system. The sampling frequency
: fc=400kHz is suitable to modern power devices. This
. / : modeling based on modulation and demodulation does not
/E / need output filters. The use of generic waveforms as
N 7 referenqe s_ignal yiglds a new field in Power Electronics.
, The switching audio amplifier introduces a new use for
PRI A M S00us “ChT J= 400 7Ju1 1999 Power Electronics concepts. The results obtained through
Fig. 14. Reference signal and output currente. simulation and experimental prototype show an excellent
Tk Stop: 100K5/s . performanpe. The calculated harmonic dis_torti_on fqr bqth
E + 1 spectrum is lower than THD%=0,2%. This distortion is
accepted for very low frequency in audio applications.
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Fig. 15. Output voltage and current waveforms
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