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Abstract— This paper proposes a transmission power error
compensation method for a Dual Active Bridge (DAB) converter
with a three-level operation when a DC-bus is varied. The non-
linear transmission power error due to a dead-time is
compensated by designing a zero current period to be longer than
the dead-time using the three-level operation because the non-
linear transmission power error occurs when an inductor current
reaches zero during the dead-time. The proposed method adjusts
a zero-voltage period according to the variable DC-bus voltage in
order to design the zero current period for compensating the
non-linear transmission power error. In addition, the three-level
operation is controlled to reduce a circulating current in order to
reduce RMS value of the inductor current. The validity of the
proposed method is confirmed by a 1.9-kW prototype. As the
experimental results, the transmission power error is reduced
from 49% to 3.5%.

Keywords— Dual Active Bridge converter; Dead-time error;
Three-level operation;

I. INTRODUCTION

In recent years, DC micro-grid systems have been actively
researched in order to solve environmental problem [1-3]. In
the DC micro-grid systems, energy storage systems is
necessary in order to compensate the power fluctuation of the
high voltage DC-bus because the generated power depends on
the meteorological condition. In order to control power and
isolate between the high voltage DC-bus and a buttery for
safety, a bi-directional isolated DC-DC converter is applied. A
dual active bridge (DAB) converter is generally employed
because the DAB converter has a good feature in efficiency [4-
7]. In particular, the DAB converter achieves a zero voltage
switching (ZVS) without any additional components. However,
a transmission power error occurs due to a non-linear dead-
time at light load to medium load although the DAB converter
has to operate at wide load range [8]. The non-linear
transmission power error occurs due to a voltage polarity
reversal phenomenon. This phenomenon is caused when the
inductor current reaches zero during the dead-time.

The authors have been proposed a non-liner transmission
power error compensation method using a three-level operation
[9-10]. The voltage polarity reversal phenomenon is avoided

by designing a zero current phase to be longer than the dead-
time using three-level operation. However, the compensation
method for the DC-bus voltage variation does not include the
previous consideration. In actual energy storage systems for the
DC micro-grid, the voltage fluctuation should be considered
because the DC-bus voltage is varied according to the power
generation of photovoltaic systems and load conditions.

This paper proposes the transmission power error
compensation method corresponding to the voltage variation
on each DC-bus. By applying the proposed method, the
operation range of energy storage systems are expanded
because the transmission power error is compensated. The new
contribution of this paper is to overcome the problems of the
conventional compensation method that is the transmission
power error due to the variation of the inverter input voltage.

This paper is organized as follows; firstly, a dead-time
effect for the transmission power is introduced. Secondly, the
non-linear dead-time compensation method for the variable
DC-bus voltage is explained. Finally, experiments are
conducted in order to verify the compensation method of the
non-linear transmission power error due to the dead-time when
the DC-bus voltage is varied.

II. DEAD-TIME EFFECT FOR TRANSMISSION POWER

Figure 1 shows the circuit configuration of the DAB
converter. The DAB converter is constructed from two full
bridge inverters and a high frequency transformer. Each
inverter outputs the square wave voltage with the duty of 0.5
and the transmission power is controlled by the phase-shift
between the primary and secondary side of the inverter output
voltage.
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Fig. 1. Dual active bridge converter.



Figure 2 shows operation waveforms of two-level mode
with and without the dead-time. Without considering the dead-
time, the transmission power is controlled by the phase-shift
without transmission power error. From Fig. 2 (a), the inductor
current is expressed as (1) taking no account of the parasitic
capacitance and the magnetizing current. Note that the turn

ratio N is regarded as one for simplify considering in this paper.

I/in+ out 1
TH _m{an +(20-7),,}
L (0)= for (0<6<6) O
[ R L Y ’
wl 2wL
for (6<6<nx)

where Vi, and V,,, are an input voltage and an output voltage, @
is a switching angular frequency, L and & are an additional
inductor and o phase-shift between the primary inverter output
voltage v, and the inverter on the secondary side output
voltage v,. According to (1), the transmission power is given

by (2),
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Meanwhile, the dead-time is necessary in order to prevent
short circuit. The non-linear transmission error occurs when the
inductor current becomes zero during the dead-time. The
inductor current is clamped zero because the inductor current is
not conducted during the dead-time. Consequently, the polarity
of the inverter output voltage is reversed by the clamped
inductor current. In addition, the transmission error is varied
depends on the width of the voltage polarity reversal
phenomenon. On the other hand, the linear dead-time error is
caused by current direction during the dead-time. The polarity
of the inductor current at the region A becomes negative at
light load when the Vi, # V,u. As the result, the diodes of the
secondary side inverter does not conduct during the dead-time
because the inductor current direction is different from the
forward direction of the diodes. Thus, the transmission power
has the error by the dead-time because the rise-timing of the
secondary inverter output voltage is delay by the dead-time.

Figure 3 shows the relationship between the phase-shift and
the transmission power when the output voltage is varied from
0% to -25%. The transmission power error is varied according
to the fluctuation of the output voltage. In Fig. 3, the non-linear
transmission error occurs when the output voltage is varied
from 0% to -15%. In contrast, the linear error is caused when
the output voltage is varied from -20% to -25%. Therefore, the
dead-time compensation method corresponding fluctuation of
the DC-bus voltage is required in order to compensate two
types of dead-time effect.

Figure 4 shows the condition of occurrence of the
transmission error due to the dead-time. The non-linear
transmission power error occurs when the inductor current
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Fig. 2. Operation waveforms of two-level mode.
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Fig. 4. Condition of occurrence of transmission power.

becomes zero during the dead-time. Therefore, the initial point
of the voltage polarity reversal phenomenon is when the zero
cross point of the inductor current equals the final point of the
dead-time. This condition of the phase-shift is expressed by (3)
using (1) of 0 <0< 4,
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In addition, the condition of ratio between input and output
voltage is expressed by (4) form (3),



Vin + lef 5dt — {ﬂ.'VM + (25dt _E)Voul} >0
wl 20l 4)
T—20, < @ _ @
n oV,

in

where « is the rate of the fluctuation of the output voltage that
is calculated as V,u / Vi.. On the other hand, the linear
transmission power error occurs when the polarity of the
inductor current becomes negative as illustrated Fig. 2 (c).
Therefore, the initial point of the linear transmission error is
expressed by Fig. 4 (b). From Fig. 3 (b), the condition of the
occurrence of the linear transmission error is given by (5) using
() of <0<,
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III. NON-LINEAR TRANSMISSION POWER ERROR COMPENSATION
METHOD

Figure 5 shows the operation waveform of the three-level
mode. From Fig. 5, the inductor current is given by (6) under
the steady state condition,
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From (6), the transmission power P is given by (7),
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Fig. 5. Operation waveforms of three-level mode.
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Fig. 7. Duty compensation for primary inverter output voltage.
where £ and y are the zero voltage period of the primary and
secondary side inverter output voltage. By applying this three-
level operation, the voltage polarity reversal phenomenon is
avoided by designing the zero current period ¢ to be longer
than the dead-time because the voltage polarity reversal
phenomenon is caused when the inductor current reaches zero
during the dead-time. The condition of avoiding the voltage
polarity reversal phenomenon is expressed by (8),

p=y+e—029, (8).

Figure 6 shows the dead-time effect of three-level mode.
The duty of the inverter output voltage of the primary side is
decreased by the dead-time because diodes of the B-phase leg
is not conducted during the dead-time instead of designing the
zero-current period to be longer than the dead-time. Therefore,
the duty of the primary inverter output voltage is needed to be
compensated.

Figure 7 shows the duty compensation for the primary
inverter output voltage. The duty error by the dead-time is
compensated by (9) because the decrease of the duty affects the
phase-shift 6 and the zero voltage phase ¢,
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where &, & and y are the phase-shift commands, the zero

voltage period command of the primary and secondary inverter.

IV. TRANSMISSION POWER ERROR COMPENSATION METHOD
FOR VARIABLE DC-BUS VOLTAGE

Figure 8 shows the operation waveforms of the three-level
mode by applying the conventional method in [9-10] when the
output voltage is varied. The voltage polarity reversal
phenomenon occurs because the zero current period is not
designed to be longer than dead-time due to the voltage
fluctuation. In addition, the inductor current is increased by the
circulating current. Therefore, the transmission power error
compensation method for the variable voltage is required.

Figure 9 shows the operation waveforms of the proposed
three-level modes. This compensation method is applied three-
types of the three-level operation due to avoid the voltage
polarity reversal phenomenon. In order to design the zero
current period in the three-level operation, the initial value of
(6) for e < 8 < 6+ yneed to be zero. This condition is
expressed by (10) with V., = aVi,

V,(x—2¢)-ab, (x-2y)=0
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A. Three-level mode I

In order to reduce the RMS value of the inductor current,
the circulating current is need to be suppressed. The circulating
current is reduced by suppressing the phase-shift angle and
zero-voltage periods regarding the transmission power. The
phase-shift and zero-voltage periods are minimized when the
zero-current period ¢ is the same as the dead-time o4 [10]. The
condition of ¢= J is given by (11), using (8) and (10),
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From (10) and (11), the transmission power is controlled by
only the control variable of the phase-shift 6. In this mode, the
voltage polarity reversal phenomenon occurs when the
secondary zero voltage period y becomes dead-time .
Therefore, the control limit of the three-level mode I is
expressed by (12) from (11),

53%(1—05)(71—50,,) (12).
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Fig. 9. Operation waveforms of the proposed three-level modes.

B. Three-level mode II

In the three-level mode II, the transmission power is
controlled by the secondary zero voltage period y. In order to
control one control variable of the secondary zero voltage
period ywith suppressing the circulating current, the phase-
shift ¢ is designed as fixed value of (12) in the equality
condition. In the case of controlling the zero-voltage period
ywith the fixed phase-shift o, the phase-difference A in Fig. 6
(b) needs to satisfy (13) in order to avoid the voltage-polarity-
reversal phenomenon,

A=g—y+d>9, (13).

According to (10), (12), and (13), the secondary zero-
voltage-period yis limited by (14),
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C. Three-level mode 111

After the operating region of the three-level mode II, the
three-level mode III is applied. In order to avoid the voltage
polarity reversal phenomenon, the phase-difference A4 is
designed to A=d;+f where [ is a few margin to avoid the
voltage-polarity-reversal phenomenon. The margin £ is needed
to be design as small as possible because the circulating current
increases as the margin £ is larger. When an FPGA is used for
an experiment, the margin £ is determined as one clock of the
FPGA because the phase-shift is controlled by the clock period
of the FPGA. The condition of achieving A=d;+fis obtained
by (15) using (10) and (13),

5:5w+ﬁ+ﬁ—a{y—%j (15).

Figure 10 shows the flowchart of the determination of
operation modes. The operation mode is determined as follows;
in order to decide whether the operating point is in the dead-
time effect area or not, the phase-shift angle J is calculated
with the transmission power command P” by solving (2) for the

phase-shift o,
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Next, the kind of the dead-time effect is decided from the
voltage ratio « using (4). The non-linear transmission error is
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Table 1. Experimental specifications.

Quantity Symbol Value
Input voltage Vin 240V
Output voltage Vour 240-180 V
Rated power P 1.9 kW(45 deg)
Dead time Ta 2.1 us (15 deg)
Additional inductance L 128 uH
Turn ratio of transformer N 1
Switching frequency fow 20 kHz
Margin of dead time p 0.36 deg

compensated when the voltage ratio satisfies (4). On the other
hand, the linear transmission error is compensated when the
voltage ratio does not satisfy (4). After the decision of the kind
of the dead-time effect, the operation mode is selected from the
two-level mode or three-level modes using (3) in the non-linear
dead-time effect flow. In contrast, in the linear dead-time effect
flow, the operation mode is determined by (5). The three-level
operation is applied if the phase-shift ¢ satisfies the (3) or (5).
The three-level modes is decided by (12) and (14). The three-
level mode II is applied when the phase-shift ¢ is not satisfy
(12). In addition, the three-level mode III is used when the
secondary zero voltage period y is not satisfy (14). In the linear
dead-time effect flow, the three-level mode III is not necessary
because the secondary zero voltage period y satisfies (14) until
-25% of the voltage fluctuation. Finally, the duty of the inverter
output voltage is compensated by (9) when the three-level
operation is applied.

V. EXPERIMENTAL RESULTS

Table I shows the experimental specifications. A 1.9-kW
prototype of the DAB converter was tested in order to confirm
the validity of the proposed method. In this experiment, the
output voltage is regarded as the high voltage DC-bus.
Therefore, the proposed transmission power compensation
method for the voltage fluctuation was confirmed by varying
the output voltage.

Dead-time effect: linear error

(m20)/n< a
Yes Dead-time effect: non-linear error
No

. - Two-level mode
7)ot (20, m)/250

Two-level mode

Three-level
mode

Mode I v

VirVoud W2Vi2 6

’ Mode II v

[ cCalofs & y:Eq10-11)

Cal.of 5, & y: Eq.(10), (13) |

b‘*

A 4
=5 | | _Calofd & y:Bq(0-1D) |[ Cal.of 8 & y:Eq.10),(13) |[ 6*=5

Mode 1T

[ calof 8 & y: Eq.(10), (15)
T

<€
A 4

A

A

Cal. of &%, y*, 5* Cal. of g#, y*, o*
Dead-time comp: Eq.(9) Dead-time comp: Eq.(9)
Te Py
& *
C Finish )

Fig. 10. Flowchart of determination of operation modes.



Figure 11 shows the operation waveforms of the two-level
mode and three-level mode when the output voltage fluctuation
is -10%. The voltage-polarity-reversal phenomenon occurs
when the conventional two-level mode is applied. In contrast,
by applying the proposed method, the voltage-polarity-reversal
phenomenon is avoided by controlling the zero voltage period
individually.

Figure 12 shows the characteristics of the transmission
power regarding the transmission power command when the
output voltage is varied to -10% and -15%. According to Fig.
12 (a), by applylng the proposed method, the transmission-
power error is reduced from 49% to 3.5% by avoiding the
voltage-polarity-reversal phenomenon. The transmission power
error of the proposed method at 0.2p.u. is caused by the error of
the zero-voltage phase due to a parasitic capacitor. In the
proposed method, switches S3 and S4 do not achieve zero
voltage switching (ZVS), whereas zero current switching
(ZCS) is achieved at 0.2p.u. because a turn-on timing of
primary and secondary inverter output voltages is same. Hence,
the rise time of the inverter output voltage is delay by the time
constant of the parasitic capacitor because the parasitic
capacitance is not discharged. Fig. 12 (b) shows the
transmission power characteristic when the output voltage is
varied to -15%. In the two-level mode, the dead-band occurs
due to the dead-time. In contrast, the dead-band is suppressed
by proposed the transmission power compensation method.

VI. CONCLUSION

This paper proposed the compensation method of
transferred power error due to the dead-time when the for
variable DC-bus voltage. The voltage polarity reversal
phenomenon was avoided by designing the zero current period
to be longer than the dead-time. In order to avoid the voltage
polarity reversal phenomenon under the voltage fluctuation,
three-types of three-level modes were proposed. From the
experimental results, the error of the transmission power was
reduced from 49% to 3.5% because the voltage-polarity-
reversal phenomenon was avoided.
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