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ABSTRACT Dead-time is commonly designed to avoid shoot-through phenomenon within each arm in
voltage source converter. The presence of dead-time tends to cause a power quality issue. Quantitative
analysis for dead-time effects is important to mitigate power quality issue. This paper presents two harmonic
quantitative analysis methods for dead-time effects in SPWM inverters. First, the harmonic analysis method
based on double Fourier series is modified to adapt any initial phase angle and calculate additional
harmonics from dead-time effects. Then, a calculation method for switching angles in sinusoidal pulse
width modulation (SPWM) is presented. Based on the obtained switching angles and single Fourier series,
a more concise calculation method is proposed to perform quantitative analysis for the impact of dead-time
on harmonics. The harmonic model is able to reveal the mechanism of harmonics generation from dead-
time. Finally, the inner relationship and essential difference between double- and single-Fourier series are
summarized. The simulation and experimental results show that both of the proposed quantitative analysis

methods can accurately evaluate the effect of dead-time on harmonics.

INDEX TERMS Harmonics, dead-time, double Fourier series, single Fourier series, SPWM.

I. INTRODUCTION

As the increasing penetration of renewable energies-based
distributed generation (DG) systems, power electronic con-
verters are becoming an important interface to integrate
renewable energies into utility grid. However, several tech-
nical challenges become apparent and one of which is per-
taining to the impact of the power quality [1]-[2]. In voltage
source converter (VSC), pulse width modulation (PWM)
strategies have been widely applied to enable switching con-
trol of power devices [3]-[4]. To make assure safe operation,
dead-time is always designed to avoid simultaneous conduc-
tion of power devices within up-arm and down-arm. However,
the presence of dead-time tends to cause current distortion
and voltage harmonics, which thus degrades operation per-
formance of VSC [5]-[6]. Also, the distorted current and
voltage harmonics can cause further side-effects on the power
grid [7]-[8], such as harmonic instability [9]-[10] or har-
monic resonance [11]-[12]. Accurate evaluation of harmonic
content can contribute to harmonic suppression. Therefore,

The associate editor coordinating the review of this manuscript and
approving it for publication was Poki Chen.

it is significant to develop quantitative analysis method to
evaluate influences of dead-time effects on harmonic perfor-
mance of VSC.

Previous work in [13]-[14] have been presented to analyze
harmonics mechanism caused by PWM. Analysis methods
of harmonic characteristic mainly include double Fourier
series [4], [14]-[19] and single Fourier series [20]-[23].

The double Fourier series is a method originally devel-
oped by Bennett and Black and later adopted for a PWM
switching waveform by Bowes and Bird [13]. This method
is able to derive harmonic distribution characteristics, but
it is challenging to understand and apply. A method based
on double Fourier series is presented to calculate harmonic
spectrum in two-level PWM converter [14]-[15] and multi-
level PWM converter [4], [16]. But it did not consider the
impact of dead-time effects. The analysis of dead-time effects
applying 3-D geometric wall contour models is performed
in [17], where the harmonic voltage models are presented
with the double Fourier series approach. However, the analy-
sis procedure is complicated as there are two reference angles
that based on carrier wave and modulation wave respectively
needed to be considered, and Bessel functions are used.

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.
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Reference [18] analyzes the output harmonics of an H-Bridge
Inverter with dead-time from two parts: an ideal part rep-
resenting the PWM signal without dead-time and a correc-
tion part representing the effects caused by the dead time
by applying double Fourier analysis to the 3-D mode. The
method to analyze the dead-time effect in [18] can show the
influence of dead-time on phase voltage more clearly, and it is
clear and easy to understand. This harmonic analysis method
with consideration of dead-time is also applied in [19], and
the formula of harmonic with dead-time is deduced in mul-
tisampling technique. The harmonic analysis models based
on double Fourier series are obtained by complicated math-
ematical derivation, which increases computational burdens
and reduce analysis efficiency.

Another effective harmonic analysis approach is single
Fourier series [20]-[23]. Reference [20] analyzes harmonics
by single Fourier series, but the switching angles are repre-
sented by Kapteyn Series, which is complicated. This method
is applied in [21] to analyze harmonic spectrum at a half-
bridge dc/ac converter with single- and multiple-frequency
modulation. In [22], the double-edge modulator be repre-
sented by two sing-edge modulators to derive expressions
for the harmonic spectra of double-edge PWM waveforms
in one-dimensional spectral analysis. However there is no
experimental verification was performed. In [23], multilevel
PWM waveform be separated into a spectral image of the ref-
erence and sideband basis functions which are then expanded
using a one-dimensional Fourier series based on [22]. But
the computational procedure and expression of switching
angle in these aforementioned works are very complicated.
They do not analyzes the impact of dead-time on harmon-
ics and establish a harmonic model with dead-time effects
based on single Fourier series, which is thus difficult to
provide an applicable dead-time design guideline in indus-
trial implementation. In addition, there is no comparison
between the computation of double and single Fourier series
method.

Based on the review of previous work above, it is obvious
that the analysis of phase voltage harmonics of inverters has
developed from the more complex double Fourier method
to the single Fourier method which is much simpler, and
the effect of phase voltage harmonics with dead-time effects
has been taken into account gradually. However, there are no
in-depth study of the inner link and different between the two
methods and their respective applicable scenarios.

Therefore, this paper presents a quantitative analysis
method to establish compact and low computational har-
monic analysis model with consideration of dead-time
effects, which is able to reveal root cause of harmonic distor-
tion caused by dead-time effects. Furthermore, the inner link
and different between the two popular harmonics analysis
methods, double Fourier series and single Fourier series, need
to be revealed.

The rest of this paper is organized as follows. Basis of sinu-
soidal PWM (SPWM) and dead-time effects are introduced in
Section II. In Section III, The quantitative analysis methods

43144

\ ot

2 o Pwo

a
Ul «

AT wot

~Ual2 [

(b)

FIGURE 2. The principle of SPWM. (a) Principle of pulse generation.
(b) The voltage of phase A.

of harmonics and the mechanisms of harmonics generation
caused by dead-time effects are proposed by double Fourier
series and single Fourier series, respectively. The inner link
and essential difference between the two methods are sum-
marized by comparing the two methods. In Section IV, sim-
ulation and experimental results are given to validate the
proposed harmonic analysis methods. Main conclusions are
drawn in Section VII.

Il. SPWM AND DEAD-TIME EFFECTS
In this section, the basis of SPWM and dead-time effects is
introduced.

A. BASIS OF SPWM

Fig.1 shows the circuit diagram of a three-phase voltage
source inverter, which consists of three legs with six switch-
ing devices (S;; and Sp (j = a, b, ¢)) and six diodes
(Dj1 and D (j = a, b, c)). Ugc and i; (j = a, b,
c) indicate the dc source voltage and phase current in
AC side.

Compared with the symmetrical regularly sampled modu-
lation technique, asymmetrical one that the carrier ratios is
odd has the superior harmonic performance [24], which is
used in this paper. Fig.2 (a) shows the principle of pulse
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FIGURE 3. The phase A voltage with dead-time effects. (a) Dead-time
effects during one switching cycle. (b) Dead-time effects during one
fundamental period.

generation in SPWM strategy, where the isosceles triangle
wave comparing with the modulation reference wave u;, of
phase A. If the amplitude of sinusoidal reference signal is
higher than amplitude of triangle wave, the output of mod-
ulation signal is 1, otherwise it is 0.

Fig.2 (b) shows the relationship of DC-link voltage and
phase A voltage during one fundamental period. As illus-
trated in Fig.2 (b), oy is the k-th switching angle, and N is
the total number of switching angles in a half of fundamental
period. N = f./fo is carrier ratio, where f; is the frequency
of the triangular carrier signal, and fy is the fundamental
frequency.

B. DEAD-TIME EFFECTS

Fig.3 shows principle of dead-time effects for phase A volt-
age, where G, and Gy, are ideal switching signals driven
by PWM without dead-time effects, and G,1" and Gy’ are
switching states with consideration of dead-time effects.
u, and u, represent phase A voltage without and with
dead-time. u, represents the modulation reference signal of
phase A.

It can be seen from Fig.3 (a) that the voltage u, and
switching states are affected by dead-time effects during one
switching cycle. The case about phase current i; < 0 is
explained as following. During the period 7y to #1, the phase
current flow through the diode Dy, and u, = Ujq./2, as the
upper switching device S,; is under switching-on state and
the lower switching device S, is under switching-off state.
At the time instant 71, S, is under switching-off state due to
the effect of dead-time T4. Switching S, and S, are both

VOLUME 7, 2019

under switching-off state during #1 to #,. Therefore, the phase
current flow through the diode Dy, and u, = Uqg./2 during
that time because of inductor current freewheels. At the time
instant #,, Sy is under turning-on state, and u, = —Ugc/2.
Sa1 is under switching-off state During #, to #3, the analysis
can be performed in the same way. To sum up, if i; < 0,
the commutation moments of phase voltage u, turning from
—Uqgc/2 to Ugc/2, and turning from Uyc/2 to —Ugqc/2 are
determined by the switching device Sy;. Similarly, if i, > 0,
the commutation moments of phase voltage u, are determined
by the switching device S,;1. Therefore, the impact of dead-
time effects on outputs phase voltage is related to the direction
of the output current.

Fig.3 (b) shows the modulation process influenced by
dead-time effects during one fundamental period. It can be
seen that the time instant of switching angels is changed
due to the presence of dead-time, which thus may change
harmonic characteristics.

Ill. HARMONIC QUANTITATIVE ANALYSIS
A. DOUBLE FOURIER SERIES
In this subsection, the double Fourier series method is intro-
duced and modified to adapt any initial phase angle in SPWM
harmonics analysis. Model of the harmonic voltage with
and without dead-time effects are established in closed-form
expression, respectively.

Classical double Fourier series can be expressed as

[

A
20y Z [Aqp cos p(wot + 0p) + By, sin p(wot + 6p)]

p=1
o
+ ) [Ag0 cos g(@et + ) + Bgo sin g(wet + 6,)]
g=1
o o
N Z Z {qu cos[g(wet + 6.) + p(wot + 6p)] }

— +B,p sin[g(wct + 6.) + p(wot + 6p)]
p=—00

@ #0)
ey

T

Agp = 302 / /f(wct + 6, wot + 6p) cos[g(wct + ;)
—T —7T

+p(a)ot + Op)1d(w.t + 6.)d(wot + Bp)

By, = 302 / /f(wct + 6., wot + 6p) cos[g(w t + 6,)
—T —7T

~+ p(wot + 6p)1d(wct + 6.)d(wot + Bp)

where the two variable are w.t + 6. and wot + 6y, wc is
angular frequency of triangular carrier, 6. is phase shift angle
of triangular carrier, wg is fundamental angular frequency,
and 6 is fundamental phase offset angle. ¢ is carrier index
variable, and p is baseband index variable.
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FIGURE 4. Effect of dead-time on switching angle x.

Setting x = wct, y = wopt. Then the coefficients A, and
B, can be expressed as plural form as follows.

T
. 1 i
Cop = Agp +JjBgp = 372 / /f(x, NPT dxdy (2)
—IT —7T

So the harmonic amplitude can be obtained as (3)

|Cop| = /A2, + B2, 3)

For asymmetrical regular sampling, there are the two sam-
pling points established in each carrier interval. The modula-
tion wave angle y; corresponding to the sampling time instant
(in Fig.4) can be expressed as

Vo= D —1) k=1,2,3,-,2N )

Wc

Using continuous variables x and y, y; can be expressed as
o

k=y— —[x—mk-1)] (%)
We

Defining function g(¢) as

-1
g(p) = . .
1 ¢ corresponding the falling edge

@ corresponding the rising edge ©)

where ¢ is switching angle at any position.

Different from switching angle o, which is reference to
angle of the modulation wave, x; is switching angle that based
on the angle of the carrier as shown in Fig.4. And it can be
expressed as

T
X = +mk — 1) + glxx) Axy

X = %M sin y %)
where M is the modulation index.
The proposed solution in (7) for switching angle does not

require a specific initial condition, such as zero reference
angle and sampling point [17]-[24].
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The harmonic coefficient in (2) can be expressed as

U 2T Xg 2 X(k-+1)
Cpp = %(zxk)( / / G iy — / / S gy
0 0 0 Xk
2n 2w
+ / / TP dxdy)  (8)
0 X(k+1)

The output phase voltage is mirror symmetry due to the
modulation method used in this paper. Therefore, (8) can be
simplified as

U .
»= de 20 [1 _ (_1)(Nq+p)] oI5

T2 we

N
> Z g(xk)eijﬂeg(xk)jx%M sin yg )
k=1
where s = g + pwo/w. = q + p/N.

From (9), there is no even harmonics as Ng+p is the
harmonic order, and Ng+p is odd. In addition, the distribution
of harmonics are mainly the even sideband harmonic compo-
nents around odd multiples of the carrier frequency, (when the
carrier index variable ¢ is odd, the baseband index variable p
is even), and odd sideband harmonic components around even
multiples of the carrier frequency (when the carrier index
variable ¢ is even, the baseband index variable p is odd).

As shown in Fig.3, the dead-time effects cause a time delay
T4 in rising edge of u, if phase current i, > 0. Similarly,
the time delay T4 happens in falling edge of u, if i < O.
Fig.4 shows the effect of dead-time on switching angle xi
based on the angle of the carrier.

In Fig.4, A is the time-delay based on the angle of the
carrier wave.

AO = w:Ty (10)

The additional harmonic component from dead-time
effects can be obtained by (11).

o X
Vv .
ACy = 3% [s) = siend] [ [ doPaxdy 1)
0 Xk

where sign(-) is the sign function, and sign(i) = 1 ifi > 0,
sign(i) = —1ifi < 0.

As shown in Fig.3 and Fig.4, the change of switching
angle is affected by the pulse edge state and current direction.
The switching angles of x; with dead-time effects can be
represented as (12).

| sion(i
Slgrzl(l)g(xk) N

Simplify (11), and the additional harmonic component of
the dead-time ACy, can be expressed as

x;:=xk+ (12)

2N
Uge @
Cq dc W0

. 1—sign(i)g(xz) .
: [ 500 —] glwoel (13)
2jsT W,

k=1
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FIGURE 5. Principle of switching angles generation process.

Therefore, the harmonics of the phase voltage considering
dead-time can be expressed as

Coptotal = Cgp + ACy, (14)

B. SINGLE FOURIER SERIES

In this subsection, the computational procedure of switching
angles o, which is reference to angle of the modulation wave,
is given when asymmetrical regular sampling is applied.
Then, the calculation model for harmonic analysis of SPWM
based on single Fourier series is derived.

Double Fourier series analysis needs two phase spaces in
carrier wave and modulation wave. That is, assuming that the
voltage waveform is a periodic function of two independent
variables, namely the phases of the reference and carrier
waveforms. In single Fourier series analysis method, the car-
rier angle is converted into the angle of modulation wave, and
the voltage waveform is a periodic function with only one
variable, which is the phase of the reference waveform.

Fig.5 shows the principle of switching angle generation in
modulation process. The original switching angle oy (k =
1,2,...,2N), which is based on modulation wave angle in
a fundamental period for phase A voltage, can be calculated
as follows. The oblique lines &y is carrier signal of phase A.
It can be seen from Fig.5 that the slope of oblique lines 7 is
negative for #; corresponding to the rising edge of drive signal
G, and positive for #; corresponding to the falling edge of
G, in the k-th half carrier. The time instant #; corresponding
to the switching angle o is the intersection of the straight
uy, and oblique lines hy. The straight lines uy is modulation
signal for leg A in the k-th half carrier. wg and T, represent
the angle frequency of modulation signal and triangle carrier
period.

For leg A, the relationship between oblique lines /4 and the
straight line uy are given as (15).

4
h, = g(ak)(Ft —2k+1)

¢ T (15)
uge = M sin [(k - 1)w0?°] = M sinyy

where ¢ presents the time of the signal, and oz can be obtained
by the intersection of &y and u,y.

The #; is the time instant at intersection point of oblique
line h; and straight line uy, which can be obtained
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from (15) as

T
e = - (8o + 2k — 1] (16)
So ar(k = 1,2,...,2N) in a modulation period can be
given as
woTe .
ap = T[g(ak)M sinyx + 2k — 1] (17)

Combining (7) and (17), o can be expressed as

wQ
o = — Xk (18)
We
Therefore, the essence of single Fourier series analysis is
to convert the carrier angle of double Fourier analysis into the
angle of modulation wave and then analyze harmonics at the
same reference angle.
For the phase voltage u, in Fig.1 (c), according to Dirichlet
Theorem, Fourier series of voltage u, is given as

o0
Uy = f (1) = %0 + 3" (aycosnot + by sinnor) (19)
n=0

where 7 is order number of spectrum; a, and b, are coeffi-
cients of Fourier series.

Since the output phase voltage is mirror symmetry, where
the positive half-cycle waveform and the negative half-cycle
waveform are symmetrical on the horizontal axis after mov-
ing the positive half-cycle waveform along the horizontal axis
by half cycle. If n is even, a9 = a, = b, = 0 can be
obtained due to the symmetry. It shows that there is no dc
voltage and even harmonics in the phase voltage u,. If n is
odd, the coefficients a, and b,, can be derived as (20).

a, = z /Hf(a)t) cos(nwt)d(wt)
5 o (20)

b, = —/ f(wt) sin(nwt)d(wt)
T Jo

And the plural form m, of 2 coefficients a, and b, can also
be expressed as

my, = a, + jby, 21

Substitute the value of u, in Fig.1 into (20).

N
2 .
ay = EUa’c E 8(ag) sin na

= (22)

2
b, = ——Uyg Z g(oy) cos noy
ni P

The m;, can also be expressed as (23). The amplitude |m,|
of the ny-order harmonic can be obtained by finding the
modulus of (23).

N
2U, .
— N glou )" (23)
jl’lf[ =1

nmy, =
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In addition, the a2 and b2 can be expressed as (24). Then
the amplitude |m,| can be calculated as (25) in another
method.

2 2dc

a2 = )Z[Z sin® noy + Z g(ai)g(e))
ij=1
i#j
sin noy; sin nocJ] (24)
2Ud
by =50 Zcos oty + Z gle)g())
li,j=1
i#j
COS nay; Cos naj|

N
> glewgley) cos nle; — o))

ij=1

2 Uqdc

Il = J a2+ b2 =

(25)

As shown in Fig.3, the change of switching angle is
affected by the pulse edge state and current direction. The
switching angles of «;’ with dead-time effects can be repre-
sented as (26).

1 — sign(d)g(ar)

o = + fa)on (26)

Then Fourier coefficients with dead-time effects can be
given as (27) for odd n, and the ny,-order harmonic amplitude
|m,,’| with dead-time can be calculated from (28) or (29), as
shown at the bottom of this page.

2Udc 1 — sign(dglax)

a, = Zg(ak) sin n[ak—i—fond]
2U 1 — sign(i)g(«x
b = == Zg(otk) cos n[ak+Mond]
nw = 2
(27)
The m,,’ can also be expressed as
2U,
mj, = —% Z glax)e™ % (28)

Defining 6;; = [g(at;) — glap)]sign(DwoTy /2, angle 6;; is
subject to ;; = woTy or §;;j = —wTy for the two adjacent
i and j. Normally, 6; # 0 if Ty # 0. It is clear that
|my’| # |my| from comparing (25) with (29). Therefore, the
dead-time effects change the harmonic characteristic of phase

TABLE 1. The calculated amount of two methods.

Method x+y x/(X)y e sin(x)
Without Single 4N-1 4N+11 N N
dead-time Double 3N+2  6N+10 N+2 N
With Single 6N-1 5N+13 N N
dead-time Double  17N-3  24N+16 SN+2 2N

voltage u,. As the increase of dead-time Ty, the content of
harmonics will be increased due to the aggravated difference
between o; — o + 05 and o; — ¢

C. COMPARISON BETWEEN DOUBLE FOURIER SERIES
AND SINGLE FOURIER SERIES

In this subsection, the two harmonics analysis method are
compared, and the link and difference between them are
summarized.

A. The double Fourier series method is based on the respec-
tive angles of carrier wave and modulation wave to analyze
their effects on harmonics, while the single Fourier series
method is based on the same angle by converting the carrier
angle into the angle of modulation wave.

B. The distribution of harmonics can be obtained by the for-
mula based on double Fourier series method directly, as this
method include both angles of carrier and modulation wave.
In addition, double Fourier series method can also obtain the
effect of the carrier ratio on harmonic distribution directly,
as wo/w, is included in (9). However, the single Fourier series
method can not get this information, as it only based on the
angle of modulation wave.

C. The method based on single Fourier series can reduce
computation largely. In this paper, the computation burden
is evaluated from the following aspects: addition or subtrac-
tion, multiplication or division, exponential operation, and
trigonometric operation. Table 1 shows the calculated amount
of two methods. These calculations are represented as x =+
v, x/(X)y, €, sin(x).

According to the comparison above, the applicable sce-
narios of the two methods can be summarized as follows:
the double Fourier series method can be used, when it is
necessary to analyze the specific regular of harmonic dis-
tribution or the relationship between harmonic distribution
and carrier ratio. When the amplitude and content of each
harmonic are the most important to be considered, the single
Fourier series method can be used as it can reduce computa-
tion largely.

W N-1

nm

| =

\ =1

> glaigley) cos nlo— o+

g(ay) ;g(aj) sign(DoTa]

2Wye N—-1

= Y glai)gley) cos nla; — a; + 6] (29)

nmw

\ i,j=1
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TABLE 2. System Parameters.

Parameters Value
DC-link voltage Uy/V 100
Fundamental frequency f/Hz 50
Carrier ratio N 125
Load resistance R/Q 5
Load inductance L/mH 5

THD(single) = 135.77% Wsingle Fourier series

THD(double) = 135.77% Wdouble Fourier series
100 N THD(simulation) = 135.82%| lsimulation
80|
123 125 127
\ 247249 251 253

40| 495 497 499 501 503 505
371373375377379

S

FIGURE 6. The harmonic spectrum of phase voltage without dead-time.

%)
S

Magnitude (% of fundamental frequency)
@
=3

o

C
Frequency

=)
d

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulation and experiment are performed
to validate the effectiveness of the proposed theoretical
analysis. The time-domain simulation is implemented in
MATLAB/Simulink, and digital signal processor (DSP)
TMS320F28335 is used as a controller in experiments. Sys-
tem parameters applied in simulation and experiment are
listed in Table 2.

A. WITHOUT DEAD-TIME EFFECTS

Fig.6 shows the harmonic spectrums of phase voltage in
theoretical calculation and simulation. The THDs of the
phase voltage without dead-time calculated by simulation,
the proposed single Fourier series, double Fourier series are
135.82%, 135.77%, 135.77%, respectively. During the theo-
retical calculation process, the initial phase is random setting
for validating the proposed two calculation methods are more
flexible than traditional method. It shows that the THDs cal-
culated by different methods are almost the same. In addition,
the each order harmonic contents which are calculated by
simulation, single Fourier series and double Fourier series
are the same. Therefore, the proposed harmonic quantitative
calculation methods without dead-time are verified.

In Fig.6, according to the distribution of harmonic spec-
trum, the harmonic order near f. are 123, 125, and 127.
And the harmonic frequency around 2f;, 3fc, 4f; can also be
obtained from Fig.6. The regularity of spectrum distribution
satisfies the analysis from (9), which obtains that the har-
monic order Ng+p is odd (N = 125 in this subsection). And
it also satisfies the analysis in section IV that the harmonics
of phase voltage contain only odd harmonics. Therefore,
it proves the correctness of theoretical analysis.

B. WITH DEAD-TIME EFFECTS

In this paper, all experimental tests are set a dead-time due to
security. The photo and parameters of experimental setup are
shown in Fig.7 and Table 2, respectively. In this subsection,

VOLUME 7, 2019

Isolating

FIGURE 7. The photo of experimental setup.
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FIGURE 8. Drive signals for upper and lower arms.
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FIGURE 9. The harmonic spectrum of phase voltage with dead-time.

setting the parameter Tq/T. = 5/200. Fig.8 shows the
drive signals for upper and lower arms, and the phase voltage
with dead-time. It can be seen that the wave in experiment
is the same with the one analyzed in Fig.3. In addition, the
dead-time Ty is 4us as the carrier ratio f./fo = 125. Fig.9
shows the harmonic spectrum of phase voltage with dead-
time effects. The THDs of the phase voltage with dead-time
calculated by single Fourier series, double Fourier series,

43149



IEEE Access

N. Jiao et al.: Harmonic Quantitative Analysis for Dead-Time Effects in SPWM Inverters

165

-e-simulation
160 |- |-=single
~+-double

155

150 -

THD (%)

145

140 -

135

FIGURE 10. The THD of phase voltage with different dead-time 74.

simulation, and experiment are 151.5%, 151.51%, 151.72%,
and 152.04%, respectively, and the harmonic content
obtained by different methods are almost the same. So the
correctness of the proposed harmonic calculation methods
of the phase voltage with dead-time is verified. In addition,
the distributed regularity of the harmonic spectrum is the
same as that without dead-time.
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FIGURE 11. The highest harmonic magnitude in different T4/T,.

Fig.10 shows the THD of the phase voltage with different
T4 and fixed T calculated by the proposed calculation meth-
ods and simulation. From Fig.10, the THD obtained by single
Fourier series, double Fourier series and simulation is almost
the same. Therefore, the two proposed harmonic calcula-
tion methods can be applicable to the operation conditions
in different dead-time. Fig.11 shows the highest harmonic
magnitude (harmonic order is 125) in different dead-time
parameter 74/7.. The trends of the other harmonic are the
same with the 125%-order. It shows that the harmonic content
is increasing as Tq/7T. increases. And the harmonic con-
tents obtained by single Fourier series, double Fourier series,
simulation, and experiment are almost the same. This also
verifies the correctness of the proposed harmonic calculation
methods of the phase voltage with dead-time. Fig.12 shows
the harmonic spectrum of phase voltage in case of pure
resistance. It can be seen that the harmonics obtained by the
proposed calculation methods and simulation are almost the
same. So the two proposed harmonic calculation methods are
correct in condition of different output-loads.

Fig.13 shows the error between the highest harmonic mag-
nitude obtained by experiment and the proposed theoretical
calculation method without dead-time and with dead-time
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FIGURE 13. The harmonic errors in calculation without and with
dead-time.

respectively. And the error is obtained by
Mex - Mtc
€tc = —

ex
Mex — Micq (30)
ted = —,
ex

where Mex, M and Miq are the highest harmonic magni-
tude obtained by experiment and the proposed theoretical
calculation method not considering dead-time effects and
considering dead-time effects respectively; e are defined as
the error between Mex and My, ei.q are defined as the error
between Mex and Miq.

It is obvious that the error increases when the effect of
dead-time is not considered in theoretical calculation, but the
error is almost zero while considering dead-time. Therefore,
considering dead-time effects during calculating harmonics is
necessary to accurately estimate the harmonic content espe-
cially when T4/T, is not small.

C. COMPARATIVE ANALYSIS

Take the condition that f./fo = 125, Tq/T. = 0.025 for
example, the highest harmonic content around f. obtained
by experiment, simulation, the proposed single Fourier series
with and without dead-time, and double Fourier series with
and without dead-time are listed in TABLE 3. In addition,
the calculated quantities of the theoretical methods are also
shown in TABLE 3. Based on this comparison table, the mag-
nitude of harmonics obtained by single- and double- Fourier
series with dead-time are almost the same that in experiment
and simulation, while the errors of the harmonic magnitude
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TABLE 3. Comparative analysis.

Harmonic "
Method content (£) Calculated Quantities
125%-order | x+y x/(X)y €  sin(x)
experiment 117.8
simulation 117.6
single without 102.3 499 511 125 125
with 117.5 749 638 125 125
without 102.3 377 760 127 125
double | 117.5 2122 3016 627 250

obtained by the two theoretical methods without dead-time
are relatively large. Therefore, the calculation results of har-
monics will be more accurate when considering the dead-time
effects.

Based on Table 1, the calculated amounts of the two
theoretical methods with or without dead-time are listed
in Table 3. It is obvious that the proposed single Fourier series
method has smaller computational resources and will have a
faster computing speed than the double Fourier series under
the same calculation accuracy and computing platform. The
calculated amounts of the double Fourier method for each
algorithm are more than two times as much as that of the
single Fourier method, when considering dead-time.

V. CONCLUSION

This paper presents two harmonic quantitative analysis meth-
ods for dead-time effects in PWM converters. The closed
form solution of phase voltage harmonics in SPWM con-
verter with and without dead-time based on double- and
single- Fourier series are deduced. Both the two proposed
calculated methods can be applicable in any initial phase
case. The inner link and different between the two proposed
harmonics analysis methods and the harmonic mechanism
caused by dead-time effects are revealed. The the applicable
scenarios of the two methods are summarized respectively.
A novel method to calculate the switching angles of regu-
lar sampling SPWM is presented. Comparative analysis by
theory calculations, simulation and experiment results shows
that the closed form solutions of harmonics in the proposed
methods are correct, and the proposed single Fourier series
method is more concise. In addition, the analysis from the
proposed harmonic calculation expression and experiment
results show the duration of dead-time have significant effects
on harmonic characteristics, where the harmonics will be
aggravated as the increase of dead-time. It is necessary to
consider dead-time effects in harmonic calculation when
Ta/T. is not small and such calculation result are much more
accurate.
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