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Abstract—The distortion of an H-bridge inverter originates
from many nonlinear factors, of which the most dominant one
is typically the dead-time. Different analytical and numerical
methods have been proposed to calculate the distortion caused
by the dead-time. However, all the existing methods are neglecting
the effects of soft-switching and discontinuous conduction mode,
resulting in a deviation with the practice. In this paper, the
characteristics and the corresponding effects of each individual
switching mode is analysed. Current constraint functions are
proposed in order to determine the time position of different
switching modes. A numerical method for calculating the output
spectrum of the H-bridge inverter based on the switching mode
analysis is introduced. The method has an improved accuracy
compared to the previous analytical method especially when
the inductor current ripple is high. The results are verified by
simulation and an experimental prototype.

Index Terms—harmonics, dead-time, soft-switching, discontin-
uous conduction mode, hard-switching

I. INTRODUCTION

The H-bridge inverter with sine-pulse-width-modulation
(SPWM) is widely used in industry. Some applications, such as
lithography and magnetic resonance imaging (MRI), demand
a high precision and high linearity output [1]. Taking lithog-
raphy for example, the position error of the moving stage is
determined by the non-linearity error of the current amplifier
and it requires less than -100 dB current distortion for the
high-precision motor control [2]. The challenge of the linearity
raises the problem of the origin and the magnitude of the
inverter distortion.

The nonlinear distortion of the H-bridge inverter originates
from different sources, including the SPWM [3], the nonlin-
ear effect of the inductor [4], on-resistance variation of the
transistors [5], the dead-time [6], etc. The distortions caused
by SPWM with different sampling methods are analysed in
[3]. Double Fourier analysis is used to calculate the PWM
distortion on the assumption of no dead-time. It is illustrated
that low-order harmonic components are produced by PWM
thus lowering the output quality. With a high carrier frequency
ratio, noise-shaping technique [7] or other compensation meth-
ods [8], the low-order harmonic components can be sharply
reduced. However, a certain dead-time is required to prevent

short circuit in practice, which is typically the most dominant
source of distortion [9].

The effect of the dead-time is analysed in [10] and [11]. The
switch-node voltage loss during the dead-time when the induc-
tor current is distinctly positive or negative is calculated. The
calculated voltage loss accounts for the nonlinear distortion
caused by the dead-time. Moreover, several analytical methods
for calculating the dead-time distortion have been given in [6],
[12] and [13] based on the voltage loss analysis. The analytical
results yield monotonically decreasing odd harmonics, which
results in a deviation with the practice. In some cases, some
lower odd harmonics are smaller than the higher ones, which
cannot be explained by the aforementioned analytical methods,
as the example that third harmonic smaller than fifth harmonic
presented in [1].

The deviation comes from the assumption of distinctly
positive or negative inductor current during the dead-time
and the resultant voltage loss in the full fundamental period.
However, as illustrated in [14], soft-switching is achieved
near the zero-crossing region of the inductor current, thus
eliminating the switch-node voltage error. Furthermore, the
discontinuous conduction mode of the inductor current causes
a variable switch-node voltage error, which also contributes
to the total dead-time distortion. None of the aforementioned
papers has fully investigated all the switching modes and their
effects. Therefore, this paper proposes a numerical method
for calculating the output spectrum of H-bridge inverter with
dead-time by taking different kinds of switching modes into
consideration.

The structure of this paper is as follows. The different
switching modes, including the soft-switching continuous con-
duction mode (SSCCM), the discontinuous conduction mode
(DCM) and the hard-switching continuous conduction mode
(HSCCM), and their corresponding effects are analysed. Then
the time position of the different switching modes is deter-
mined by a series of current constraint functions. Next, a
numerical method is introduced based on the switching mode
analysis. Finally, simulations and experiments are conducted
to verify the method and conclusions are given.
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Fig. 2. The ideal PWM waveforms without dead-time. m is the modulation
index. The switch is on when the state is high otherwise is off. usn is the
switch-node voltage and defined by usn = usn1 − usn2.

II. OUTPUT VOLTAGE SPECTRUM ANALYSIS

A. H-bridge inverter with SPWM

The topology of an H-bridge inverter is shown in Fig. 1. In
this research, natural sampling SPWM and bipolar modulation
are used for an example, as shown in Fig. 2. The rise time and
fall time of the switches are assumed to be zero. In another
words, the output capacitance of the switches are neglected so
the switches can be turned on and off infinitely fast.

During a switching cycle [nTsw, (n+ 1)Tsw] with Tsw
representing for the switching period and n a non-negative
integer, the modulation index for a digital SPWM is defined
by

m(n) = M sin

(
2πn

Nsw

)
, (1)

where M is the modulation depth and Nsw is the number
of the switching cycles in a full fundamental period, which
equals to the ratio of the switching frequency fsw to the output
frequency fo and is usually larger than 20. The moving average
value of the switch-node voltage is defined by

〈usn(n)〉 = Vdcm(n), (2)

where the operator 〈·〉 gives the average value in a switching
cycle. An LC filter is used to reduce the high-frequency

distortion and the cut-off frequency fc is determined by

fc =
1

2π
√
LC

(3)

which is typically chosen at 1
5 th of the switching frequency

fsw [15]. Therefore, the distortion caused by PWM is regarded
as filtered and is neglected in this paper. The output voltage
can be regarded as smooth with the output filter and ideally it
is equal to the reference voltage and given by

uref(t) = MVdc sin (2πfot) . (4)

Therefore, the output current is then governed by

iout(t) =
MVdc
Z

sin (2πfot− ϕo) , (5)

where Z and ϕo are the impedance and phase angle of the
load respectively.

B. Switching mode analysis

In practice, a certain dead-time Td is required to prevent
short circuit, which may result in a voltage error on the switch-
node and output, defined by

ue = uref − uout, (6)

where uout is the output voltage. During the dead-time, both
switches on the same leg are off and the switch-node voltage
is dependent on the direction of the inductor current. As
shown in Fig. 3, the switching cycle can be divided into three
modes depending on the inductor current waveform, including
SSCCM, DCM and HSCCM.

During the SSCCM cycle, the inductor current is crossing
zero and changes the direction alternatively depending on the
pair of active switches. As a result, despite the existence
of the dead-time, the switch-node voltage usn remains the
same with the ideal case. Therefore, the voltage error equals
to zero. During the DCM cycle, the inductor current rises
from negative or falls from positive to zero during the dead-
time and then clamped to zero. The switch-node voltage is
clamped to the output voltage at the same time. The value of
the voltage error is dependent on the current magnitude and
phase angle. During the HSCCM cycle, the inductor current is
strictly positive or negative, resulting in a fixed voltage error
of the same polarity. The effect of the dead-time on the output
voltage and current in each of the switching modes is shown
in Fig. 4.

During a switching cycle, the average value of filter inductor
current is assumed to be the same with the output current and
given by

〈iL(n)〉 =
MVdc
Z

sin

(
2πn

Nsw
− ϕo

)
. (7)

The peak-to-average inductor current ripple ∆iL(n) during an
ideal switching cycle is calculated as

∆iL(n) =
TswVdc

4L

[
1−m(n)2

]
. (8)
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Fig. 4. The simulated waveforms with Vdc = 48 V, M = 0.7, fo = 10 Hz,
fsw = 10 kHz, Td = 5 µs, L = 0.5 µH, C = 30 µF and a resistive load
R = 10 Ω,.

When the inductor current is distinctly positive during dead-
time, which is achieved in SSCCM and HSCCM, the magni-
tude of the inductor current change is expressed as

∆iL,dp(n) = −VdcTd
L

[1 +m(n)] . (9)

Similarly, the magnitude of the inductor current change when
the inductor current is distinctly negative during dead-time is
described as

∆iL,dn(n) =
VdcTd
L

[1−m(n)] . (10)
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∆iL,dn

−∆iL,dp

iL

t
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Fig. 5. The inductor current waveforms for SSCCM. The grey area represents
for the dead-time.

The time position of different switching modes can be
determined by the relation (7), (8), (9) and (10). The inductor
current waveform for SSCCM is depicted in Fig. 5. In order
to achieve soft-switching, there are constraints for is1 and is2,
which are governed by{

is1(n) = 〈iL(n)〉+ ∆iL(n) + ∆iL,dp(n) ≥ 0

is2(n) = 〈iL(n)〉 −∆iL(n) + ∆iL,dn(n) ≤ 0
. (11)

The inductor current waveforms for DCM are depicted in
Fig. 6. For the inductor waveform shown in Fig. 6(a), if the
current loss during dead-time is neglected, the average value
of the inductor current can be represented by

〈iL(n)〉 = iL,pk(n)−∆iL(n), (12)

where iL,pk(n) is the inductor peak current in each switching
cycle. The constraints for ida1 and iida2 are given by{

ida1 = 〈iL(n)〉 −∆iL(n) ≤ 0

ida2 = 〈iL(n)〉 −∆iL(n) + ∆iL,dn(n) > 0
. (13)

As a result, the clamping time tc(n) yields

tc(n) =
〈iL(n)〉 −∆iL(n) + ∆iL,dn(n)

∆iL,dn(n)
Td. (14)

Therefore, the voltage error is found to be

〈ue(n)〉 =
(Vdc −m(n)Vdc) tc(n)

Tsw
, (15)
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current rises from negative to zero and is clamped during dead-time with a
negative average value in a switching cycle.

which can be rewritten as

〈ue(n)〉 =
L

Tsw
[〈iL(n)〉 −∆iL(n) + ∆iL,dn(n)] . (16)

Similarly, the constraints for idb1 and iidb2 shown in Fig. 6
(b) are given by{

idb1 = 〈iL(n)〉 −∆iL(n) > 0

idb2 = 〈iL(n)〉 −∆iL(n) + ∆iL,dp(n) < 0.
. (17)

The voltage error is calculated as

〈ue(n)〉 =
L

Tsw
[〈iL(n)〉 −∆iL(n) + ∆iL,dn(n)] , (18)

which shares the same value with Fig. 5(a). Consequently,
the two DCM modes depicted in Fig. 6(a) and (b) with an
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Fig. 7. The inductor current waveforms for HSCCM. (a) Distinctly positive
inductor current. (b) Distinctly negative inductor current.

average positive inductor current can be combined. The current
constraints are then expressed as{

〈iL(n)〉 −∆iL(n) + ∆iL,dp(n) < 0

〈iL(n)〉 −∆iL(n) + ∆iL,dn(n) > 0.
(19)

By the same token, the current constraints and voltage error
for the DCM with negative average inductor currents depicted
in Fig. 6(c) and (d) are described by{

〈iL(n)〉+ ∆iL(n) + ∆iL,dp(n) < 0

〈iL(n)〉+ ∆iL(n) + ∆iL,dn(n) > 0
(20)

and

〈ue(n)〉 =
L

Tsw
[〈iL(n)〉+ ∆iL(n) + ∆iL,dp(n)] (21)

respectively. The inductor current waveform for HSCCM are
shown in Fig. 7. It can be easily derived that the current
constraint and the voltage error for SSCCM depicted in
Fig. 7(a) and (b) are given by

ihb(n) = 〈iL(n)〉 −∆iL(n) + ∆iL,dp(n) > 0, (22)

ihb(n) = 〈iL(n)〉+ ∆iL(n) + ∆iL,dn(n) < 0 (23)

and
〈ue(n)〉 =

2VdcTd
Tsw

, (24)

〈ue(n)〉 = −2VdcTd
Tsw

(25)

respectively. Therefore, the time position of different switching
modes can be determined by four current constraint functions
ysp(n), ysn(n), ycp(n) and ycn(n), which are defined by

ysp(n) = 〈iL(n)〉+ ∆iL(n) + ∆iL,dp(n), (26)

ysn(n) = 〈iL(n)〉 −∆iL(n) + ∆iL,dn(n), (27)

ycp(n) = 〈iL(n)〉+ ∆iL(n) + ∆iL,dn(n) (28)
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Fig. 8. The current constraints of the different switching modes.

and
ycn(n) = 〈iL(n)〉 −∆iL(n) + ∆iL,dp(n) (29)

respectively. Thereby the current constraint functions can be
used to describe the three kinds of switching modes. The
current constraints of SSCCM cycle are given by{

ysp(n) ≥ 0

ysn(n) ≤ 0
. (30)

The current constraints of DCM cycle are described by{
ycn(n) < 0

ysn(n) > 0
(31)

or {
ycp(n) > 0

ysp(n) < 0
. (32)

The current constraints of the HSCCM cycle are governed by

ycp(n) ≤ 0 (33)

or
ycn(n) ≥ 0. (34)

As a result, by solving the equations ysp(n) = 0, ysn(n) = 0,
ycp(n) = 0 and ycn(n) = 0, the time positions of the
different switching modes can be determined. All the con-
straint functions are periodic with a period of Nsw. Fig. 8
shows one possibility for the constraint functions. It should
be noted that none of the constraint functions have certainly
two intersections with the x-axis. For example, if ysp(n) and
ysn(n) have no intersection with x-axis in a whole output
period, then soft-switching is achieved all the time and there
is no DCM or HSCCM switching cycle. Similarly, if ycp(n)
and ycn(n) have no intersection with x-axis in a whole output
period, then there are only SSCCM and DCM but no HSCCM
switching cycle. The HSCCM cycle exists if and only if all
the constraint functions have intersections with x-axis, which
is the most typical case and is the main focus in this paper.

The intersections of all the constraint functions with axis are
denoted by Nsp1 and Nsp2, Nsn1 and Nsn2, Ncp1 and Ncp2

and Ncn1 and Ncn2 respectively as shown in Fig. 8. Therefore,

SSCCM cycles happen in time interval [0, Nsn1], [Nsn2, Nsp1]
and [Nsp2, Nsw − 1], where voltage error is zero. DCM
cycles happen in time interval (Nsn1, Ncn1), (Ncn2, Nsn2),
(Nsp1, Ncp1) and (Ncp2, Nsp2). HSCCM cycles happen in
time interval [Ncn1, Ncn2] and [Ncp1, Ncp2].

The voltage error in a full fundamental period can be
described by

〈ue(n)〉 =



0, n ∈ [0, Nsn1] ∪ [Nsn2, Nsp1]

∪ [Nsp2, Nsw − 1] ;
L
Tsw

[〈iL(n)〉 −∆iL(n) + ∆iL,dn(n)] ,

n ∈ (Nsn1, Ncn1) ∪ (Ncn2, Nsn2) ;
L
Tsw

[〈iL(n)〉+ ∆iL(n) + ∆iL,dp(n)] ,

n ∈ (Nsp1, Ncp1) ∪ (Ncp2, Nsp2) ;
2VdcTd

Tsw
, n ∈ [Ncn1, Ncn2] ;

−2VdcTd

Tsw
, n ∈ [Ncp1, Ncp2] .

(35)

C. Output spectrum analysis

Based on the analysis of the three kinds of switching modes,
both analytical and numerical methods can be adopted to
calculate the output spectrum of the H-bridge inverter with
SPWM. The analytical methods are based on the assumption
that there are only HSCCM cycles in a full fundamental period,
which are introduced in [6], [12] and [13]. Therefore, the
voltage error is then expressed as

ue(t) =
2VdcTd
Tsw

sign (sin (2πfot− ϕo)) , (36)

where sign(·) extracts the sign of the content. By using
the Fourier series (FS) expansion, the voltage error can be
represented as

ue(t) =

∞∑
k=1

[
−1 + (−1)

k

2

]
8

kπ

VdcTd
Tsw

sin (2πfot− ϕo) ,

(37)
where k is the harmonic order. Therefore, the output voltage
is calculated by uout(t) = uref − ue(t). The amplitude of the
each harmonic is found to be

Ak =


√

(MVdc)
2

+
(

8VdcTd

Tsw

)2
− 8MV 2

dcTd

πTsw
cos (ϕo), k = 1;

8
kπ

VdcTd

Tsw
, k is odd and k 6= 1;

0, k is even.
(38)

The analytical method yields a result that there are no even
harmonics. Besides, the odd harmonics monotonically de-
crease with the increasing harmonic order, which is not always
correct in practice. The deviation is resulted from neglecting
the SSCCM and DCM switching cycles. Therefore, a more
accurate method can be used to calculate the output spectrum
based on (35). Since the time position of the switching cycles
cannot be calculated by an analytical expression, this new
method is numerical.

A lot of numerical methods can be used to calculate the
roots of the non-linear equations, such as Newton’s Method,
Broyden’s Method and Secant Methods [16]. This paper



Fig. 9. The experimental setup for distortion measurement. From left to
right: dSPACE DS1104 Controller Board, an H-bridge inverter prototype and
a power supply.

focuses on the calculation of the output spectrum and the
process of calculating the time position is omitted. The voltage
error is a discrete periodic signal with a period of Nsw, thus
discrete-time Fourier series (DTFS) can be used to analyse the
harmonic components of the voltage error, as described by

ck =
1

Nsw

Nsw−1∑
n=0

〈ue(n)〉e−j2πkn/Nsw , (39)

where ck is the coefficient of the corresponding harmonic.
Since 〈ue(n)〉 is a real signal, ck and c−k are conjugated [17].
As a result, the voltage error can also be rewritten as

〈ue(n)〉 =



1
Nsw

Nsw−1∑
n=0
〈ue(n)〉, k = 0;

ak cos
(

2πkn
Nsw

)
+ bk sin

(
2πkn
Nsw

)
,

k = 1, 2, · · · , Nsw/2− 1;

irrelavant, k > Nsw/2− 1,

(40)

where ak = ck + c−k and bk = j (ck − c−k). As a result, the
output voltage is given by uout(n) = Vdcm(n)− 〈ue(n)〉 and
the magnitude of each harmonic of the output voltage Ak is
given by [18]

Ak =


1
Nsw

Nsw−1∑
n=0
〈ue(n)〉, k = 0;√

(MVdc − bk)
2

+ (−ak)
2
, k = 1;√

(a2k + b2k), k = 2, 3, · · · , Nsw/2− 1.

(41)

The magnitude of the odd harmonic derived from the nu-
merical method is not always monotonically decreasing. The
magnitude of the even harmonic is also zero theoretically but
it yields nonzero values due to the rounding error of switching
cycle calculation. The relative magnitude of each harmonic Rk
is defined by

Rk = 20 log10

Ak
A1

. (42)

III. SIMULATION AND EXPERIMENT RESULTS

Both simulations and experiments are done to verify the
presented method. The simulations are done using MAT-
LAB/Simulink while the experiments are conducted on a
setup using dSPACE with a SPWM H-bridge inverter, as
shown in Fig. 9. The harmonics are measured by an SR785
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Fig. 10. The output voltage spectrum for M = 0.9, fo = 50 Hz, fsw =
10 kHz and L = 2 µH.
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Fig. 11. The output voltage spectrum for M = 0.9, fo = 50 Hz, fsw =
10 kHz and L = 0.5 µH.

signal analyser. The relative magnitude of the output voltage
harmonics is used for comparison in order to suppress the
effect of the on-resistance of the MOSFETs and the series
resistance of the filter inductor. The time positions of SSCCM
and DCM are highly influenced by the inductor current ripple,
which is determined by the filter inductance. Thereby two
different filter inductors are used to investigate the effect of
SSCCM and DCM for a fixed dead-time of Td = 2 µs under
Vdc = 48 V. The filter capacitor is selected as C = 30 µF.
A resistor R = 10 Ω is used as a load. The output spectrum
are depicted in Fig. 10 and Fig. 11, where Ana, Num, Sim
and Mea represent for the results of the analytical method, the
presented numerical method, the simulation and the measure-
ment respectively. The absolute errors of different methods
compared to the measurements are listed in Table I and
Table II. The SPWM distortion is neglected in calculations.
The even harmonics are skipped in the plots.

When L = 2 µH, the maximum current ripple is as low as a
factor of 12.5% of the output current and the effect of SSCCM



TABLE I
THE HARMONIC ERRORS OF DIFFERENT METHODS COMPARED TO THE

MEASUREMENTS FOR L = 2 µH

Methods
Absolute errors of harmonic components (dB)

3rd 5th 7th 9th

Analytical 2.09 2.58 3.83 6.38
Numerical 1.46 0.75 0.07 1.01
Simulation 1.37 0.40 1.44 7.28

TABLE II
THE HARMONIC ERRORS OF DIFFERENT METHODS COMPARED TO THE

MEASUREMENTS FOR L = 0.5 µH

Methods
Absolute errors of harmonic components (dB)

3rd 5th 7th 9th

Analytical 25.8 4.59 1.13 7.19
Numerical 7.31 2.03 0.83 1.86
Simulation 4.65 2.56 0.91 4.23

and DCM switching cycles is relatively small. In this case, the
odd harmonic is decreasing in magnitude with the growth of
the harmonic order. Analytical and numerical methods give the
similar estimation result of the odd harmonics. However, the
presented numerical method has a better accuracy compared
to the analytical method, especially for the estimation of the
seventh and ninth harmonics, as shown in Table I. Generally,
the accuracy is better than simulation since the accuracy of
the simulation is highly dependent on the step size and solver.

When L = 0.5 µH, the maximum current ripple is 50% of
the output current and the effect of SSCCM and DCM switch-
ing cycles becomes more obvious on the output spectrum. The
measured third harmonic is 16 dB lower than fifth harmonic,
which goes against the analytical method but accords with the
numerical method. The numerical method gives a much more
accurate result than the analytical method, especially for the
third harmonic, which is 17.5 dB closer to the measured value,
as shown in Table II. Compared to the measurement result for
L = 2 µH, the magnitude of the third harmonic is reduced by
23.7 dB due to the effect of SSCCM and DCM.

IV. CONCLUSION

This paper demonstrates the characteristics and the effects
of the different switching modes, including SSCCM, DCM and
HSCCM in an H-bridge inverter. Natural sampling SPWM and
bipolar modulation are used for an example while the method
can be applied to other sampling and modulation methods as
well. The voltage errors of the three types of switching modes
in all switching cycles are analysed and calculated. The current
constraint functions are introduced and used to determine the
time position of different switching modes numerically. A
numerical method is then addressed to calculate the output
spectrum of H-bridge inverter by taking the effects of SSCCM,
DCM and HSCCM into consideration. It is shown that SSCCM
and DCM can reduce harmonics.

The presented numerical method yields a better accuracy
than the analytical one, especially when the inductor current
ripple is large. In general, when the inductor current ripple is
low, the analytical and numerical method give similar results
in estimating the odd harmonics while the analytical method
is simpler. When the inductor current ripple is high, the
numerical method has a significant improvement of accuracy
at the cost of more computational effort. Moreover, the nu-
merical method saves a lot of computational cost compared to
simulation. The method can be used for feed-forward dead-
time compensation. The further research can be focus on the
sensitivity of the inductance and load impedance variation.
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