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ANALYSIS OF THE INFLUENCE OF LOAD INDUCTANCE ON NONLINEAR
DISTORTIONS OF A CLASS D AMPLIFIER CAUSED BY «<DEAD TIME»

Goal. Analysis of the effect of load inductance at the output of the class D amplifier for different values of the duration of «dead
time» and assessment of the adequacy of existing mathematical models for calculating the THD at the output of the amplifier
depending on the duration of «dead timey. Methodology. The study of the effect of «dead time» on the THD was performed using a
computer model of the half-bridge converter board EPC9035 from Efficient Power Conversion. This board contains GaN transistors
EPC2022 eGaN®, the corresponding control driver and other necessary elements for operation. The use of GaN transistors has
made it possible to investigate the operation in a wide range of frequent switching, both to control the motor and to amplify the audio
signal. Results. It is established that the value of load inductance affects the level of nonlinear distortions caused by «dead timey. At
inductance values that provide a constant sign of the output current, a difference arises between the duration of the input and output
pulses, which increases the THD. At inductance values, when the choke current changes sign during a pulse, there is no error
between the duration of the input and output pulses. Changing the inductance changes the relationship between the error signal and
the non-error signal. THD changes accordingly. At high conversion frequencies, the voltage spikes caused by the choke current
through the built-in diodes during the dead time are partially compensated by overcharging the output capacitance of the transistors,
which also reduces harmonic distortion. Originality. For the first time, the value of the THD at the outlets in the fallowness of the
different indices of the inductance of the choke and the theoretical calculation of the value in the results of the computer model was
obtained. Practical significance. The dependence of the THD values on the inductance of the choke for converters with a switching
frequency range from 1 kHz to 400 kHz, which allows them to be used both to control the motor and to amplify the audio signal.
References 10, tables 2, figures 8.
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B pobomi docniosceno enaus inoykmueHocmi HaaHmMadicenHs niocunoeaya xknacy D Ha 3HauenHs KoegiyieHmy eapMOHIYHUX
cnomeopens (KI'C) na 6uxo0i 0na pisnux 3nawenb mpugaiocmi «Mepmeo2o 4acy» abo 8UMKHEHO020 CAHY GUXIOHUX MPAH3UCIOPIE.
Oyinena adexgamuicmo ICHylOUUX MmamemamuyHux mooeiei 0 pospaxynky KI'C na euxodi nidcumosaua 6 3anexcHocmi 6io
mpusanocmi «mepmeozo yacyy. Hasedeno pesynomamu komn’tomepnozo mooeniosanus niocumosava xkiacy D ma Odocniooceno
snauenna KI'C na e6uxodi 6 3anexcrHocmi 6i0 pi3HUX HOMIHANIE THOYKMUBHOCMI 6uXiOHO20 Opocens. Buxonano nopienanHA
meopemuuno 00YUCIEHUX 3HAYEHb 3 Pe3YIbIMAMamu KOMAR T10MepHo20 MOOenio8ants. B pesynbmami oocniodicenis 6cmanogieno, uo
KI'C, cnpuuunenuii naasuicmio «mepmeozo uacy» 3anedxcums 6i0 iHOykmugnocmi naganmadicenus. Ompumanuii y pesynomami
mooenrweanna KI'C cnisnadae 3 pospaxosanum 3a ¢popmynoio minoku 01 NeBHUX 3HAYEHb IHOYKMUBHOCMI Ha8anmaicents. B moodeni
suxopucmano GaN mpanzucmopu, wo 003601u10 00CAIOUMYU POOOMY NIOCUTIO8AYA Y WUPOKOMY OIANd30Hi YACMOmM NepeMUKaHHs.
Bi6u. 10, Tabmn. 2, puc. 8.

Kniouoei cnosa: GaN TpaH3ucropu, migcuiaoBaudi kijacy D, HeqiHiliHI cnoTBOpeHHsl, «MepTBHH 4Yac», KoediumieHT
TapMOHIYHHX CIIOTBOPEHb.

B pabome uccnedosano enusinue unHOykmueHocmu Haepysku ycunumens xkiacca D Ha 3nauenue xKosgguyuenma 2apmoHuuecKux
uckascenui (KI'M) na e6vixode 01a pasiuuHbIX 3HAYEHUL NPOOOIHCUMENLHOCIU «MEPME020 BPeMEHUy UMU BbIKTIOUEHHO20
COCMOSIHUS BLIXOOHBIX MPaH3ucmopos. Oyenena adekeamnocme Cyuecmaylouux mamemamuieckux mooenetl ons paciema KI'H na
6bIX00€ YCUnumens 8 3aGUCUMOCIU OM NPOOOIICUMENbHOCIIU «(MEPmMB020 epemenuy. TIpusedensl pe3yibmamol KOMRbIOMEPHO20
Mooenuposanust ycunrumensi kaiacca D u uccnedosanvt 3navenue KIH na 6vixode 6 3a8ucumocmu om pasiuyHblX HOMUHALO8
uHOyKmusHocmu opoccens. Beinonneno cpasmnenue meopemuuecku bIMUCICHHbIX 3HAYEHUN C Pe3YIbMaAmMaMi KOMHbIOMEPHO2O
Mooenuposarnus. B pezyiemame uccnedosanus yemarnogieno, ymo KIU, evi36anmbvlil Hanuuuem «Mepmeo2o epemMeHuy 3a6Ucum om
unoykmueHocmu Haepysku. Ilonyuennviil 6 peaynomame modenuposanus KI'U cognadaem ¢ paccuumanuviym no popmyne moabKo Ois
ONnpedeneHHbIX 3HAYeHUL UHOYKMUGHOCMU Hazpy3ku. B modenu ucnonvzosanvt GaN mpauzucmopul, Ymo no3eoaulo Ucciedo8ams
pabomy ycunumens 8 WUpoOKoM Ouanazone yacmom nepexaoyenus. bubin. 10, Tadn. 2, puc. 8.

Kniouesvie cnosa: GaN TpaH3HCTOPBI, YCHIMTeJH Kjacca D, HelmHeliHble WCKa)KeHUsl, MePTBOe BpeMsi, KodpPUIHEHT
rapMOHHYECKHX HCKAKEHMIA.

Introduction. Class D amplifiers are widely used in
electric drive, audio equipment and other areas where it is
necessary to amplify the input signal with maximum
efficiency and minimum distortion. The key mode of
operation provides efficiency theoretically up to 100 %,
and the class D amplifiers themselves are small in size
and weight compared to linear amplifiers. The
disadvantage of the key mode is electromagnetic
interference. Class D amplifiers, as well as other types of
amplifiers, are also characterized by nonlinear distortion
of the amplified signal. One type of nonlinear distortion is
the distortion caused by the so-called «dead time» — the

time interval during which the output transistors must be
switched off to avoid through currents. Nonlinear
distortions of the output signal due to «dead time» are
often ignored due to their relatively small values.
However, when amplifying the sound signal, such
distortions are clearly visible to the ear and significantly
reduce the quality of perception of phonograms. Also
distortions are undesirable for the output voltage for
converters that work as part of power grids.

Studies of the effect of «dead time» on the level of
nonlinear distortion at the output of the class D amplifier
are sufficiently described in the literature. The analysis of
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distortions caused by «dead time» is described in [1],
where the differences between the shapes of input and
output signals for different types of modulation are
analyzed. The result is the calculated signal spectra at the
output for the specified values of «dead time». In [2] the
output signal is presented as an input PWM signal with
the addition of «dead time» intervals, analytical
expressions for calculating the values of the harmonics of
the output signal are given.

In [3] the mechanisms of creation of nonlinear
distortions caused by «dead time» for the voltage
converter are considered. The influence of parasitic output
capacitances of transistors and current pulsations of
output choke current on the level of distortions is
analyzed, the method of their compensation is offered.
However, no appropriate methodology is given for
calculating the THD. An experimental study of the factors
influencing the THD of a class D amplifier on GaN/SiC
transistors was performed in [4]. The growth of THD with
the increase of «dead time» for active load is established.
In [5], a study of the dependence of THD on the load
current for different values of «dead time» was
performed, and it was shown that the main contribution is
made by odd harmonics.

Thorough studies of the influence of the duration of
the «dead time» on the THD were performed by
Chierchie et al. in [6-8]. Theoretical calculations are
given, computer modelling and experimental researches
of dependence of THD on value of «dead time» are
carried out, practical recommendations on a choice of its
duration are given.

However, in the above-mentioned works, the effect
of the value of the load inductance on the THD is not
evaluated, although the current through the output choke
is considered as one of the factors of nonlinear
distortion.

Thus, it is expedient to investigate the dependence of
the processes of formation of nonlinear distortions at the
output of the amplifier during the interval of «dead time»
on the inductance of the load.

The goal of the work is to analyze the effect of
class D amplifier load inductance on THD caused by the
presence of «dead time» and assess the adequacy of
existing mathematical models for calculating THD at the
amplifier output for different values of «dead timey.

To achieve this goal it was necessary to solve the
following tasks:

e to analyze with the help of a computer model the
value of THD at the output of the class D amplifier
depending on the different values of the inductance of the
choke for active-inductive load;

e to compare the theoretically calculated THD with
the results of computer simulation;

e to explain the results obtained and identify the need
for and further ways of conducting research.

Description of the computer model. The study of
the effect of «dead time» on the THD was performed
using a computer model of the half-bridge converter
board EPC9035 of Efficient Power Conversion. This
board contains GaN transistors EPC2022 eGaN®, the
corresponding control driver and other necessary elements

for operation. The use of GaN transistors has made it
possible to investigate the operation in a wide range of
frequent switching, both to control the electric motor and
to amplify the audio signal. The main parameters of the
PWM signal in the simulation are given in Table 1.

Table 1
PWM signal parameters
1 kHz, 2 kHz, 100 kHz, 400 kHz
Signal frequencies 50 Hz
Depth of modulation 0.6

Switching frequencies

For computer simulation, a modified model of a
half-bridge transducer on GaN transistors was used,
which is described in [9]. The peculiarity of this model is
that the driver chip of the output transistors LM5113 is
replaced by virtual switches S1, S2, and control voltage
sources are replaced by transistors V4, V5. The existing
model of the LM5113 chip does not provide accurate
reproduction of processes over time, as described in [10],
and in addition, the use of switches and voltage sources
simplifies the model and reduces the simulation time. In
the proposed model, the power supply is represented as
bipolar for symmetric amplification of the sinusoidal
signal.

The computer model of the amplifier on GaN
transistors is shown in Fig. 1. Element Ul is a pulse-
width modulator with a built-in sawtooth voltage
generator. Logic elements U2 and U3 are input buffers.
Element U2 also inverts the input signal. Logic elements
U4 and US are buffers of «dead time» circuit formation.
The RC circuit R1, C1 and the diode D1 form the switch-
on delay time («dead time») of the transistor Q1, the RC
circuit R2, C2 and the diode D2 form the switch-on delay
time of the transistor Q2. At high frequencies, the
conversion of the RC circuit is the only way to form a
«dead time», when its duration is tens of nanoseconds or
less. At sufficiently low conversion frequencies, the
formation of dead time is possible by digital methods [3].

Switches S1, S2 are used to generate control
voltages of transistors Q1, Q2. When the switch S1 is
closed, the voltage of the source V4 is applied between
the source and the gate of the transistor Q1. The charge
current of the input capacitor of the transistor Q1 is
limited by the internal resistance of the switch S1. After
opening this switch, the discharge of the input capacitor
occurs through the resistor R3. Similar processes occur
when controlling the transistor Q2. The load of the
amplifier is the choke L1 and resistor R8. Components for
modelling losses on the printed circuit board are resistors
R1, R10. The decoupling capacitor C3 is shown in the
diagram with parasitic parameters: choke L2 (inductance
of terminals), and resistor R10 (internal resistance). The
parasitic parameters of the supply wires are represented
by chokes L3, L4 and resistors R11, R12. The 12 V
power supply is split in half to speed up the simulation
process. The point of connection of the sources is
connected to the «ground», which made it possible to
abandon the use in the circuit of a capacitor divider,
which is necessary for the operation of a half-bridge
converter when powered by a unipolar source.
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Fig. 1. Computer model of a half-bridge transducer for estimating the effect of «dead time» duration on THD

Problem description. Figure 2 illustrates the
process of creating nonlinear distortions due to the
introduction of «dead time». The input PWM pulses U,,(¢)
are indicated by a line with triangles, the pulses at the
output of the amplifier Uy(f) — by a solid line, the output
current /y(f) — by a dotted line , «dead time» is shaded. As
can be seen from Fig. 2, the duration of the input and
output pulses do not match when the sign of the output
current is constant. In this case, at the output of the
amplifier there are nonlinear distortions of the amplified
signal, regardless of the method of implementation of the
PWM. The reason is that during both «dead time»
intervals the diode of only one of the transistors operates
and provides current flow through the choke in the «dead
time» interval, delaying the change of the signal at the
output when the input signal has already changed the sign.
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Fig. 2. Illustration of the process of creating nonlinear
distortions due to the introduction of «dead time»

If the sign of the output current changes during the
pulse duration, the current through the choke at different
intervals of «dead time» flows through the diodes of
different transistors. The duration of the input and output
pulses are the same, and no distortion occurs. This
interval is indicated in Fig. 2 as «No error». Thus, at
certain values of inductance at the output of the amplifier
and the depth of modulation, the delay in changing the
sign of the output voltage disappears, and therefore the
total value of the THD decreases. Therefore, it is
advisable to investigate the effect of choke inductance at

the output of the amplifier on the THD, taking into
account that the load inductance, in particular class D
sound amplifiers, can have a wide range of values.

Description of the mathematical model of the
spectrum of the output signal to calculate the
dependence of the THD on the duration of the «dead
time». In [6], the authors proposed a method for
calculating the THD, dividing the width-modulated signal
at the output of the amplifier into three components: a
symmetrical rectangular signal with a fill factor of
0.5p.(f); a sequence of pulses, the duration of which
depends on the modulating signal, py(#), and the error
signal e(f) caused by «dead time». The output voltage of
the amplifier is calculated by the formula given in [6]:

vo() = pc () + ps (1) —e(?) . Q)

Accordingly, the spectrum of the output signal is the
sum of the spectra of the components. The full spectrum
at the output of the amplifier and the amplitude of the
individual harmonics C, is calculated by the following
formulas [6]:

Vo,p(N)=Fe p (f)+ By p (f) = E, (f), @)

where
o (TN (T sin(zMT)
P p(f) = jTsine (3 fjsm(;rz fjW, &
M-1 . i ' '
P ,(f)= Z 'L(e -/2”(k+A)Tf _e—]2ﬂ(kT+rk)fJ;(4)
k=0 7#
M
2 -1
E, ()= Z —j2#f (kT) _ Ze—_Jzaf(erk) y
0 e )
2
oA SIA) -ty
Af
o =2 o)+ L escoy -ant +
2 4 2mr 6)

+ x/4M2 +6mg® = 2ma[4M cos O +mz cos(26; );
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where M = f/f; is the ratio of the switching frequency f; to
the signal frequency f;, T = 1/f. is the switching period,
A is the duration of the «dead time» relative to the period 7,
m is the modulation depth, & is the number of the
switching interval.

THD, which was used for comparison with the
results of computer simulation, was calculated in % by the
formula given below [6]:

6
11D =23\, 2, ©)
lal” n=

where C; is the amplitude of the first harmonic of the
signal.

Estimation of the influence of load inductance on
THD values caused by «dead time». The calculation of
the THD at the output of the amplifier is performed by the
formula

TED = \/A22+A32+Af +...+A,§ ’
4
where A1, A,, ... Ay are the harmonics of the output signal.

To calculate the CGS, the first 7 harmonics were
taken, by analogy with formula (9).

The computer model shown in Fig. 1, contains a
pulse-width modulator U1, which increases the nonlinear
distortion of the output signal. In order to estimate the
contribution of nonlinear distortions of the modulator to
the overall level, the THD at its output is calculated for
each of the operating frequencies of the amplifier. The
results of the calculations are given in Table 2.

(10)

THD at the output of the PWM element for different frqu::;?ei
of transformation
Parameters THD, %
fo=1kHz 0.033
fo=2kHz 0.05
f.=100 kHz 0.012
f. =400 kHz 0.01

As can be seen from Table 2, THD values for
different conversion frequencies vary in the range of
0.01-0.05 % and will be taken into account in further
comparison of results. It should be noted that the feature
of the PWM element U1 is the reduction of the THD at
high conversion frequencies.

Figure 3 shows the results of the calculation of the
THD at the output of the amplifier depending on the value
of the inductance of the output choke. The simulation was
performed for a signal frequency of 50 Hz and conversion
frequencies of 1 kHz, 2 kHz, 100 kHz and 400 kHz. The
duration of «dead time» during simulation was 10 %. The
inductance values varied in the range from 47 pH to
22 mH. The value of the load resistor remained
unchanged — 8 Q.
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Fig. 3. Dependence of THD on the value of inductance of the
output choke

As can be seen from Fig. 3, with increasing load
inductance, the THD increases. At a maximum value of
inductance of 22 mH, the maximum THD is observed
both for the conversion frequency of 1 kHz and for the
frequency of 2 kHz. Although the dependence for the
frequency of 2 kHz is more gentle.

Similar dependencies are observed when amplifying
the sound signal with conversion frequencies of 100 kHz
and 400 kHz (Fig. 4). As the inductance of the choke
increases, the distortions caused by the «dead time»
increase. Although for a frequency of 400 kHz after a
certain maximum there is a decrease in THD.

THD, %

&= /.=100 kHz
++ /=400 kHz

0,05
0,001 0,002

0,005 0,01 002 005 0,1
L,mH
Fig. 4. Dependence of THD on the value of the inductance of
the output choke for the conversion frequencies of 100 and
400 kHz

0203 05

Thus, it can be argued that the value of the
inductance at the output of the amplifier affects the level
of nonlinear distortion caused by «dead time», changing
the ratio of intervals when the current sign does not
change (input and output signals do not match in
duration) and changes (PWM signal pulse duration at the
input and at the output coincides). Reducing the load
circuit time constant also reduces the THD of the output
signal, which was noted in [5].

Additional factors that affect the THD at low supply
voltages may be the voltage jumps on the diodes of the
transistors in the mode when the current sign does not
change during the switching period. The fact that both
transistors are closed and the choke current flows twice
through the diode of one of the transistors can increase the
THD. The voltage drop across the diode U, is added to
the supply voltage (Fig. 5,a) and changes the amplitude of
the current /,(¢) through the choke. Reducing the duration
of «dead time» reduces the impact of output voltage Uy(¢)
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jumps on the THD. The effect of voltage drop across
diodes on THD requires further research.

Figure 5,b shows the shape of the output pulses for a
switching frequency of 400 kHz (solid line), when the
sign of the output current /,(¢) does not change. When the
input voltage U,,(f) changes to zero, there is a process of
delaying the output voltage drop Uy(f) due to the charge
of the output capacitance of the transistor in the interval
of «dead time». In the next «dead timey» interval, the
current flows through the diode and creates a delay in
switching the output voltage compared to the input signal
(line with triangles).

U, 8

R

U 4

2

Ordanc ] Y S

2

Io(t) 4

5 6
u b

Fig. 5. Output voltage jumps due to voltage drop across diodes
(a) and the effect of the output capacitance of the transistor on
the shape of the output pulses (b)

Comparison of mathematical and computer
simulation results. Next, a comparison of the THD
calculated according to the formulas above with the THD
obtained by simulation for different values of inductance
of the choke is carried out. Figure 6 shows the
dependencies of the THD on the duration of the «dead
time» calculated by formula (1) and modelled for the
following parameters of the amplifier: signal frequency
fs = 50 Hz, conversion frequencies f; = 1 kHz, 2 kHz,
modulation depth m = 0.6.

20
10 ;
5
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&y
[a) 1
g 05
- s
0,2 e /fc=1 kHz simulated
0,1 g 4+ f.=1 kHz, calculated
0.05 = f:=2 kHz simulated
Tl % f.=2 kHz,calculated
0,02
1 2 3 4 5 6 7 8 9 10
A, %
Fig. 6. Dependence of THD on the value of A for the inductance
of the choke 22 mH

The curves show that the dependence of THD on the
duration of «dead time» as a result of modelling exceeds the
calculations by formula (1) by 0.6 % — 4 %. The high values
of the THD can be explained by the fact that the inductance
of the output choke provides the current sign constant
throughout almost the entire period of the signal, which is
amplified, so the THD increases with increasing A.

Figure 7 shows the curves of the THD dependence
on the duration of the «dead time» for the case when the
output inductance provides a change in the sign of the
current twice for the switching period. In this case, the
THD does not change significantly when changing A from
1 % to 10 %, which differs from the values of THD at the
output of the amplifier, calculated by formula (9).

10 b
5
2
5 1 4+ fi=1 kHz simulated
-~ 05 & fi=1kHz, calculated
% ’ =+ f. =2 kHz simulated
= o2 —¥%- f;=2 kHz, calculated
*! _/\‘/’
b
0,05 —
—— D
0,02
1 2 3 4 5 6 7 8 9 10

A, %
Fig. 7. Dependence of THD on the value of A for the inductance
of the choke 470 uH

The greatest interest is the effect of load inductance
on the THD at switching frequencies from 100 kHz, on
which the sound amplifiers of class D operate. The
dependencies of the THD on the duration of the «dead
time» are shown in Fig. 8 for an inductance of 47 pH. The
use of GaN transistors in this case provides a switching
frequency of 400 kHz and higher.
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[
2
N 1
o o5
I
= 02 .
&8 /:=100 kHz simulated
0,1 w2 f.=100 kHz, calculated
0,05 ++ /: =400 kHz simulated
4 —e- £.=400 kHz, calculated
0,02
1 2 3 4 5 6 7 8 9 10
A, %
Fig. 8. Dependence of THD on the value of A for the inductance
of the choke 47 pH

If for the switching frequency of 100 kHz there is an
increase in THD with an increase of A from 0.5 % to 3 %,
then for the switching frequency of 400 kHz the level of
distortion at values of A > 6 % practically does not
increase. Although the effect of inductance of 47 pH
should be greater at a frequency of 100 kHz. This result
can be explained by the recharging of the output
capacitance of the transistors, which compensates for
voltage jumps (see Fig. 3,b).

Thus, the dependence of THD on the duration of
«dead time» as a result of modelling differs from the
calculated one.

Conclusions.

The paper evaluates the influence of the load
inductance at the output of the class D amplifier on the
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level of nonlinear distortions caused by «dead time». As a
result, it was found that reducing the value of inductance
within certain limits reduces the THD. This is due to the
reduction of the number of errors between the input and
output signal, which occur at a constant sign of the
inductance current during the output pulse. When the
inductance decreases, the number of intervals in which
there is no error increases. Thus, the change in the value
of the load inductance leads to a change in the ratio of the
intervals with and without error, and hence to a change in
the THD.

At high conversion frequencies, the voltage jumps
caused by the current through the built-in diodes during
the «dead time» are partially compensated by recharging
the output capacitance of the transistors, which also
reduces nonlinear distortions.

The next stage of research is to create a
mathematical model of the PWM signal at the output of
the class D amplifier, which takes into account the effect
of load inductance on the THD, and its experimental
verification.
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