Application Note
Class D Power Amplifier Using
HV PAK
AN-СM-321

Abstract
This application note describes several ways of implementing a self-oscillating class D audio power
amplifier.
The application note comes complete with design files that can be found in the Reference section.
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Terms and Definitions

ACMP
GPO
HV
IC
I/O
LUT
MOSFET
PWM
THD + N

2

Analog Comparator
General Purpose Output
High Voltage
Integrated Circuit
Input / Output
Look-up Table
Metal–oxide–semiconductor Field-effect Transistor References
Pulse Width Modulation
Total Harmonic Distortion Plus Noise
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Introduction

This application note describes how to design a simple class D power amplifier using the High Voltage
GreenPAK IC.
A class D amplifier operates by deriving a two-state signal from a continuous control signal and
amplifying it using power switches. At the core of every class D amplifier is at least one comparator
and one switching power stage. In all but the lowest-cost power amplifiers, a passive LC filter is added.
Here’s a summary of the benefits and disadvantages of the Class-D amplifier versus the traditional
Class-AB amplifier.
•

Class AB

Benefit: Lowest distortion—total harmonic distortion plus noise (THD + N) is less than 0.1% for high
fidelity.
Disadvantages: Inefficient—maximum possible efficiency is about 60%. High power consumption and
significant heat generation. It’s also larger in size.
•

Class D

Benefits: High efficiency—greater than 90%. Less power consumption and lower heat generation.
Smaller size. Very high-power potential (400 to 500 W) in a small package.
Disadvantages: High-frequency noise generation.

The most basic topology utilizes pulse-width modulation (PWM) with a triangle-wave (or sawtooth)
oscillator. Figure 1 shows a simplified block diagram of a PWM-based, half-bridge Class D amplifier. It
consists of a pulse-width modulator, two output MOSFETs, and an external lowpass filter (LF and CF)
to recover the amplified audio signal. As shown in the figure, both MOSFETs operate as currentsteering switches by alternately connecting the output node to VDD and ground, thus the resulting output
of a Class D amplifier is a high-frequency square wave. The output square wave is pulse-width
modulated by the input audio signal. PWM is accomplished by comparing the input audio signal to an
internally generated triangle-wave (or sawtooth) oscillator. The resulting duty cycle of the square wave
is proportional to the level of the input signal. When no input signal is present, the duty cycle of the
output waveform is equal to 50%. Figure 2 illustrates the resulting PWM output waveform due to the
varying input-signal level.
This basic topology has a few downsides: Very low power supply rejection ratio, and High THD. The
quality of the output signal is highly dependent on the linearity and stability of the triangle wave, which
significantly complicates the circuit.

Figure 1: Half-Bridge Class D Amplifier, Basic Topology
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Figure 2: The Output-Signal Pulse Widths Vary Proportionally With the Input-Signal

One of the most commonly used topologies of class D audio amplifiers is known as self-oscillation.
Self-oscillating class D audio amplifiers are characterized by having an open-loop bandwidth equal to
the switching frequency as opposed to traditional PWM amplifiers, where the loop bandwidth typically
will be limited to one-tenth of the switching frequency. This increased loop bandwidth provides valuable
loop gain at low frequency, which is beneficial with respect to the reduction of Total Harmonic Distortion
(THD).
There are several ways of designing a self-oscillating class D power amp, such as:

● Hysteresis switching, see Figure 3.
The obvious shortcoming of this circuit is the variability of the switching frequency as a function of
the power supply voltage. A minor modification is to use the switching waveform itself as the
hysteresis feedback. Amplifiers constructed along these lines typically produce fairly respectable
performance, accounting for the popularity of this arrangement. The most important problem here
is that the minimum pulse width produced is only half that of the idle pulse width. The operating
frequency swings quite strongly with the modulation index, following a parabola with its maximum
at zero modulation and hitting zero at maximum modulation. The result is modulation close to
clipping, as the switching frequency traverses the audio band. The oscilloscope plot (Fig. 4) of the
output (second-order reconstruction filter presumed) is recognizable in that regard.

Figure 3: Hysteresis Switching Topology
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Figure 4: Hysteresis Switching Amplifier Output Signal
•

Phase-shift controlled oscillation.

Figure 5: Phase-shift Controlled Oscillation Topology

Figure 6: Phase-Shift Controlled Oscillation Amplifier Output Signal

A method of obtaining self-oscillation without the use of hysteresis employs the phase shift of
the feedback network to produce stable self-oscillation. The amplifier will oscillate at the
frequency where the feedback network has a 180-degree phase shift. A rather pleasing
characteristic of this method is that the switching frequency can be made much more stable
than with a hysteresis modulator. In theory, the minimum pulse width at maximum modulation
becomes zero (in practice about twice the propagation delay of the active electronics).
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Switching frequency still drops to zero in the process, but only much later, and much less
energy will be in the carrier by that time. After reconstruction by a second-order filter, the
amplitude of the residual remains nearly constant. Even under careful listening conditions,
the clipping behavior sounds indistinguishable from that of a good linear amplifier.
A notable disadvantage of phase control is that the modulation is inherently nonlinear, adding
distortion at large modulation indexes.
Nevertheless, this topology provides a simple low-cost solution suitable for most applications.
For the HV PAK design refer to Section 4.1 and Section 4.2.
•

Phase-shift control using the reconstruction filter.
The phase shift of the reconstruction filter is usually seen as a burden, rarely as an
advantage. Second-order filters turn out to be very interesting for building phaseshift
controlled amplifiers. One is reminded that the switching frequency is set well beyond the
corner frequency of the filter. At any sufficiently high frequency, a second-order low pass
filter produces a phase shift close to 180 degrees. Varying load conditions only affect this to
the order of a few degrees.
Closing a negative feedback loop around such a filter is not enough though. The oscillation
occurs at a phase shift of exactly 180 degrees (the other 180 degrees are furnished by the
polarity inversion), which only happens at infinity. An additional network is in order that holds
the phase shift well away from 180 degrees below the desired switching frequency, and
another one that pushes it well beyond it above this frequency. Any practical circuit will
already have the latter for free. The combined propagation delays of the comparator and the
power stage constitute a phase shift directly proportional to frequency. The former can be as
simple as a phase lead network in the feedback path.

Figure 7: Phase-Shift Control Using the Reconstruction Filter Topology

Since at any useful oscillation frequency the phase shift of the output filter is 180 degrees,
oscillation will occur at the frequency where the propagation delay and the phase lead cancel
out. Care should be taken to ensure that under any realistic load condition there is not a
second point with 180 degrees phase shift, because this point will be most certainly be the
physical resonance frequency filter. Failing this usually leads to the undoing of the amplifier
the first time it is overdriven with no load attached. See Figure 8.
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Where Hlpf is the transfer function of the LC filter and Hfbn that of the feedback network
Delay(s) is a linear phase shift function representing the propagation delay.
Figure 8: Phase-Shift

The phase-shift control using the reconstruction filter topology has a big advantage over
previously described topologies. The negative feedback loop is encompassing the
reconstruction filter, this allows to completely compensate for any non-linearity. The amplifier
designed using this topology is capable of producing extremely low THD+N and can compete
with class AB while having all advantages of class D.
Note that this topology is not considered in this application note. It is a subject for future
projects.

4

Design Operation

4.1

Simple Phase-shift Controlled Oscillation Amplifier

To build a simple phase-shift controlled oscillation amplifier using HV PAK requires a minimum of two
macrocells: ACMP and HV OUT CTRL. Figure 10 shows a GreenPAK Designer project of such a
device. This amplifier provides a simple solution and requires fewer external components which
means less PCB surface. As can be seen, this project uses only one HV bridge (mono). The other
one can be used as a second channel (stereo) or to drive a motor or solenoid, for example, in the
intercom device to lock/unlock the door. In addition, this design has the Enable function on PIN 2
which is active LOW. This schematic has a relatively high oscillating frequency, close to 680 kHz, but
in this case, it is an advantage. The higher the frequency, the smaller the output filter L1, L2, and C4.
Figure 9 shows the test PCB and its dimensions. If required, the frequency can be decreased by
increasing capacitance C2.
The amplifier has the following characteristics:
•

Power supply voltage – 3.5 V to 5 V

•

Current consumption (no input signal) – 3.2 mA
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•

Stand-by current (Enable – Low) – 0.82 mA

•

Output power (supply – 5V, load – 4 Ohm) – 3 W (max)

•

Gain – 20 dB

•

Input resistance – 5.6 kOhm

Figure 9: Test PCB. Top – Left, Bottom – Right

Figure 10: Simple Phase-shift Controlled Oscillation Amplifier Project

Also, as previously mentioned, the design has the option of driving an electric motor, solenoid, relay,
or similar device by HV OUT CTRL1 bridge. In this case, it is configured as two separate half-bridges
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and can be controlled individually. PIN 20 controls the half-bridge outputted to PIN 9 and PIN 17
controls the half-bridge outputted to PIN 10. PIN 14 serves to enable the bridge (active HIGH).

4.1.1

Macrocell Configuration

Table 1: PIN Settings
Properties

PIN 2

PIN 14, 17, and 20

PIN 7, 8, 9,
and 10

PIN 3 and 19

I/O selection

Digital input

Digital input

Digital output

Analog
input/output

Input mode OE=0

Digital in with
Schmitt trigger

Digital in without Schmitt
trigger

None

Analog
input/output

Output mode OE=1

None

None

HIGH and
LOW side

Analog
input/output

Resistor

Pull Up

Pull Down

--

Floating

Resistor value

1M

1M

--

Floating

Table 2: LUT Settings
IN1

IN0

2-bit LUT0 OUT

0

0

0

0

1

0

1

0

0

1

1

1

Table 3: ACMP Settings
Properties

ACMP0H

Hysteresis

Disable

IN+ gain

Disable
Connections

IN+ source

PIN 19 (GPIO5)

IN- source

Ext. Vref (PIN 3 (GPI))
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Table 4: HV Output Settings
Properties

HV OUT CTRL0

HV OUT CTRL1

Slew rate

Fast for pre-driver mode

Fast for pre-driver mode

HV OUT mode

Full bridge

Half-bridge

Mode control

PH-EN

IN-IN

Thermal shutdown

Enable

None

OCP deglitch time enable

Without deglitch time

Without deglitch time

Control delay of OCP0 retry

Delay 492 us

Delay 492 us

Control delay of OCP1 retry

Delay 492 us

Delay 492 us

VDD2A UVLO

Desable

Desable

4.2

Phase-shift Controlled Oscillation Amplifier without Output Filter

As can be seen from the previous design, despite the low count of the external components and
small HV PAK package size, the device occupies a significant part of the PCB area. While it's
possible to reduce resistor’s and capacitor’s size down to 0201 (instead of 0805), except R5, it is
impossible to use smaller inductance L1 and L2 due to high current. The next design allows working
around this issue.
In the traditional design of the full bridge class D amp, both high and low-frequency signals are
inverted on the bridge outputs. So, the output filter prevents load shunting the high-frequency signal.
The design, shown in Figure 11 provides a solution where the high-frequency signal on both outputs
(PIN 7 and PIN 8) is in-phase, so that current will not run through the load. At the same time, the
audio signal on those pins will be inverted relative to each other.

Figure 11: Phase-shift Controlled Oscillation Amplifier without Output Filter Project
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This design uses more external components compared to the previous one, but the absence of two
inductors results in a smaller PCB footprint, see Figure 12.

Figure 12: Test PCB without Output Filter. Top – Left, Bottom – Right
The device is working in the same way as the amp described in the previous chapter, but the HV
outputs are configured as two separate half-bridges. This allows controlling both outputs
independently. Using two ACMPs for each half-bridge, two identical oscillators are built which are
synchronized by the capacitor C3. This results in identical (in-phase) square wave voltage on both
outputs. It means the output pins can be shorted and no high-frequency current will leak.
At the same time, the audio signal is introduced to opposite inputs of two ACMPs. This results in the
output signal being modulated counter-phase. So, only the low-frequency current will flow through
the load, thus eliminating the need for the output filter.
The amplifier has the following characteristics:
•

Power supply voltage – 3.5 V to 5 V

•

Current consumption (no input signal) – 2.1 mA

•

Stand-by current (Enable – Low) – 0.82 mA

•

Output power (supply – 5V, load – 4 Ohm) – 3 W (max)

•

Gain – 20 dB

•

Input resistance – 2 kOhm

4.2.1

Macrocell Configuration

Table 5: PIN Settings
Properties

PIN 2

PIN 14

PIN 7, 8, 9, and
10

PIN 3, 17, 19 and 20

I/O selection

Digital input

Digital input

Digital output

Analog input/output

Input mode OE=0

Digital in with
Schmitt trigger

Digital in without Schmitt
trigger

None

Analog input/output

Output mode OE=1

None

None

HIGH and LOW
side

Analog input/output

Resistor

Pull Up

Pull Down

--

Floating

Resistor value

1M

1M

--

Floating
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Table 6: LUT Settings
2-bit LUT0

2-bit LUT1

Inverter

Inverter

Table 7: ACMP Settings
Properties

ACMP0H

ACMP1H

Hysteresis

Disable

Disable

IN+ gain

Disable

Disable
Connections

IN+ source

PIN 19 (GPIO5)

PIN 20 (GPIO6)

IN- source

Ext. Vref (PIN 3 (GPI))

Ext. Vref (PIN 17 (GPIO4))

Table 8: HV Output Settings
Properties

HV OUT CTRL0

HV OUT CTRL1

Slew rate

Fast for pre-driver mode

Slow for motor drive

HV OUT mode

Half-bridge

Full bridge

Mode control

IN-IN

PH-EN

Thermal shutdown

Enable

None

OCP deglitch time enable

Without deglitch time

Without deglitch time

Control delay of OCP0 retry

Delay 492 us

Delay 492 us

Control delay of OCP1 retry

Delay 492 us

Delay 492 us

VDD2A UVLO

Desable

Desable

4

Conclusions

As can be seen, building a simple low-cost class D amplifier is very easy using the High Voltage
GreenPAK IC. Both designs shown in this document are the simplest versions of the devices that can
be built based on the SLG47105. They are not intended to be a part of Hi-Fi equipment, but
nevertheless can be used in portable audio devices, intercoms, doorbells, etc. The amplifier
described in Section 4.1 can be modified to a Stereo amplifier, or the remaining full-bridge (or two
half-bridges) can be used to drive any high current load such as DC motor, solenoid, relay, high
power LED, etc. The last statement is also true for the amplifier described in Section 4.2.
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