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Abstract—Dead time is generally used to avoid the short circuit
of the dc source, which causes harmonics in the output voltage and
current of the voltage source inverters (VSIs). Based on an accu-
rate harmonics calculation model of digital sinusoidal pulsewidth
modulation, harmonics caused by dead time can be analyzed and
calculated accurately. The proposed method obtains the compen-
sation waveforms by the derived calculation module and detailed
operation steps and then injects these into the sinusoidal reference
voltage to eliminate the corresponding frequency harmonics caused
by the dead time effect. The phase delay of the fundamental voltage
caused by dead time is also considered. Moreover, this method
avoids detecting the current polarity, affecting the compensation
effect. Simulation and experimental results of the proposed method
are presented to validate the effectiveness.

Index Terms—Dead time compensation, digital sinusoidal
pulsewidth modulation, harmonics, voltage source inverter (VSI).

I. INTRODUCTION

HE pulsewidth modulation (PWM) voltage source inverter
T is one of the most commonly used topology structures in
power electronics and has important applications in new energy
power generation, motor control, and power supply fields [1],
[2], [3]. Generally, to prevent a short circuit of the dc bus
in an inverter leg, the dead time is added in PWM signals.
However, the added dead time will result in the distortion of
the output voltage and current, which is called the dead time
effect.

To compensate the dead time effect, many methods have been
proposed. There are the following three main compensation
methods based on the analysis of generation of the dead time
effect.

1) Average value theory: In mostinstances, the compensation

techniques based on the average value theory are used
to eliminate the dead time effect [4], [5], [6], [7], [8].
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Seung-Gi and Min-Ho [4] modified the reference wave to
compensate the output voltage. These methods depended
on the polarity of the current, which was the key to the
compensation strategy. Hence, other methods have been
proposed to improve the compensation effect and solve
the current detection problems. Munoz and Lipo [5] used
an instantaneous back calculation of the phase angle of
the current to obtain the zero crossing of the current.
For three-phase systems, the compensation voltage can
be obtained by a startup measurement in the stationary
reference frames [6]. Similarly, Zhao et al. [7] used the
average value theory to minimize the 6nth harmonics of
the current in the synchronously rotating reference frame
to obtain the exact compensation voltage. Li et al. [§]
reconstructed the pulse sequence so that the current over
zero position can be predicted and then used the average
value theory for harmonic compensation to reduce the
error caused by the current over zero detection.

2) Pulse-based compensation methods [9], [10], [11], [12]:
Murai et al. [9] used a correction circuit to change the pulse
width to compensate for the pulse of the previous moment.
The pulse-based dead time compensator was proposed
in [10], which will adjust each PWM pulse to correct
the voltage distortion. Such schemes cannot modify the
pulse width effectively if the modulation index is relatively
reaching the maximum or the minimum pulse width. To
deal with this situation, the authors in [11] and [12] ad-
justed the switching frequency and PWM according to the
operating conditions, which require additional hardware
and lots of effort to determine the stable parameter set.

3) Dead time elimination [13], [14], [15], [16]: The authors
in [13] and [14] decomposed the generic phase-leg into
two basic switching cells, which are configured with a
controllable switch in series with an uncontrollable diode,
hence, the dead time is not needed. However, the additional
detection circuit to detect the current direction of the
antiparallel is sensitive to the current ripple and will also
increase the number of fault points. Song et al. [15] used
a tri-carrier phase-shift sinusoidal pulsewidth modulation
(SPWM) modulation method and some logic operations
to eliminate the dead time effect, which is complicated
to implement. Yan et al. [16] used a double modulated
waveform for the dead time effect to be eliminated.

In addition to these methods, many software-based solutions

have also been put forward. The authorsin [17],[18],and [19] are
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Fig. 1.  Single-phase VSI structure diagram.

based on disturbance observer to obtain the dead time compen-
sation voltage, which require precise parameters of the inverter
model and motor model. The authors in [20] and [21] adopt self-
tuning methods to compensate the voltage distortion caused by
the nonlinearity of inverters. Although itis possible to obtain bet-
ter results with these methods, lots of experience and effort are
required to acquire adequate values of the tunable parameters.

In this article, an accurate harmonic calculation model for the
unipolar SPWM is established to accurately analyze the dead
time effect and obtains an expression of the harmonic calcu-
lation. A dead time compensation method is proposed based
on harmonic injection. The proposed method can compensate
the low-frequency harmonics caused by the dead time effect.
Simulations and experiments verify the modulation model and
compensation method. Experimental results show that the com-
pensation method is feasible and effective.

The main contributions of this article are as follows.

1) A more accurate calculation model for unipolar SPWM
modulation is derived. This harmonic calculation model
is closer to the actual modulation model.

2) Detecting the current polarity is not needed, so the perfor-
mance of the proposed compensation method would not be
affected by the current ripple and zero current clamping.

3) The solution equations of the proposed compensation
method are simplified by the Taylor expansion, which are
simple to implement in the control chip.

The rest of this article is organized as follows. Section II
analyzes the dead time effect in unipolar SPWM, and the expres-
sion of the harmonic calculation is derived. Section III presents
the compensation method to compensate the dead time effect.
They are verified by simulations and experiments in Sections
IV. Finally, Section V concludes this article.

II. DEAD TIME EFFECT AND CALCULATION MODEL
A. Dead Time Effect

Fig. 1 shows the topology of the signal-phase VSI. In Fig. 1,
1-Q4 and D1-D, are power switches and antiparallel diodes.
Ve denotes the dc-bus voltage. V, and ¢, are the output voltage
and current of the VSI, respectively.

Fig. 2 shows the output voltage distortion caused by the
dead time effect. During the dead time, switches in the same
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Fig. 2. Influence of the dead time effect on the output voltage. (a) i, > 0.
(b) i, < 0.

phase-leg are turned OFF. Due to the ¢, currents through the
inductor that cannot be changed instantaneously, it flows through
the corresponding antiparallel diodes, which causes the voltage
distortion.

InFig. 2, v;, and vy, are the ideal output voltage and the actual
output voltage, respectively. G1—G4 are actual drive signals of
switches with dead time ¢4. As shown at point a in Fig. 2(a), Q1
and (), are both turned OFF when G is delayed by dead time
tq. Then, if the output current 7, is greater than zero, it flows
through D5 and Q4. Similarly, when G is also delayed, ()3 and
(Y4 are turned OFF, as shown at point b. The current 7, flows
through )1 and D3. In the abovementioned two cases, vq, Will
be different from v;, when the output current i, is greater than
zero. The error between vy, and v;,, is defined as Av and can be
expressed as

AV = V40 — Vio- (D

On the other hand, when the output current ¢, is less than zero,
the Av is analyzed in the same way as shown in Fig. 2(b).

B. Dead Time Calculation Model Analysis

One of the most common modulation strategies for the VSI is
the unipolar SPWM, or known as the three-level PWM, which
requires two modulated waveforms wu,,, and —u,,,. The dead time
effect with the unipolar SPWM is shown in Fig. 3. The digital
controller is widely used in inverter systems, which can only
process digital signals. To be closer to the actual system, the
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Fig. 3. (a)—(f) Schematic diagram of the digital unipolar SPWM modulation
and the dead time effect.
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Fig. 4. Block diagram with the proposed dead time compensation method.

modulated waveform is digitized. Fig. 3(a)—(e) shows the output
voltage generation of the unipolar SPWM. It uses one common
carrier waveform wu. and two m-shifted sinusoidal reference
waveforms, U, and —u,,. u,, is used to generate the voltage of
the left phase-leg u, and —u,, is used to generate the voltage
of the right phase-leg u;. The output voltage of the VSI is the
subtraction of u, and w, as shown in Fig. 3(e). Fig. 3(f) shows
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Fig. 6.  Current decomposition into phase angle.

the distribution of error voltage analyzed in Fig. 2. For the
harmonic analysis model of actual output voltage vg4,, it can be
divided into two parts according to (1): the ideal output voltage
V0 as shown in Fig. 3(e) and the error voltage Av caused by the
dead time effect, as shown in Fig. 3(f).

The most well-known analysis method of determining the
harmonic components of an ideal PWM-switch inverter was first
developed by Bowes and Bird [22]. However, the analysis of
dead time is not performed. Ye et al. [23] proposed a harmonic
calculation for digital bipolar modulation considering dead time,
which approximates the actual system closely, and optimized
in [24]. However, as a widely used modulation strategy, the
unipolar SPWM is not performed in the calculation model.
Combining the analysis methods in [22] and [23], the error
voltage Av of unipolar SPWM can be accurately derived by
double fourier integral analysis (DFIA) as

1 o0
Av = EAOO + Z (Aon, cos ny + Boy, sinny)

n=1

+ Z (Ao cosma + By, sinma)

m=1
XX (A, cos (max + ny)
mn
+ Z:l ; {+an sin (max + ny)} 2)

where r = w.t, y = wmt, we, and wy, are the triangular carrier
angular frequency and the modulation wave angular frequency.
A, and B,,,, denote the DFIA coefficients and are defined as

1 s s .
/ / Aved I dody . (3)

2n2
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Fig. 3(f) shows that the pulses of error voltage Av consist of
two parts. One part produced by the modulated waveform w,, is
Aty,p, and the other part produced by the modulated waveform
—Up, is Auyp, hence, Av can also be expressed as

The mathematical expression of the error voltage Av can be
obtained by deriving the DFIA expressions of A, and Aty
respectively. According to Figs. 2 and 3, the error voltage A,
can be defined as

_JE Tp1 < T < Tp1 +tg,i0 <0
Aty = {_E Tp2 < < Tpa +ta,i0 >0 ®

where x,,; and x» are the switching instants of the error voltage,
L is the dc voltage V.. They are given as [23]. Substituting (5)
into (3), the DFIA coefficient of Au,,, can be expressed as
follows:

Apmn + JBDmn

%) Z(14+Msiny)+wetq ) .
L / / Bl (matn(v+%) gy
—m+¢ J 5 (1+Msinyy)
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where ¢ is the phase angle of the current and N = w,./w,, is
defined as the carrier ratio. The inner integration in (6) can
be further derived to (7) shown at the bottom of this page. It
should be mentioned that (7) cannot be simplified into a simple
cumulative form because the integral limit (—7 + ¢, ¢) and (¢,
T + ) are not symmetrical, such as (—, 7). As for Au,,,, its
DFIA coefficient is shown as (8) shown at the bottom of this
page, and the derivation process is similar to (7) except that
the switching instants are changed. Combining (7) and (8), the
DFIA coefficient of error voltage Awv can be represented as (9)
shown at the bottom of this page.

The mathematical expression of the ideal voltage v;, can
also be obtained through a similar derivation process of the
error voltage Av. However, the difference is that v;, can be
simplified to simple cumulative form as shown in (10) shown
at the bottom of this page, depending on the Bessel function
integral relationships in Appendix A. Finally, combining the
DFIA coefficients of v;, and Awv, the DFIA of actual output
voltage vq, is shown in (11). Where 6 is the phase angle of the
sinusoidal reference waveform. This expression can calculate
the harmonic content through the current phase, which will
play an important role in the proposed compensation method. It
should also be noted that E denotes the average of the dc voltage,

1 ) T (1+Msiny)+wetq so when the value E is used for the calculation, the ripples of
52 / _Eei(matn(y+ ))dxdy the dc voltage do not have a large impact on the calculation of
™ Je 5 (1+Msiny) © (11) shown at the bottom of this page:
iZm [P 75 (m+3)Msiny, jny,
Aem +jBe7n — # (ej(m—i-%)wctd . 1) ejﬁﬂ, e’ 2 f—ﬂ—}-gp e 2( - N) '6 dyr (7)
p B = s ) e [ TR ey

Aemn + jBemn =

E <ej(m+%)wctd B 1) ej%ﬂ' e~Jigm
2 ny) 2

P ejg(m-‘r%)Msin yrejny,,.dy
e . : (8)
_eJmeW+<P€—]%( +")MSlnyfejnyfdyf

E ) N f@ €j%(m+£)MSiny7‘ejndey-
; _ J(m+& weta _ ) IR eog - !
At mn + 5B av mn J (m + %) w2 (e ekt —1) e COS 2 { f;ﬂrw eI 5 (m+ )MSinyfejnyfdyf
)
Ugh = i {455']" [nzjvzifﬂ] sin (3% — n61) Cos(ny+n91)}
ot \ B 7, (24 cos (5 — ) sin g + 0,
00 +00 —ﬁJ [(m+ & ) M2 ] sin (2% — nb) cos 27 cos (max + ny + mN6; + nb)
p i M (10)
e +(m+") Jn [(m+ %) 27] cos (3% — nby) cos 2 sin (ma + ny + mN6y + nby)
i {—fgln [2M2] sin (35 — nby) cos (ny +nby) + Aay On}
Vdo =
’ n=135... \FAEE T, [2M2] cos (22 — nb;) sin (ny + nb1) + Baw_on
00 +00 fﬁef [(m+ 2) Mx] sin (2% — nb;) cos Zn cos (ma + ny + mNOy + nb;)
+ N
m; n:i;i&“ +ﬁ¢]ﬂ [(m+ %) X=] cos (25 — nby) cos Zsin (mx + ny + mNO; + nb)
0 +o00
+ Z Z {A Ay _mn cos (mx + ny) + Bay mn sin (ma + ny)}. (11)

m=1,2,3 n==1,+£2,43
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III. PROPOSED DEAD TIME COMPENSATION METHOD

The dead time effect results in output voltage distortion, which
is mainly reflected in the increase in low-frequency harmonics.
For this reason, a compensation method based on harmonic
injection is proposed in this section. The scheme is depicted
in Fig. 4. First, get the basic parameters of the system. The
required parameters for the harmonics calculation are the dc-bus
voltage Vg, the dead time ¢4, the modulation frequency f,,, the
carrier frequency f, the carrier ratio NV, and the phase angle of
current ¢. Next, various orders of harmonics are generated by
the compensation method to compensate the dead time effect.
The flowchart of the compensation method is shown in Fig. 5
and it can be divided into the following two parts: harmonic
information acquisition and the establishment and solution of
equations.

A. Harmonic Information Acquisition

It can be observed from Fig. 4 that the acquisition of har-
monic information is the first and essential step of the com-
pensation strategy. As shown in Fig. 5, the first step is to
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Fig. 9. Unipolar SPWM simulation of VSI at f,,,=500 Hz, f.=5 kHz.

obtain the basic parameters of the system to calculate the har-
monic content. The mathematical model of the actual output
voltage established in Section II can calculate the harmonic
accurately. Therefore, the second step in Fig. 5 is to calcu-
late the harmonic content according to (11) and the calculated
values of the model can be the estimated values of the actual
harmonic.

However, when the dead time is added to the actual inverter
operation, the output voltage is distorted, and the phase angle
of the fundamental voltage is delayed, resulting in a deviation
in the current phase calculation. Hence, a secondary calculation
method is adopted to obtain the accurate phase angle of the



YE et al.: ACCURATE DEAD TIME COMPENSATION METHOD FOR SPWM VOLTAGE SOURCE INVERTERS

A
s Calculation
2.0 s Simulation
s Compensation
S 1.5
] 4
z
E 1.0
o0
<
=
0.5
0-
35t g g™ 3" 15" 17" 19" 21" 23" 25"
Harmonic order
A (2)
s Calculation
L0 B Simulation
) s Compensation
~ 0.87
z ]
2 0.6
)
S 047
=
0.2

9" 117 13" 157 17" 197 217 23" 25"
Harmonic order

(©

Fig. 10.
=02ty =1us.(c) M =08, ty =05us.(d) M =02,t5 = 0.5 us.

DSP Control
Board

Reactor

Fig. 11.  Experimental platform.

output current by considering the influence of the dead time
effect on the fundamental voltage, which is the third step of the
flowchart.

The current phase correction is as follows. If the load
impedance is known, the current I, , without considering the
dead time effect can be obtained by (12)

(12)

where U, and Z, are the reference voltage and the load
impedance, respectively. @, , is the phase angle of the current
1, . Next, through the ideal current phase angle @, ., the output
voltage with dead time effect can be calculated by (11) to obtain
the fundamental voltage phase delay A for the first time. And
then the estimated value of the actual phase angle of the current
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&, can be expressed as

by =Dy, + AD. (13)

Finally, the harmonic components of the output voltage need
to be recalculated with the corrected phase angle @ ,. The above
is the first part of the compensation method, as shown in Fig. 5.
In practical situations, the load impedance is not easy to know
well, hence, a coordinate system transformation can be used to
obtain the load power factor in [5]

ta = Ipeax sin (wt + @ ) sin (wt)

I cal
= ka (cos (Pg_r) — cos (2wt + Dy ;) (14)
and
ig = Ipeak sin (wt + P4 ) cos (wt)
I . .
= %ak (sin (2wt + P4 ) +sin (P, ) (15)

where I is the peak value of the current. &, , can be ob-
tained with the low-pass filter and second-order notch filter, as
shown in Fig. 6. The low-pass filter is used to eliminate the
high-frequency components introduced by the PWM frequency.
The notch-type filter, tuned at twice the excitation frequency,
is used to eliminate the double-frequency terms in (14) and
(15). It should also be noted that the phase angle can also
be obtained by other methods.
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B. Establishment and Solution of Equations

After obtaining the harmonic information, which harmonics
to choose to compensate and how to obtain the compensated
harmonic information are the next points to consider. As shown
inFig. 5, the fourth step is to select the harmonic order to be com-
pensated after obtaining the harmonic content. The third to 15th
odd harmonics are selected to compensate in this article since
the content of odd harmonics is large in low-frequency band. Of
course, higher frequency harmonics can also be compensated.
However, in the low-frequency band, the higher the harmonic
order, the smaller the content. Moreover, the high-frequency
harmonics can be eliminated by designing a suitable filter [25],
which is not the focus of this article. The last step establishes
an equation based on harmonic information and solves it in
order to obtain the modulation ratio and phase of the injected
compensation waveforms. The final injected harmonic voltage
can be described as

+00
Vi, = Z Vaep sin (nwp,t + 6,)

n=3

(16)

where n is the selected order of injected harmonic and w,, is
the fundamental angular frequency. p and 6,, are modulation
index and phase angle of the injected harmonic, respectively.

s Without compensation
s Average theory
s Proposed compensation

Magnitude (V)
s =
® .3

o
2

gh g ot ppth 12t 3™ 14 150
Harmonic order

4lh Sth 61h 7ﬂ|

3r(l

Comparison of output voltages, stator currents, and FFT analysis of output voltage under 50 Hz, ¢ 4; and modulation index 0.8. (a) Without compensation
method. (b) Average theory compensation. (c) Proposed compensation method.

(d) Comparison of output voltage harmonics magnitude under different methods.

Obviously, p and 6,, need to be solved for the injected harmonics.
How to establish equations for solving p and 6,, is the key to the
compensation method.

According to the derivation process in Section I1, it is observed
that the position of the intersection of the modulated waveform
and the high-frequency carrier waveform affects the distribution
of the error wave and further determines the harmonic phase.
Compared with the original modulated waveform, the magni-
tude of the injected harmonic is smaller, which means that the
modulated waveform will not be greatly changed after injection.
Therefore, it is assumed that the harmonic content generated by
the original modulated waveform will not be affected after the
compensation waveforms are injected. Then, the fundamental
wave generated by the injected harmonic is able to eliminate
the harmonic of the same frequency. If the abovementioned
assumptions are satisfied, the equations can be established as

(Ao1)” + (Bo)® = M2, (a)

arc tan (%) =o,. (b (7
By = 2EN {27”—]7” cos (% - en) (17b)
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Y (17¢)

where p and 0, are the target variables to be solved. M, , and @,
are the known magnitude and phase angle of harmonic obtained
from the previous analysis.

The left-hand side of (17a), Ag; and By, are the fundamental
component expression of the injected waveform, which can be
obtained from (10) when n = 1 and m = 0, as shown in (17b).
Substituting (17b) into (17a) to obtain the simplified equations
(17c), which can show the relationship between the solved
variables and the known variables.

The abovementioned analysis shows that (11) is more accurate
than (10) due to considering the dead time effect, but it is
unsuitable as the left-hand side of (17a). There are two parts

in (11). One part is the ideal modulation harmonics and the
other part is the harmonics generated by the dead time effect.
If (11) is used as the left-hand side of (17a), which means that
the fundamental component of the injected waveforms and the
harmonics generated by the dead time effect are equal to the
harmonics that need to be compensated. In fact, the harmonics
generated by the dead time effect result from the interaction of
the injection waveform and modulation waveform, which cannot
be calculated by the injection waveform alone. Moreover, it has
been assumed that the injection waveform has little effect on the
harmonics generated by the dead time effect. Consequently, the
fundamental component generated by the injected waveform can
be taken as the left-hand side of (17a) and it can be simplified to
(17¢). As shown in Fig. 5, the compensation waveform can be
obtained by (17c), and then injected into the original modulated
waveform in reverse.
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Comparison of the stator currents and FFT analysis of output voltages under 50 Hz, ¢4 and different modulation indexes. (a) Comparison of the stator

currents at a modulation index of 0.8. (b) Comparison of the stator currents at a modulation index of 0.2. (c¢) FFT results at a modulation index of 0.8. (d) FFT

results at a modulation index of 0.2.

However, solving (17c) is difficult due to the Bessel function
in a nonlinear equation. Further analysis of the equation is re-
quired to obtain the pand 6,,. 2 N N in(17¢)isin (0,1)forp € (0,1)
and N > 1. The first-order Bessel function curve is shown in
Fig. 7(a). It can be observed that the function monotonically
increases if = € (0,1). The second-order Taylor expansion of
the Bessel function can be obtained as follows in Appendix B

s )" 2m+1
B Z m+2) (2)
_ 1 =z —1 23
Tr22 I3 s
3
T x
T (18)

The comparison of the function curves among the first-
order Taylor expansion, second-order Taylor expansion, and

first-order Bessel function is shown in Fig. 7(b). It can be
seen that the second-order Taylor expansion is very close to
the original function on the interval [0,1], while the first-order
Taylor expansion is close to the other two functions near the
origin. Generally, the carrier wave ratio N is greater than or
equal to 10, hence, %= < 0.157 and (17¢) can be simplified
with the first-order Taylor expansion as follows:

4EN
< Pﬁ) ~ M,

T 2 2N
~ M?!Z
> (192)
and
My,z
P~"E (@) (19b)
0n = Dye + 55 (D)
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Fig. 15.  Comparison of output voltages, stator currents and FFT analysis of output voltage under 40Hz, ¢ 4; and modulation index 0.8. (a) without compensation.

(b) With the average theory compensation. (c) With the proposed dead time compensation. (d) Comparison of output voltage harmonics magnitude under different
methods.
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Fig. 16.  Stator current waveforms under the transient state. (a) Without the dead time compensation. (b) With the average theory compensation. (c) With the
proposed dead time compensation.
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From (19b), it is shown that p and 6#,, can be obtained by
solving linear equations, which can reduce calculation resources
and the solving difficulty. The final compensation waveforms
are injected into the original modulation waveform, which is the
final step of the compensation method, as shown in Fig. 5.

C. Error Analysis

In order to solve (17c), the first-order Taylor expansion of
the Bessel function is utilized to simplify the equation and
the error should be analyzed. In Fig. 7(b), it can be seen that
the second-order Taylor expansion is very close to the original
Bessel function on the interval [0,1]. Substituting (18) into (17¢)
gives the following more accurate equation:

(%) - s (3) < (G ) =

22 — 8z, + 164 =0

S

(20)

where x4 = 2”—;, A= ]Zéj\;r and (20) can be solved with the

Appendix C (the formula of extracting roots on cubic equation)

2N
Ps = Ts " ——
s
R CTRACIAPY
2 2 3
Ps = — @D

vt {15 - JO) 4 ()

Therefore, the error E, of using an approximation of the
modulation index can be expressed as

Ey=ps — p
6 2 —8\3
(oA VT Yoy
- E
o]t - 08T (37 T

— 2N
+w2 3 2x My, \/(% Myz) + (;8)3 ™
N E N E 3
M,
- 22
i (22)

where ps and p are solutions of equations using second-order
Taylor expansion and first-order Taylor expansion, respectively.
It can be seen that £, is a function of two variables /N and
M,./E. Since M, is the magnitude of the output voltage,
My, /E is in (0,1). N is the carrier wave ratio, which can
be within [10,200]. The error function surface is presented in
Fig. 8. Ascanbe seen, the error ), increases as M, / E increases
and N decreases. The maximum error is less than 0.0035.
However, for the M, . /E, the ratio of the harmonic amplitude
and the dc voltage is much less than 1 in practical situations,
which means that the error will be very small. Therefore, the
error approximated using the modulation ratio is small.
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TABLE I
PARAMETERS OF THE SIMULATION SYSTEM

Symbol Parameters Value
Vie DC-bus voltage 250 V
fm Modulation frequency  50/100/500 Hz
fe Carrier frequency 5/10 kHz
L Reactor inductance 0.8 mH
Ry, Resistance 0.75 Q
At Dead time 0.5 ps/l us

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulink and Result Analysis

The MATLAB/Simulink model of a single-phase VSI is built
to verify the time domain model and compensation strategy. The
simulation parameters are shown in Table I. In order to verify
the effectiveness of the compensation strategy, the simulations
are performed under different modulation indexes and dead
times.

Fig. 9 shows the main waveforms of the unipolar SPWM
simulation of VSI. In order to display the error waveform more
clearly, a smaller carrier ratio is selected. Fig. 7(a) and (b) shows
the gating signals of the power switches (Q1—Q4. Fig. 9(c) and
(d) shows the error voltage and output current, respectively.
Fig. 9(e) shows the actual output voltage with dead time. The
gating signals are generated by the unipolar SPWM, as shown
in Fig. 3 As shown in Fig. 9, the corresponding relationship
between the error waveform’s position and the gating signals’
position is consistent with the analysis in Section II.

Fig. 10 shows the magnitude comparison of output voltage
harmonics among the simulation without compensation, sim-
ulation with compensation and the calculation. Fig. 10(a)—(d)
shows the results with different dead times and modulation
indexes at f. = 10 kHz and f,,, = 50 Hz. As shown in Fig. 10,
the calculation result in (11) is consistent with the simulation
without compensation, which can prove the accuracy of the
calculation model for the unipolar SPWM derived in Section
II. The third- to 13th-order harmonics are compensated with
the proposed method. Fig. 10(a) and (b) shows the performance
of the proposed compensation method at the high modulation
index (M = 0.8) and the low modulation index (M = 0.2), re-
spectively. The dead time is configured at 1 us. It can be seen that
the magnitude of these compensated harmonics decrease greatly.
Fig. 10(c) and (d) shows the performance of the compensation
method with a shorter dead time of 0.5 us. It can be observed
that the harmonic content is also greatly reduced as the dead time
is reduced and the proposed method still has a good harmonic
suppression performance.

Table II shows the comparison results between the proposed
method and the average theory method. The proposed method
has a similar or even better performance for the compen-
sated harmonics than the average theory method. Indeed, the
average theory method has a suppressive effect on all low-
frequency harmonics caused by dead time. In order to elim-
inate more harmonics, more order compensation waveforms
need to be injected. However, for the high-order harmonic, the
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TABLE II

COMPARISON RESULTS OF DIFFERENT COMPENSATION METHODS
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Modulation index  Dead time  Carrier frequency ~ Compensation method ~ Third  Fifth Seventh Ninth 11t 13t
Without compensation 22 122 092 076 057 045
0.1 1 ps 10 kHz Proposed method 0.19 0.18 0.06 0.08 0.1 0.06
Average theory method 0.36 047 038 044 038 0.37
Without compensation ~ 2.03  1.38 096 0.69 0.71 0.44
0.2 1 ps 10 kHz Proposed method 0.04 003 006 008 007 0.03
Average theory method  0.08 0.15 0.07 0.15 0.07 0.10
Without compensation ~ 2.09 134 098 0.63 0.74 047
0.4 1 ps 10 kHz Proposed method 0.06 0.09 0.07 003 0.05 0.09
Average theory method 0.12 0.16 0.08 0.12 0.06 0.11
Without compensation ~ 2.17  1.32 092 0.66 0.67 0.41
0.8 1 ps 10 kHz Proposed method 0.03 0.09 0.08 009 0.05 0.08
Average theory method 0.1 0.16 0.13 0.12 0.07 0.12
Without compensation ~ 2.15 1.32 098 0.69 0.62  0.39
1 1 ps 10 kHz Proposed method 0.09 0.02 003 006 005 008
Average theory method 042 021 028 0.1 0.01 0.16

TABLE III

EXPERIMENTAL SYSTEM PARAMETERS

Symbol Parameters Value
Vie DC-bus voltage 200 V
Sy Motor rated power 2.2 kW
Vi Motor rated voltage 220V
F Motor rated frequency 50 Hz
fm Modulation frequency 50/40 Hz
fe Carrier frequency 10 kHz
Ly Reactor inductance 4 mH
Rr1 Internal resistance of reactor 0.14 ©
tq1 Dead time 1 ps
tgo Dead time 2 us

frequency is higher, which can be filtered out by designing a
suitable filter. Thus, there is no need to inject too high-order
harmonics.

B. Experimental Results

The proposed compensation method has been implemented in
the experimental platform, as shown in Fig. 11. The core of the
control system is TI’s DSP(TMS320F28377D). The dc-bus volt-
age is generated by a programmable dc power supply (Chroma
62150H-600S). The compensation method is implemented with
different dead times and modulation indexes. The parameters of
the system are shown in Table III.

The magnitude and phase angles of the third to 15th injected
waveforms under different conditions are obtained with the
proposed compensation method and shown in Table IV. Through
the steps shown in Fig. 5 and the linear equations (19b), com-
pensating waveforms of corresponding order can be calculated
and injected by the lookup table.

Fig. 12 shows the comparison of the output voltages, the
stator currents, and fast Fourier transform (FFT) analysis of the

output voltage when the motor is running at 50 Hz with ¢4
and modulation index 0.8 (mechanically 1200 r/min). It can be
observed from Fig. 12(a) that the current has obvious distortion
in the zero-crossing area and the voltage has low-frequency
harmonics due to the dead time effect. Fig. 12(b) shows the
compensation effect of the average theory method. The current
waveform is still slightly distorted in the zero-crossing area
since the average theory compensation method requires current
zero-crossing detection, which may cause a control delay and
misjudgment of the current polarity. The low-frequency har-
monics are also not well suppressed. Comparing the results in
Fig. 12(a) and (b), the proposed method improves the current
distortion caused by dead time, as shown in Fig. 12(c). The third
to 15th harmonics are compensated in this example. As can
be seen from the FFT analysis waveforms, the corresponding
harmonics are closer to 0 Bb in Fig. 12(c) than in (a) and (b).
Fig. 12(d) shows the comparison of the harmonic contents more
clearly.

Fig. 13(a) and (c) shows the comparison of the stator currents
and the FFT analysis of the output voltage when the modulation
index is 0.4. Fig. 13(b) and (d) shows the same comparison
except that the modulation index is 0.2. It can be clearly observed
that the current waveform of the proposed compensation is more
sinusoidal compared to the current waveform of the uncom-
pensated one, while the average theory compensation method
is sensitive to the influence of the current zero-crossing and
the compensation effect is reduced. Figs. 12(d), 13(c) and (d)
show the results of the low-frequency harmonics compensation
at different modulation indexes. The proposed compensation
method is confirmed to perform well with a wider range of
modulation indexes.

Fig. 14 shows similar comparison results to Fig. 13, with the
difference that the dead time is ¢ 4o and the modulation ratios are
0.8 and 0.2, respectively. It can be seen that the low-frequency
harmonics increase and the current is severely distorted as
the dead time increases. The proposed compensation method
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TABLE IV
CALCULATION RESULTS OF INJECTED HARMONICS

Modulation index  Dead time  Compensation content  Third Fifth Seventh  Ninth 11t 13th 15t

Magnitude 0.00513  0.00308 0.00221 0.00172  0.00142  0.00120  0.00103

0.8 ta1 Phase angle 132.26 100.13 68.21 36.39 4.57 -27.83 -59.08

Magnitude 0.0103 0.00617  0.00441  0.00344  0.00283  0.00239  0.00209

0.8 a2 Phase angle 134.99  104.58 74.52 44.49 1422 -1591  -45.69
TABLE V hysteresis with dead time, a secondary calculation method is
COMPARISON OF STATOR CURRENT HARMONICS adopted for harmonic acquisition. Moreover, Taylor expansion
transforms nonlinear equations into linear equations, which can
Compensation method ~ THD ~ Third ~ Fifth Seventh Ninth reduce calculation resources and the difficulty of solving. The
roposed method does not require additional hardware to detect
Without Compensation  6.87%  0.641 0385 0.151  0.087 fh P t polarity. The 1 (% h . fth tout
Average theory method ~ 4.67% 0427 0254  0.085  0.066 eicurren 113)0 anﬁ" e low- rzque(?cg armonics o be outpu
Proposed method 470% 0319 0224 0083 0063 voltage can be well compensated and the output current becomes

can also have an excellent suppressive effect on low-frequency
harmonics caused by dead time.

Fig. 15 compares the output voltage among no compensation,
the average theory compensation, and the proposed method’s
compensation with the motor running at 40 Hz, ¢4, and the
modulation index of 0.8. It can be seen that the current waveform
is optimized by the proposed method compared to the case
without compensation, and the effect of the average theory
compensation is similar. Then, comparing the specific amplitude
of each harmonic, as shown in Fig. 15(d), it can be seen that the
effect of the proposed method on harmonic compensation is
better than the average theory compensation.

Fig. 16 shows the stator current waveforms during the tran-
sient. In the results, the proposed method well compensates the
dead time effect at the transient as well as the steady state. The
overshoot at the transient is due to the mechanical response of
the load, and when the load is stabilized, it can be seen that the
compensated stator current waveform is more sinusoidal than
the uncompensated one. For a better comparison with the aver-
age theory method, the specific amplitudes of each harmonic of
the current and THD are compared in Table V. It can be seen that
both the average theory method and the proposed method can
compensate well the harmonics and reduce the THD. Comparing
each harmonic’s amplitude, it can be found that the proposed
method is better than the average theory method for the third and
fifth harmonics. The seventh and ninth harmonics are similarly
compensated to small amplitudes. The THD of the average
method is slightly smaller than that of the proposed method
because the averaging method is based on the average-value
theory to compensate for the full-band harmonics generated by
the dead time, while the proposed method compensates for spe-
cific harmonics. The frequency band of harmonic compensation
can be increased for different needs.

V. CONCLUSION

In this article, a dead time compensation method is proposed
based on accurate harmonic injection. Considering the voltage

more sinusoidal. Simulation and experimental results verify the
effectiveness of the proposed compensation method. However,
the proposed method still has some limitations when the load
changes frequently. Future work will focus on simplifying the
process in this case.

APPENDIX A
BESSEL FUNCTION INTEGRAL RELATIONSHIPS
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APPENDIX B
SERIES FORMULA OF BESSEL FUNCTION BESSEL FUNCTION
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APPENDIX C

FORMULA OF EXTRACTING ROOTS ON CUBIC EQUATION
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