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Dead-Time Compensation Method Based
on Current Ripple Estimation
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Abstract—This paper discusses the voltage error caused by the
dead time in voltage-source PWM converters. The theoretical anal-
ysis in this paper derives the nonlinear voltage error paying atten-
tion to the parasitic output capacitance in each switching device.
The analytical result reveals that the turn-off current or the switch-
ing current ripple strongly affects the voltage error. In addition,
it is clarified that the conventional compensation methods based
on linear and three-level approximation are suitable under small
and large current ripple conditions, respectively. A simple calcula-
tion method of current ripples in three-phase PWM converters is
also developed to estimate the turn-off currents. Turn-off transition
compensation method which is a new compensation method based
on the analysis is developed and compared with three different con-
ventional methods in experiments using a 200-V, 5-kW three-phase
grid-connection converter. The proposed method exhibits a good
compensation performance having a lower voltage THD than the
conventional methods in all over the operating range.

Index Terms—Current ripples, dead time, grid connection con-
verters, output stray capacitance.

I. INTRODUCTION

ECENTLY the switching frequency of voltage-source
R PWM converters tends to become higher to miniaturize
the volume and to improve the performance. Increasing the
switching frequency achieves reduction of the inductance and
capacitance values which are almost inverse proportional to the
switching frequency. A high switching frequency also makes it
possible to reduce the control delay, resulting in an improved
current response. For this reason, wide-band gap semiconduc-
tors, such as SiC, GaN, and so on, are expected to increase the
switching frequency by their improved switching performance
(11, [2].

Voltage-source converters need a dead time, which is the
blanking period where both upper and lower switching devices
are turned off to avoid the short circuit of its dc link. It is well
known that the dead time causes a voltage error resulting in
a current distortion in grid-connection converters or a torque
ripple in motor-drive inverters. The duration of the dead time
should be set to an proper value with an adequate margin, paying
attention to the rise and fall times and the turn-on and turn-off
times in the switching devices, the tail current in IGBTs, the
reverse recovery time in antiparallel diodes, the associated EMI
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issues, and the delay time in the gate drive circuits [3]. As the
switching frequency increases, a switching cycle are reduced.
As a result, the voltage error of the dead time has become
remarkable because the rate of the dead time to the switching
cycle is increasing [4].

Current feedback control has the capability to compensate the
voltage error and to mitigate the current distortion caused by the
dead time, if a high feedback gain is applicable to the controller.
Recent grid-connection converters are equipped with a high-
order switching-ripple filter using small inductors [5]. The filter
makes it possible to suppress grid current ripples effectively
and to reduced the total volume of the inductors. However, the
small ac inductor may cause a stability problem in case of a
high feedback gain. Thus, the feedback gain is limited by the
stability reason, and it is difficult for the current feedback control
to suppress the current distortion caused by the dead time [6].

To solve these stability problem, repetitive controllers have
been proposed [7], [8]. The repetitive controller calculates the
current error in the converter and compensates the current or
voltage reference in the next cycle of the grid voltage. The
repetitive controller can suppress the current distortion caused
not only by dead time but also by other disturbances. However,
it is only applicable to a repetitive current/voltage reference,
and has a slow dynamic response. Therefore, it is difficult to
be applied to motor drive applications because the frequency is
variable and a sudden load change may occur.

Reference [9] has proposed a soft-switched PWM converter
having an additional resonant circuit on the ac side of the con-
verter. This topology can achieve zero voltage switching oper-
ation to reduce the switching power loss at a high frequency
switching. Moreover, the output converter voltage has no volt-
age error caused by the dead time because the corresponding
antiparallel diode turns on during the dead time. However, the
on-state power loss is not negligible because a large resonant
current additionally flows through the converter and the resonant
circuit.

Various compensation methods have been proposed to reduce
the voltage error caused by the dead time in voltage source PWM
converters [10]-[15]. These methods are classified into the fol-
lowing three categories: two-level approximation compensation
method (ACM) [10], [11], linear ACM [12] and three-level ACM
[13]-[15]. Reference [16] has measured the detailed converter
voltage waveforms during the dead time and implies that the
voltage error is strongly related with the amplitude of the cur-
rent ripple because of the existence of output capacitance in
switching devices. The result in [16] suggests that it is difficult
for the conventional compensation methods to calculate voltage
error accurately.



MANNEN AND FUJITA: DEAD-TIME COMPENSATION METHOD BASED ON CURRENT RIPPLE ESTIMATION

N%/?Y\ f, v
Y'Y A
HH

CQ _|

Fig. 1. Circuit configuration of a three-phase grid-connection converter
equipped with a cascaded switching-ripple filter.

To improve the compensation performance, [13] considers
the zero current clamping condition in which no antiparallel
diode commutation during the dead time. A feedforward com-
pensation method using a look-up table has been proposed [14].
In this method, the voltage error has been obtained from a cir-
cuit simulation considering charging and discharging the output
capacitance, the results are stored in the look-up table and used
as the compensating voltage. A compensating method directly
detecting the voltage error from the converter voltage is also
proposed [17]. However, these methods are difficult to be im-
plemented in a popular microcontroller because they need a
high-speed A/D converter and/or a field programmable gate ar-
ray (FPGA).

This paper discusses the voltage error caused by dead time and
proposes a new compensation method based on the analysis. The
theoretically analysis in this paper analyses the converter voltage
and the average voltage error in one switching cycle, considering
the output stray capacitance of the switching devices. Current
ripple analysis in three-phase PWM converters is conducted
to estimate the turn-off current, and proposes a new voltage
error compensating method based on the turn-off transition.
The turn-off transition based compensation method (TTCM)
calculates the compensating voltage from the analytical results
of the voltage error and the turn-off current.

Experiments are conducted by using a 5-kW voltage-source
PWM inverter to verify the viability of the theoretical anal-
ysis and the proposed TTCM. As a result, it is clarified that
the voltage error is strongly affected by the turn-off current
which is the current during the dead time. Thus, the analysis
also reveals that the two-level and linear ACMs are suitable to
systems having a relatively small current ripple, and the three-
level ACM is better choice when the current ripple is relatively
large. Moreover, it is confirmed that the proposed TTCM shows
a very low harmonic distortion compared with the conventional
ACMs.

II. EXPERIMENTAL SETUP

Fig. 1 shows the circuit configuration of the experimental
three-phase grid-connection converter rated at 5 kVA, and its
circuit parameters are listed in Table I. The main circuit of
the converter is a conventional three-phase bridge circuit us-
ing a dual in-line package intelligent power module (DIP-IPM:
PS21869, 600 V, 50 A, Mitsubishi). The converter is equipped
with a cascaded ripple filter on its ac side, which consists of
ac inductors L; and L. and filter capacitors C} and C,. Al-
though the current ripples through L, as large as 4 A in peak,
the filter circuit makes it possible to eliminate current ripples
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TABLE I
CIRCUIT PARAMETERS OF THE EXPERIMENTAL CIRCUIT

Li | 03mH | fo | 20KkHz
Cy 3 uF Tsw 50 ps
Ly 0.1 mH Tpr 3us
Cy 0.22 uF Ve 330V
fs 50 Hz

Vdc

2 JQPZ L
A
N

Fig. 2. Simplified single-phase circuit of the three-phase grid-connection
converter.
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Fig. 3. Current ripples around zero crossing in PWM control.

flowing out to the grid effectively. The switching frequency was
set to be fiw = 20 kHz (T3, = 50 us), and the dead time was
TpTt = 3 ps in the following experiments.

III. CONVENTIONAL DEAD-TIME COMPENSATION
A. Voltage Error in Dead Time

Fig. 2 shows a simplified half-bridge circuit of the three-
phase PWM converter. The converter voltage is controlled to be
v = Vi /2 or v = —Vj. /2 when either upper IGBT P or lower
IGBT N is turned on by the gate signals. During the dead-time
period, either upper or lower antiparallel diode may conduct, and
the converter voltage v depends on the direction of the converter
current ¢. In the conventional theory, v is assumed to be

Yie - (i <o)
v=4 % (1)
de .
5 (1 >0).

Fig. 3 shows the relations between the converter current 7
and a voltage error caused by the dead time. In Fig. 3, S is
an ideal switching function generated by a PWM controller,
and Gp and Gy are the gate signals for the upper and lower
IGBTs. Here, it is assumed that the turn-on edges of Gp and
G are delayed by dead time Tp7. As the converter current
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Fig. 4. Compensating voltages AV in conventional compensation methods.
(a) Two-level ACM. (b) Linear ACM. (c) Three-level ACM.

¢ contains current ripples, ¢, and 7, are defined as the current
when the corresponding IGBT is turned off. And i is assumed
to be an ideal average current which includes no current ripple.
In a practical system, i can be obtained as a sampled value when
using a synchronous sampling [18] or as the reference value for
the current regulator.

When 4, > 0 and ¢, < 0 as shown in Fig. 3, the converter
voltage v immediately changes after the turn-off of the IGBT,
and thus, the edges of the converter voltage meet to those in
the switching function S. On the other hand, when 4, > 0, the
pulsewidth of the converter voltage is shortened by Tpr, and
the pulsewidth is lengthened when 4, < 0, compared with the
original pulsewidth of S. For this reason, an amount of voltage
error appears in the converter voltage v. Therefore, the average
voltage error in a switching cycle Tgw is given by

T
Vaerm—,  (ip < 0)
Tsw o
vpr = < 0, (0 < ip,iy <0) 2)
Tor )
—Vie=——, (0 <1iy).
* Tow ( )

If the controller could detect the ripple current 4,;;,,1c or the
turn-off currents 7, and iy, it can calculate the voltage error
by using (2) and compensate the voltage error by shifting the
edges of the gate pulses or subtracting the expected voltage
error from the voltage reference for the PWM controller. As a
result, the converter voltage v could have the same pulsewidth
as the switching function .S, and the average converter voltage
agrees with the voltage reference. However, a specially designed
detection circuit using fast A/D converters and FPGAs would
be required to detect the turn-off currents 4, and 4,, because
popular microcontrollers cannot sample them.

B. Conventional Dead-Time Compensation Methods

Fig. 4 shows the relation between the converter current 7 and
the compensating voltage AV used in conventional dead-time
compensation methods. These methods calculate the compen-
sating voltage by using relatively simple approximations calcu-
lated from the sampled converter current i or the current refer-
ence instead of 4, and ¢,,. Thus, these compensation can easily
be implemented in popular microcontrollers.

Fig. 4(a) shows the compensating voltage of a two-level ACM
[10], [11]. The compensating voltage is directly calculated from
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the direction of 7 as given by

T; _
Vdc%v 1< 0)
Av = S%“ 3)
DT ra
—Vie 0 .
de TSV\' ) ( < Z)

In this method, the compensating voltage is suddenly changed
at zero crossings of 7. Thus, a small offset in the detected current
may cause a relatively large voltage error in the approximation.
Moreover, this method may cause an excessive compensation
voltage when 0 < 4, and i, < 0, because the voltage error is
expected to be zero as given by (2).

Fig. 4(b) illustrates the compensating voltage of a linear ACM
[12], which is given by

Tpr - )
Vd677 1 < —th
Tsw ( th)
T; i -
Av={ V22T 1 (L << i) )
Tsw itn
Tpr ) -
Ve 1th <1
Tsw (i )

where 7y, is a threshold current for calculating the compensating
voltage. Equation (2) suggests that it is better to set threshold
current to be equal to or around the peak value of the current
ripple. This method does not include a sudden change in the
compensating voltage around the zero crossing of the converter
current.

Fig. 4(c) shows the compensating voltage of a three-level
ACM [14], [15], given by

Ty _
vdcTDT (i< i)
S\KV . iy .
Av=1{0, (—ien <t <ign) (5)
T . 3
_V;lc TSD\; 5 (Zth < Z)'

This method provides zero compensating voltage when the
converter current is in a range of —i;}, < i < 4. This method
can compensate the voltage error in the whole converter current
range when the threshold current ¢}, agrees with the ripple cur-
rent i,i,p10. However, it is difficult to choose a suitable threshold
current because the ripple current is changed according to the
phase angle over the sinusoidal converter current.

IV. ANALYSIS OF THE VOLTAGE ERROR CONSIDERING
PARASITIC CAPACITANCE

A. Actual Converter Voltage Waveforms

Fig. 5 shows experimentally measured converter voltage
waveforms around the turn off of the switching devices. Fig. 5(a)
is measured during the commutation from the upper device P to
the lower device N. In case of a relatively large turn-off current
at ¢, = 1.0 A, the converter voltage changes from +165 V to
—165 V within 1 ps. On the other hand, the output capacitance
are not completely charged or discharged during the dead time
of 3 us in case of i, = 0.2 A. Then, the lower device is turned
on and forces the converter voltage to be —165 V at the end
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Fig. 5. Experimental waveforms of the converter voltage where dead time

was set to ITpT = 3 ps and the corresponding IGBT is turned off at ¢ = 0. The
commutation (a) from switch P to N and (b) from switch N to P.
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Fig. 6.  Single-phase equivalent circuit for analysis of voltage error caused by
a dead time.

’p

of the dead time. Fig. 5(b) is in case of the commutation from
the lower device N to the upper device P. As the same manner,
the converter voltage waveform in the commutation is strongly
affected by the turn-off current %,,.

B. Effect of the Output Capacitance

Fig. 6 shows a single-phase equivalent circuit considering
parasitic capacitance C},. In Fig. 6, the two IGBTs in Fig. 2
are replaced with two ideal switches and the parasitic capac-
itance C}, which is considered as the sum of the output stray
capacitance in the upper and lower switching devices.

The following discussion considers the transition where
switch P is turned off and switch N is turned on with dead
time Tpt. It is also assumed that the converter current is fixed
at a turn-off current ¢ = 4,,, which is represented by the current
source in Fig. 6. Since 7, flows through C), after the turn off of
switch P, the converter voltage v linearly changes as given by

Vae B,
2 G,

v =

(6)
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Fig. 7. Waveforms of gate signals and converter voltage v under the three
different conditions: (a) i, < 0, (b) 0 < i, < I¢, and (¢) Ic < ip.

Here, a critical current is defined as Ic = C,Vac/Ipr. The
converter voltage reaches v = —Vj./2 at the end of the dead
time, when ¢, = Ic.

Fig. 7 shows waveforms of the gate signals and converter
voltage in three different cases of the turn-off current. Fig. 7(a)
assumes a negative turn-off current ¢, < 0. The converter volt-
age v does not change after the turn-off of the switch P because
the antiparallel diode still conducts and the current continuously
flows through it. After the turn-on of switch N, the converter
voltage becomes v = — V. /2. Therefore, the average voltage
error in case of 7, < 0 is given by

Tpr
Tsw
In Fig. 7(b), the turn-off current is in arange of 0 < 7, < I¢.

Then, the converter current discharges the parasitic capacitance
C), during the dead time. However, switch N is turned ON before

VDTp (Zp) = Vac @)

the converter voltage reaches v = —Vj./2. Thus, the average
voltage error proportionally decreases to 4, as given by
‘ Tpr ip
Vorp(ip) = Vae— <1 . > ®
p(ip) Tow ol

On the contrary, the parasitic capacitance (), can be com-
pletely discharged to zero before the end of the dead time in
case of Ic < i,. After the discharge, the converter voltage is
fixed at v = —Vj. /2 because of a conduction of the antiparallel
diode connected to switch N. In this case, the average voltage
error is inverse proportional to the turn-off current, which is
represented by

Tpor Ic
2Tsw ip

VDTp(ip) = Ve 9)

C. Voltage Error Against the Current Ripples

Fig. 8 shows the average voltage error caused by the dead time
as a function of turn-off currents. The average voltage error in
the commutation from switch P to switch N is summarized as
follows:

Tpr .
Vc , i, <0
d TSW (10 )
. T ip .
VDTp(Zp): Vdc% <12}C>7 (OSZpSIC)
Tpr Ic .
Vieem——» 1 .
lc Mow i ( c < Zp)

(10)
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Fig. 8. Average voltage error against the turn-off currents (a) from switch P
to N and (b) from switch N to P.
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Fig. 9. Average voltage error against the converter current i under three
different current ripple conditions: (a) iripple < Ic, (b) iripple = Ic, and
©) i!'ipple > IC~

As the same manner, the switching transition from switch N to
switch P also causes a similar average voltage error given by

Tpr Ic .
V; a0 n _I
“UMsw in (in < —lc)
. 7:11 .
Vira(in) = { —Vy fos (1+ 21C>, (~Ic < iy <0)
Tpr .
—Vide —, 0<iy).
“Tsw ( )

D

Fig. 9 shows the relation between the average converter cur-

rent ¢ and the total average voltage error Vpr. The turn-off
currents can be defined as follows:

12)
13)

where the ¢,i,,1c is the peak value of the converter current rip-
ples. The total average voltage error in Fig. 9 can be obtained
by substituting (12) and (13) into (10) and (11) and by adding
VDTp and VDTn-

In a case of a small 7,i,p1e, the polarity of the voltage error
Vb is changed around a zero crossing of the converter current
1, as shown in Fig. 9(a). On the other hand, the voltage error Vit
is almost proportional to 7 between Firipple in a case that 7,ipp1c
is almost equal to I¢, as shown in Fig. 9(b). In this case, linear
ACM seems to be better than the other two conventional com-
pensation methods. Furthermore, in a case that 4., is large,
three-level ACM is more effective among the three conventional
methods.

Figs. 10 and 11 show the measured voltage error against
the average converter current. Fig. 10 was measured in case
of using an IGBT module (CM200TU-12H, 600 V, 200 A,
Mitsubishi), and its critical current was Ic =0.2 A. Fig. 11 was

1+ iripple

Zp:

n = ¥~ lripple
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also measured by using the IGBT module, which 4.7 nF snub-
ber capacitors were installed into every leg of as artificial output
capacitors. The critical current in Fig. 11 was Ic =0.7 A in this
measurement. Figs. 10 and 11 are measured under conditions of
tripple =0.3,2, and 4 A, respectively. The output capacitance or
the critical current strongly affects to the steepness around the
ripple current =i,y p10. The larger output capacitance or critical
current makes the steepness easier. These plots are very close to
the characteristics in the three cases in Fig. 9. Thus, it is clarified
that the measured voltage error also agrees well with theoretical
results.

Fig. 12 shows squared errors ¢ against the normalized cur-
rent ripple éyipple/Lc and the threshold current 4.y, used for the
calculation. The squared error ¢ is defined by

(14)

S /OC (Vor (i) — AV (D)) di.

v, Inr
Ve T:‘;r, —00

The squared error allows us to compare the performance of
different compensating methods. In Fig. 12(a), the threshold
current ¢}, is adjusted to minimize the squared error according
to the 7,ipple. as shown in Fig. 12(b). The horizontal axes in
Fig. 12 are the current ripple which is normalized by I¢.. The
two-level ACM has the minimum squared error of ¢ = 1 around
ivipple/Ic = 0.8, and the squared error increases according to
iripple- The linear ACM has a smaller squared error than the
three-level ACM in a range of 4,ippie/Ic < 5.8. On the other
hand, the three-level ACM exhibits the smallest squared error
among three ACMs in a range of iyipple /Ic > 5.8. As shown in
Fig. 12(b), the threshold current should be adjusted according
to the current ripple in order to minimize the squared error. The
threshold currents in Fig. 12(b) are almost proportional to the
normalized ripple current 1./l in a large current ripple
range.

For example, the normalized current ripple is calculated as
ivipple/Ic = 18 in case of the converter used in following ex-
periments, because I¢ = 0.2 A and 4,i,p1c = 3.6 A. Therefore,
the three-level ACM is more suitable for the grid-connecting
converter. On the other hand, the linear ACM could compen-
sate the voltage error better than the three-level compensation
method if the inductance of the ac inductors were 1 mH or grater
because of 7,ipp1c /Ic = 5.4. Generally, the current ripple Tripple
is changed according to the phase angle of the voltage reference
for the PWM control. Since the effect of the voltage error is
significant around the zero crossing of the converter current, it
is possible to decide the suitable compensation method based
on the ripple current at 7 = 0.

D. Turn-Off Current of a Three-Phase Converter

Fig. 13 shows the circuit configuration of a three-phase grid-
connected voltage-source converter. Here, it is assumed that the
grid is balanced three-phase voltage source and ac inductors are
only considered. In this model, the voltages applied across the
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Fig. 10. Measured total voltage error vp against the average converter cur-

rent: (a) 7;ripple =0.3 A, (b) iripple =2A, and (c) Z-ripple =4A.

ac inductors are given by

di,

’ULa:L;t = Va — Usa — Vo
di

vLh = L% =V}, — Ush — Vo (15)
di

ULc:Ldigzvc_’Usc_Uo

where v, is the potential of the neutral point of the three-
phase voltage source regarding to the middle point of the
dc link. Since vy, + vg, + vse = 0 and i, + 72, + 7. = 0, the
neutral-point potential is represented by

V. — Uy + Up + Ve
o 3 .
As the converter voltages v,, vp,, v have rectangle voltage wave-
forms having +Vj. /2, the controller can calculate dd‘f s d;; R ‘fjt“
from (15) and predict the converter current waveforms ¢, ,,
and 7. by means of time integral.

Fig. 14 shows voltage and current waveforms of a three-phase
PWM control method based on a triangle carrier signal. In this
figure, voltage references are assumed to v; > v}, > v}. For
example, the turn-off current of the upper switch in the a-phase

(16)
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Fig. 11. Measured total voltage error vp T against the average converter cur-

rent where using an additional output capacitor of 4.7 nF. (a) i,ipp1e = 0.3 A,
(b) iripple =2A, and (©) i!’ipple =4A.

can be obtained from the following time integral:

tap
. ULa .
Tap :/ i dt 4 1,
to

a7

where 1., is the turn-off time of the upper switch in the
a-phase and 7, is the initial value of the a-phase converter
current at ¢,. Because the inductor voltage consists of a three-
level rectangle voltage waveform as shown in Fig. 14, the above
integral operation can be replaced with some summations and
multiplications, as the following equation:

. . Ve
lap = a0 — vsa(tcp - tO) + < 3 - Usa) (tbp - tcp)

2Vqe
+ ( 310 - Usa) (tap - tbp)'

The turn-off time of the upper switch in the a-phase ¢,;, can be
calculated from the a-phase voltage reference, given by

1 v
tap = | = z Tow to.
P (4 + 2Vdc) tto

Thus, the turn-off currents in the three-phase converter can be
calculated by using only arelatively simple multiply-accumulate
operation. Eliminating t,,, t,p, tep from (18), the turn-off

(18)

(19)
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Fig. 13.  Grid-connected three-phase PWM converter circuit.

currents in the three-phase converter are obtained by

iy = (”6'3 Sl Z‘V:b> L @2

The controller can estimate the turn-off currents %p and %n
from (20) through (25). As (20) through (25), the errors in 7,,
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Fig. 14.  Voltage and current waveforms of a three-phase PWM method based
on a triangle carrier signal.

10, and iy directly appear in the estimated turn-off currents.
Thus, synchronous sampling technique [18] was introduced to
minimize the error caused by the switching ripples in the con-
verter current. It is also effective to use the current reference as
the initial current, instead of the detected current. As a result,
the controller can calculate an accurate average voltage error
from (10) and (11) which can also be used as the compensating
voltage AV for the dead time. The compensating voltage based
on the above analysis is represented by

AV = Vorp(ip) + Vora (in)- (26)

V. EXPERIMENT RESULTS

Fig. 15 shows experimental voltage waveforms measured un-
der the conditions of no compensation and four different com-
pensation methods. A three-phase resistive load was connected
to the converter in Fig. 1 instead of the grid, in order to eliminate
the effect of the current feedback performance and the harmonic
distortion in the grid voltage. In the experiments, a sinusoidal
three-phase balanced voltage reference was provided to the con-
verter. The rms line-to-line voltage of the reference was set to
150V, and its frequency was 50 Hz. In addition, the threshold
current 7;, was set to be minimized the voltage THD for each
compensation method. The voltage THD was calculated from
the harmonic components in the u-phase voltage up to the 50th
order, which is measured by using Fourier analysis.

Fig. 15(a) shows the load voltage waveform without com-
pensation. It seems a trapezoidal wave shape having a volt-
age THD of 4% mainly due to fifth and seventh harmonic
components contained in the voltage error caused by the dead
time. Fig. 15(b) is the waveform of two-level ACM. Comparing
with that in Fig. 15(a), the converter voltage had a sinusoidal
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Fig. 15. Experimental voltage waveforms of the resistive load (a) without
compensation, (b) with a two-level ACM, (c) with a linear ACM, (d) with a
three-level ACM, and (e) with TTCM.

waveform. However, considerable distortion still appeared
around the zero-crossing and the peak voltage as shown in
Fig. 15(b). Thus, the voltage THD was as high as 5%. Fig. 15(c)
is the waveform of linear ACM. The voltage distortion was re-
duced to 2% in THD. Fig. 15(d) is the waveform of three-level
ACM. The converter voltage included a less voltage distortion
than the two-level and linear ACMs. The waveform became
close to a sinusoidal waveform with a THD of 0.5%. Fig. 15(e)
shows the measured waveform with TTCM developed in this
paper. This method uses the analytical result of the voltage error
in (26) as the compensating voltage AV'. The voltage waveform
was a sinusoidal waveform which had a very low THD of 0.4%
as well as that in the three-level ACM.

Fig. 16 shows the experimental voltage THDs measured using
the IGBT module under a three-phase resistive load condition.
In the following experiments, the voltage reference was fixed at
150 V in line-to-line rms voltage, and the load current was ad-
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Fig. 16. Measured voltage THDs under a three-phase resistive load condition
(a) without additional output capacitors and (b) with additional output capacitors
of 4.7 nF.

justed by the three-phase resistive load. The threshold currents
i, were settobe 7, = 4.1 A forthelinear ACM and 4, = 2.5 A
for the three-level ACM in Fig. 16(a), and #;;, = 3.7 A for the lin-
ear ACM and i;, = 1.9 A for the three-level ACM in Fig. 16(b).
These threshold currents was adjusted and decided to minimize
the voltage THD at a load current of 11 A in each compensation
method. The current THD was also calculated from the har-
monic components up to 50th order in the u-phase load current
waveform.

The voltage THD of the two-level ACM is higher than that
without compensation because excess compensation occurred
around a current zero-crossing and a significant voltage distor-
tion appeared in this experimental system having the small ac
inductors. The three-level ACM is more effective in suppress-
ing the voltage harmonics than the linear ACM in Fig. 16(a)
because of a large current ripple with 4,j,p1¢ /Ic = 16 in this
system. On the other hand, the three-level ACM can suppress
the voltage harmonics as much as the linear ACM in Fig. 16(b)
because of i,i,p1e /Ic = 5.5 in this system. The snubber capac-
itor shrinks and shifts the curves of the linear ACM and the
three-level ACM. As a result, the voltage THDs of the linear
and three-level ACMs were the same at [ = 5.5 A in Fig. 16(a),
while their plots crossed at Iy = 4.5 A as shown in Fig. 16(b).
The three-level ACM exhibited a relatively high voltage THD in
a current range smaller than the crossover which caused by the
fixed threshold current 7;1,. The result implies that the threshold
current %, should be set to an appropriate value. Furthermore,
the voltage THD without compensation is less than that in the
three conventional compensation methods when the load current
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is smaller than the crossover point. In this case, the load current
is smaller than the current ripple amplitude of I,i,p1e = 3.6 A,
and thus, almost no voltage error occurs as shown in Fig. 3. The
voltage THD of the linear ACM is as small as that without com-
pensation in a current range smaller than ;1. Most effective
compensation performance is obtained by the TTCM in all over
the measured current range.

VI. CONCLUSION

This paper has analyzed the detailed the voltage error caused
by the dead time in voltage-source PWM converters and dis-
cussed various compensation methods from the theoretical and
experimental point of view. Considering the output capacitances
of switching devices, the average voltage error in a switching
cycle has been derived from the theoretical analysis of the con-
verter voltage during the dead time. The analytical result has
revealed that the average voltage error can be obtained as the
function of the turn-off current. The current ripple analysis of
three-phase PWM converters has also been conducted to esti-
mate the turn-off currents of each switching device. It is clarified
that a simple multiply-accumulate operation makes it possible
to calculate the turn-off current from detected currents by a
synchronous sampling or from the reference values for the grid
current. Furthermore, the compensation method based on the
analytical result has been developed and compared with the
conventional compensating methods. As a result, compensating
performance of conventional compensation methods have been
quantitatively clarified. The two-level and linear ACMs are suit-
able for systems having relatively small current ripples. On the
other hand, the three-level ACM would exhibit a better compen-
sating performance in applications with a large current ripple.
It has also been clarified that an appropriate adjustment of the
threshold current is required to obtain a effective compensation
performance in the linear and three-level ACMs.
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