
 

Exploring the Boundaries and Effects of the Discontinuous
Conduction Mode in H-Bridge Inverter with Dead-time
Citation for published version (APA):
Yu, Q., Lemmen, E., Wijnands, C. G. E., & Vermulst, B. J. D. (2020). Exploring the Boundaries and Effects of the
Discontinuous Conduction Mode in H-Bridge Inverter with Dead-time. In 2020 22nd European Conference on
Power Electronics and Applications (EPE'20 ECCE Europe) [9215814] Institute of Electrical and Electronics
Engineers. https://doi.org/10.23919/EPE20ECCEEurope43536.2020.9215814

DOI:
10.23919/EPE20ECCEEurope43536.2020.9215814

Document status and date:
Published: 07/10/2020

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.23919/EPE20ECCEEurope43536.2020.9215814
https://doi.org/10.23919/EPE20ECCEEurope43536.2020.9215814
https://research.tue.nl/en/publications/c155358b-9382-4014-81b8-a28bc15045b6


Exploring the Boundaries and Effects of the Discontinuous
Conduction Mode in H-Bridge Inverter with Dead-time

Qihao Yu, Erik Lemmen, Korneel Wijnands, Bas Vermulst
Department of Electrical Engineering, Eindhoven University of Technology

P.O. Box 513, 5600MB
Eindhoven, The Netherlands

Email: q.yu@tue.nl
URL: http://www.tue.nl/epe

Keywords
�Time-Domain Analysis�,�Pulse Width Modulation (PWM)�,�Dead-time�.

Abstract
Dead-time of an H-bridge inverter can cause nonlinear error on the inverter output. In different switching
cycles during a fundamental period, the effect of dead-time might be different. The H-bridge inverter
in different switching cycles can operate in three kinds of modes, including soft-switching continuous
conduction mode, discontinuous conduction mode and hard-switching continuous conduction mode. In
addition, the discontinuous conduction mode can be further classified into four different types, which
have not been fully studied in previous research. In this paper, four different kinds of switching cycle
in the discontinuous conduction mode are investigated. The effect of the dead-time on the voltage error
is elaborated and the boundaries of each kind of switching cycle are determined by a series of con-
straint functions. Based on the analysis, a complete mathematical expression of the voltage error in a
fundamental period is given and it yields a better accuracy compared to previous publications.

Introduction
The sine-pulse-width-modulated (SPWM) H-bridge inverter is widely used in industry, such as lithog-
raphy and magnetic resonance imaging (MRI). Those applications demand high precision and low dis-
tortion on the inverter output [1, 2]. In practice, a certain dead-time should be applied to the H-bridge
inverter to prevent short circuit. This dead-time introduces nonideal effect to the inverter output [3, 4, 5],
which is typically the most dominant source of the distortion [6, 7]. In order to further reduce the distor-
tion for high-precision applications, the effects of the dead-time should be investigated accurately.

During the dead-time, switches of both the upper and lower legs in the H-bridge inverter are turned-off.
The switch-node voltage is then determined by the direction of the filter inductor current and the con-
ductivity of the anti-parallel diodes, such as the body diodes of the MOSFETs [8]. Most of the previous
researches have only considered the case of a distinctly positive or negative inductor current by neglect-
ing the current ripple during the dead-time [9, 10, 11]. Neglecting the current ripple results in a fixed
voltage error to the switch-node voltage. However, as illustrated in [12], soft-switching is achieved near
the zero-crossing region of the inductor current, where there is no voltage error. Furthermore, discontin-
uous conduction mode (DCM) of the inductor current might be present in some switching cycles, which
causes a variable voltage error to the switch-node voltage [13]. In [14], a mathematical expression was
given to describe the values of the switch-node voltage under different conditions of the inductor current
in a fundamental period. The expression was derived based on the assumption that the moving average
value of the inductor current is equal to the reference output current. However, due to the voltage error in



some switching cycles, current error is introduced to the output. Therefore, there is a deviation between
the filter inductor current and the ideal output current. This deviation leads to an inaccurate estimation
of the voltage error and the boundaries of DCM, especially in case of a high inductor current ripple.

The aim of this paper is to investigate the dead-time effect on the H-bridge inverter output in DCM.
The effect of different DCM are analysed in detail. The clamping time during which inductor current
is clamped to zero during the time is calculated. Moreover, an accuracy-improved model of the voltage
error in DCM compared to [14] is proposed by taking the deviation of inductor current from the ideal
current into consideration. The boundaries of the DCM are determined with a numerical method. Sim-
ulations are conducted to verify the model, underlining the proposed model have significantly increased
the accuracy.

Switching cycle analysis
The topology of an H-bridge inverter is shown in Fig. 1. In this research, digital natural sampling PWM
and bipolar modulation are used for illustration, as shown in Fig. 2. The output capacitances of the
switches are neglected thus the rise and fall time of the switching transient are assumed to be zero.
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Fig. 1: The topology of an H-bridge inverter with out-
put filter.
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Fig. 2: The ideal PWM waveforms without dead-time.
m is the modulation index. S1,S4 and S2,S3 represent
the on-and-off state of each switch. usn = usn1−usn2.
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Fig. 3: Waveforms during a switching cycle. (a): soft-switching continuous conduction mode; (b): discontinuous
conduction mode; (c): hard-switching continuous conduction mode. The dashed and solid line represent the ideal
case without dead-time and practical case with dead-time respectively.

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 PWM is defined by

m(n) = M sin
(

2πn
Nsw

)
, (1)

where M is the modulation depth and Nsw is the ratio of the switching frequency fsw to the output
frequency fo. The moving average value of the switch-node voltage and the output voltage are defined
by 〈usn(n)〉 and 〈uout(n)〉 respectively and the operator 〈·〉 is the average value in a switching cycle.
Ideally 〈usn(n)〉 = 〈uout(n)〉 = Vdcm(n). However, a certain dead-time Td is required to prevent short



circuit in practice, which results in a voltage error and is given by

〈ue(n)〉= 〈uout(n)〉∗−〈uout(n)〉, (2)

where 〈uout(n)〉∗ is the moving average value of the reference voltage. As shown in Fig. 3, the switching
cycle can be divided into three modes depending on the inductor current waveform: soft-switching con-
tinuous conduction mode (SSCCM), discontinuous conduction mode (DCM) and hard-switching con-
tinuous conduction mode (HSCCM). SSCCM and HSCCM have been investigated into in [14] and they
are not the focus in this paper. While for DCM, it can be further classified into four different switching
modes, as shown in Fig. 4.
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Fig. 4: The inductor current waveforms for DCM. The inductor current (a) rises from negative to zero and is
clamped during dead-time with a positive average value in a switching cycle; (b) falls from positive to zero and is
clamped during dead-time with a positive average value in a switching cycle; (c) falls from positive to zero and is
clamped during dead-time with a negative average value in a switching cycle; (d) rises from negative to zero and
is clamped during dead-time with a negative average value in a switching cycle.

In order to describe each DCM switching cycle, several parameters should be defined as follows. The
ideal moving average value of filter inductor current without dead-time during a switching cycle is

〈iL(n)〉∗ =
MVdc

Z
sin
(

2πn
Nsw
−ϕo

)
, (3)

where Z and ϕo are the impedance and phase angle of the load. If dead-time is neglected, the peak-to-
average inductor current ripple ∆iL(n) during a switching cycle is given by

∆iL(n) =
TswVdc

4L

[
1−m(n)2] . (4)

The inductor current change during dead-time when the inductor current is distinctly positive and nega-
tive, which is achieved in SSCCM and HSCCM, is defined by

∆iL,dp(n) =−
VdcTd

L
[1+m(n)] (5)

and

∆iL,dn(n) =
VdcTd

L
[1−m(n)] (6)

respectively. Taking the switching cycle analysis of DCM shown in Fig. 4 (a) for an example, the actual



Table I: Clamping time tc(n) and moving average voltage error 〈ue(n)〉 of each discontinuous conduction mode

Mode tc(n) 〈ue(n)〉

(a)
〈iL(n)〉∗−∆iL(n)+∆iL,dn(n)

∆iL,dn(n)
Td
− ∆iL(n)

Tsw
+ [1−m(n)]

ZTsw

Vdc [1−m(n)] tc(n)
Tsw

(b)
〈iL(n)〉∗−2VdcTd

ZTsw
−∆iL(n)+ 1

2 ∆iL,dp(n)
∆iL,dp(n)

2Td
− ∆iL(n)

Tsw
− [1+m(n)]

ZTsw

2VdcTd− (1+m(n))Vdctc(n)
Tsw

(c)
〈iL(n)〉∗+∆iL(n)+∆iL,dp(n)

∆iL,dp(n)
Td

+ ∆iL(n)
Tsw
− [1+m(n)]

ZTsw

−Vdc [1+m(n)] tc(n)
Tsw

(d)
〈iL(n)〉∗+2VdcTd

ZTsw
+∆iL(n)+ 1

2 ∆iL,dn(n)
∆iL,dn(n)

2Td
+ ∆iL(n)

Tsw
+ [1−m(n)]

ZTsw

−2VdcTd +(1−m(n))Vdctc(n)
Tsw

moving average inductor current can be written as

〈iL(n)〉=
Tsw− tc(n)

2Tsw
·2∆iL(n)−

2 [Td− tc(n)]
[1+m(n)]Tsw

·2∆iL(n), (7)

where tc(n) is the clamping time during which the inductor current is clamped to zero. In previous
research [14], 〈iL(n)〉 is assumed to be 〈iL(n)〉∗. However, a current error introduced by the voltage error
during the dead-time is introduced. For a inductive load with dominant resistance, the actual moving
average inductor current can be simplified by

〈iL(n)〉= 〈iL(n)〉∗−
〈ue(n)〉

Z
. (8)

The moving average voltage error 〈ue(n)〉 in Fig. 3 (a) is governed by

〈ue(n)〉=
[1−m(n)]Vdctc(n)

Tsw
. (9)

Solving (7),(8) and (9) for tc(n) leads to

tc(n) =
〈iL(n)〉∗−∆iL(n)+∆iL,dn(n)

∆iL,dn(n)
Td
− ∆iL(n)

Tsw
+ [1−m(n)]

ZTsw

. (10)

Therefore, the moving average voltage error 〈ue(n)〉 in Fig. 3 (a) can be solved by substituting (10) into
(9). Similarly, the clamping time and the moving average voltage error 〈ue(n)〉 of DCM described in
Fig. 3 (b), (c) and (d) can be analytically solved, which are listed in Table I.

In order to obtain a complete expression of the moving average voltage error 〈ue(n)〉 in a fundamental
period, the boundaries of each DCM should be found. As shown in Fig. 4, the boundaries of the switching
cycle depicted in Fig. 4 (a) can be described by{

〈iL(n)〉−∆iL(n)+∆iL,dn(n)≥ 0,
〈iL(n)〉− VdcTd(1−m(n))

ZTsw
−∆iL(n)+ Td

Tsw
∆iL(n)< 0.

(11)

Based on the above analysis, two constraint functions ysn(n) and ydn(n) can be defined to simplify the
expressions as{

ysn(n) = 〈iL(n)〉−∆iL(n)+∆iL,dn(n),
ydn(n) = 〈iL(n)〉− VdcTd(1−m(n))

ZTsw
−∆iL(n)+ Td

Tsw
.

(12)



Table II: The boundaries and time intervals of each switching modes

Mode Boundary Time interval

(a)

{
ysn(n) = 〈iL(n)〉−∆iL(n)+∆iL,dn(n)≥ 0,
ydn(n) = 〈iL(n)〉− VdcTd(1−m(n))

ZTsw
−∆iL(n)+ Td

Tsw
∆iL(n)< 0.

[Nsn1,Ndn1)∩ (Ndn2,Nsn2]

(b)

{
ydn(n) = 〈iL(n)〉− VdcTd(1−m(n))

ZTsw
−∆iL(n)+ Td

Tsw
∆iL(n)≥ 0,

yhn(n) = 〈iL(n)〉− 2VdcTd
ZTsw
−∆iL(n)+ 1

2 ∆iL,dp(n)< 0.
[Ndn1,Nhn1)∩ (Nhn2,Ndn2]

(c)

{
ysp(n) = 〈iL(n)〉+∆iL(n)+∆iL,dp(n)≤ 0,
ydp(n) = 〈iL(n)〉+ VdcTd(1+m(n))

ZTsw
+∆iL(n)− Td

Tsw
∆iL(n)> 0.

[Nsp1,Ndp1)∩ (Ndp2,Nsp2]

(d)

{
ydp(n) = 〈iL(n)〉+ VdcTd(1+m(n))

ZTsw
+∆iL(n)− Td

Tsw
∆iL(n)≤ 0,

yhp(n) = 〈iL(n)〉+ 2VdcTd
ZTsw

+∆iL(n)+ 1
2 ∆iL,dn(n)> 0.

[Ndp1,Nhp1)∩ (Nhp2,Ndp2]

Solving ysn(n) and ydn(n) in the period of [0,Nsw] gives zero-crossing Nsn1, Nsn2 (Nsn2 > Nsn1) and Ndp1,
Ndp2 (Ndp2 > Ndp1) respectively. Therefore, when n ∈ [Nsn1,Ndn1)∩ (Ndn2,Nsn2] and n ∈

[
Ndp2,Nsn2

]
, the

voltage error is given by (9). The similar analysis also applies to other DCM switching cycles illustrated
in Fig. 4 (b), (c) and (d) in order to obtain the voltage error. A complete expression of the boundaries of
DCM is given in Table II. A typical plot of the constraint functions is depicted in Fig. 5.

Fig. 5: A typical plot of constraint functions.

With the boundaries of DCM clear, it is easy to derive that SSCCM is achieved in [0,Nsn1]∪
[
Nsn2,Nsp1

]
∪[

Nsp2,Nsw−1
]

and the moving average voltage error 〈ue(n)〉 is zero. HSCCM happens in [Nhn1,Nhn2]
and

[
Nhp1,Nhp2

]
. The moving average voltage error 〈ue(n)〉 is 2

Tsw
VdcTd in [Nhn1,Nhn2] and − 2

Tsw
VdcTd in[

Nhp1,Nhp2
]
. As a result, a complete expression of the voltage error in a fundamental period can be easily

derived.

It should be noted that the constraint functions have not necessarily two zero-crossings. For example, if
ysp(n) and ysn(n) have no zero-crossing point in a fundamental period, then there is no DCM or HSCCM
switching cycle and thus soft-switching is achieved all the time. In this case, the dead-time causes no
voltage error. Similarly, if yhp(n) and yhn(n) have no zero-crossing point in a fundamental 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 two zero-crossing points. Fig. 6 depicts three typical combinations of
the constraint functions and the calculated voltage error for an H-bridge inverter working under different
modulation depths. As shown in the figure, when solely changing the modulation depth, the time intervals
of the switching modes in a fundamental period change accordingly. When the modulation depth is low,
the output current is low making the inductor current ripple relatively high and SSCCM can be achieved
all the time. When increasing the modulation index, DCM and HSCCM appear one after another.



Fig. 6: Waveforms of the calculated constraint functions ysp, ysn, ydp, ydn, yhp and yhn and the calculated moving
average voltage error 〈ue〉 of an H-bridge inverter working at Vdc = 48 V, Td = 5 µs, fsw = 10 kHz, fo = 5 Hz,
L = 2 mH, C = 30 µF, R = 10 Ω and (a) M = 0.08, (b) M = 0.2, (c) M = 0.3.

Experimental validation

Fig. 7: The simulated waveforms of the H-bridge in-
verter.

Fig. 8: A zoom-in of the simulated waveforms in
DCM.

Simulations were done using MATLAB/Simulink by adopting ideal MOSFETs with no parasitic capac-
itance to verify the presented model. The simulation is conducted under the condition that Vdc = 48 V,
M = 0.25, fo = 5 Hz, fsw = 10 kHz, Td = 5 µs, Ll = 0, R = 10 Ω, L = 2 mH and C = 30 µF. The
simulated waveforms in a fundamental period are depicted in Fig. 7 and a zoom-in of the waveforms in
DCM is shown in Fig. 8, where ue, 〈ue〉, 〈ue,1〉 and 〈ue,2〉 are the simulated voltage error, the moving
average value of the simulated voltage error, calculated moving average value of voltage error based on
the method in [14] and in this paper respectively. As can be seen, both the voltage error magnitude and
the boundaries of DCM estimated by this paper shows an improved accuracy compared to the previous
one.

Euclidean distance is a mathematical indicator of the similarities of two different sequence [15]. By using
the simulation results as a benchmark, the accuracy of the calculated results by the different methods can



Fig. 9: The Euclidean distances for the different methods under (a) Td = 1 µs; (b) Td = 3 µs; (c) Td = 5 µs.

be compared. The Euclidean distance is defined by

dx =

√√√√Nsw−1

∑
n=0

(〈ue,x(n)〉−〈ue(n)〉)2, x = 1,2. (13)

As an example of the waveforms shown in Fig. 7 and Fig. 8, the differences of the calculated results by
the method from [14] and the method presented in this paper yield to d1 = 47.4 V and d2 = 7.59 V. In
general, a smaller Euclidean distance indicates a better similarity of two waveforms.

In order to see the accuracy comparison under different conditions, simulations are done by varying the
modulation depth and the dead-time value while other properties remaining unchanged and the results are
shown in Fig. 9. As can be seen, the presented model in this paper has a better accuracy than the previous
one under different dead-time and modulation depth. Normally, a greater dead-time results in a larger
Euclidean distance for both methods since a larger dead-time causes a larger portion of DCM and the
calculation error in DCM accumulates as regards Euclidean distance. Not only the value of Euclidean
distance increases with an increasing dead-time, but also the difference of the value is exaggerated,
underlining the accuracy and the effectiveness of the presented model.

In general, the Euclidean distance is smaller with a higher modulation depth due to the fact that the
portion of HSCCM is larger while that of DCM is smaller thus the calculation error in DCM becomes
less significant. However, as shown in Fig. 9 (a), Euclidean distance calculated by this method increases
with an increasing modulation depth. The reason is that with such small dead-time, the portion of DCM
is small thus the calculation error in DCM is not dominant in the final result of Euclidean distance. On
the other hand, the voltage error introduced by the SPWM becomes dominant and with an increasing
modulation depth this error becomes governing on Euclidean distance.

Conclusion
Previous researches have not fully explored the dead-time effect in DCM of an H-bridge inverter. In
this paper, four different DCMs are elaborated and the effect of dead-time to the output voltage error in
different DCM is analysed and described by mathematical models. A series of constraint functions are
defined such that the boundaries and the time intervals of each DCM can be determined. The combination
of the voltage error models and constraint functions enables a complete expression of the voltage error
in a fundamental period. Compared to previous researches, by taking the current error of the inductor
current compared to the ideal current into consideration, the calculation done in this paper yields a better
accuracy which is validated by simulations. The method and the results of the calculation introduced
in this paper can be used for output harmonics or distortions modelling and feed-forward dead-time
compensation, especially for high-precision applications.
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