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Abstract—This paper proposes a boost DC-DC converter with
turn-on zero current switching (ZCS) capability to suppress
electromagnetic interference (EMI) generated from an output
diode. When a switching component turn on, reverse current
flows from the output diode. In SiC-SBD, reverse recovery time
is very short and conduction loss is small, but noise is increased
by switching speed over MHz. By operating in discontinuous
current mode, noise at turn-on can be reduced. However, at high
frequency over MHz, the conduction loss increases because peak
current flowing through the switching component and inductor
increases. Radiated EMI of the boost DC-DC converter is reduced
by the ZCS soft switching at turn on operating in the continuous
current mode. Measurement results of EMI of the ZCS DC-DC
converter were presented to confirm EMI suppression from the
ZCS operation.
Index Terms—Soft switching, Electromagnetic interference,
DC-DC converter, Silicon Carbide, Schottky diodes, Switches.

I. I NTRODUCTION
By wide gap semiconductors such as GaN and SiC, power
conversion circuits have become possible to operate at higher
frequency over MHz [1], [2]. They can be downsized by
replacing passive components with smaller ones owing to
the high frequency operation [3]. Recently, boost DC-DC
converters are used in electric vehicles [4], and they need to
be made smaller and more efficient.
Reverse recovery current is a major problem for diodes
used in boosted DC-DC converter [5], [6]. Reverse recovery
current flows to the switching component and induces power
loss on a conventional boost dc-dc converter (Fig. 1) [7]. If
reverse recovery time is long such as Si diode, switching
frequency is limited. SiC-SBD has shorter reverse recovery
time,so power loss is smaller than Si-FRD [8]. Although
these semiconductors enable high-frequency operation, high
frequency switching suffers from ringing caused by parasitic
inductance and capacitance of switching components and
wires. In particular, high di/dt due to the reverse recovery
time of SiC-SBD causes a very large ringing at turn-on [9],
[10]. Figures 2 and 3 show VDS and VGS waveforms when
Si-FRD or SiC-SBD is used as an output diode of a boost DCDC converter in Fig. 1. We use same measurement conditions
(Voltage, Duty rate, Measurement board etc.) except for diode.
In Fig. 3, a large ringing is observed at turn on. This ringing
leads to increase radiated EMI. We have to need to measure
ringing at turn on.

Fig. 1: Reverse recovery current at conventional Boost dc-dc
converter

One way to reduce EMI is the soft switching technology
[11], [12]. However, if all switching component is achieved
soft switching, it needs many additional components [13]. That
cause increasing conduction loss and circuit size. The circuit
shown in Fig. 4 is a boost DC-DC converter, which has ZCS
capability at only turn-on (named CIR 1). The circuit in Fig. 4
is a structure which removed capacitor C1 from soft switching
boost dc-dc converter in Fig 5 [14]. Although switching loss
at turn off is increased by removing C1, CIR 1 can decrease
conduction loss with some additional components and it is
easy to control. When a GaN HEMT is used as a switching
component, switching loss at turn off becomes small [15]. We
compare CIR 1 and 2 in terms of conversion efficiency and
radiated EMI.

Fig. 2: Waveform of VGS - Fig. 3: Waveform of VGS VDS (Si FRD)
VDS (SiC SBD)

Fig. 4: Proposed circuit (CIR 1)

Fig. 6: Operation of CIR 1

Fig. 5: Soft switching boost dc-dc converter (CIR 2)

II. O PERATION OF PROPOSED BOOST DC-DC CONVERTER
Fig. 4 shows a proposed boost dc-dc converter (named
as CIR 1). It has additional components compared with the
conventional boost dc-dc converter in Fig. 1, inductor L2,
Diodes D2 and D3 and auxiliary switching component S2.
In the circuit (CIR 2) proposed in previous research paper
[14], as shown in Fig. 5, a resonant capacitor C1 is further
added. A saturable reactor is required between L2 and D2 to
prevent S1 and L2 from resonating. Inductance of L2 should
be sufficiently smaller than L1. Fig. 6 shows procedure of
the proposed circuit. Fig. 7 shows waveforms of the proposed
circuit. There are four operation modes within one switching
cycle.
mode 1 (t0 -t1 ) At t0 , S2 is turned on. Current flowing
through L2 linearly increases and current flowing
through D1 linearly decreases. S2 is turned on
with ZCS (Zero current switching). At t1 , current
flowing through L1 and L2 are equivalent because
inductance of L2 is smaller than that of L1. The
period t0−1 (Turn-on time of S2 ton(S2) ) is given
by
Iin L2
(1)
Vout
(t1 -t2 ) S1 is turned on, and S2 is turned off.
Current flowing through D3 linearly decreases
until it reaches zero at t2 . Current flowing through
S1 linearly increases. S2 is turned off with hard
switching, S1 is turned on with ZCS.
t0−1 = ton(S2) =

mode 2

Fig. 7: Waveform of CIR 1 Fig. 8: Waveform of CIR 2

mode 3

(t2 -t3 ) Current flows through S1 only and L1
stores energy as same as the conventional boost
dc-dc circuit. At t3 , S1 is turned off with hard
switching.
mode 4 (t3 -t0 ) This interval is identical to the freewheeling stage of the conventional boost dc-dc converter. Transfer the energy stored in the L1 to the
load resistance.
Fig. 8 shows an operating waveform of CIR 2 [14]. The
operation is almost same as the proposed circuit. In CIR 2, the
resonant capacitor C1 is discharged after the current flowing
through L2 becomes equal to the current flowing through L1.
The charge of C1 becomes zero, so S1 is turned off with ZVS.
Turn-on time of S2 is given by :
Iin L2
π√
L2 C1
(2)
ton(S2) =
+
Vout
2
Conduction loss of L2, S2, S2 and D3 increases because
the on time of S2 is longer than in the proposed circuit.

TABLE I: Major components in the circuit
Component
Switches S1, S2
Gate driver
Diodes D1 D2 D3
Inductor L1
Inductor L2
Output capacitor Cout
Resonance capacitor C1

value
IGO60R070D1AUMA1 (from Infineon)
SI8275GB-IS1 (from Silicon Labs)
SCS310AJTLL (from Rohm)
47 µH, Ron =26 mΩ
3.3 µH, Ron =5.76 mΩ
1 µF
1 nF

Fig. 10: Radiated EMI measurement environment

Fig. 9: Measurement board

III. M EASUREMENT RESULTS
Efficiency and radiated EMI are measured in the proposed
circuit (CIR 1), the proposed circuit in the previous paper [14]
(CIR 2), and the conventional circuit. Table I shows components used for the measurements. Radiated EMI measurement
conditions are as follows; Operating frequency of 1 MHz,
input voltage of 25 V, output voltage of 50 V, output power
of 25W. Since it is difficult to cool the load resistance, the
measurement is made at low power. We measured radiated
EMI in our 3 m method anechoic chamber. Fig. 9 shows
a measurement board. The same board is used for the all
measurements. Gate voltage for the GaN HEMT is set at 5 V.
Analog Discovery 2 (from Digilent Inc.) is used as a function
generator to send control signals to the gate driver.
Fig. 10 shows a radiated EMI measurement environment
in the anechoic chamber. The measurement board is placed
on the table and all experimental equipment is put under
it. The experimental equipment consists of a power supply
equipment, an Analog discovery 2, and a PC. They are covered
with a shielding fabric (from TAIYO WIRE CLOTH CO.).
The measurement result of radiated EMI by the experimental
equipment is shown in Fig. 11.
A. Waveform of VDS and radiated EMI
Figures 12 and 13 show measurement results of waveforms
of VDS and radiated EMI for each circuit.
1) Conventional circuit: In Fig. 12(a), VDS of the conventional circuit contains large ringing at turn on. It is caused
by high di/dt reverse recovery current of SiC-SBD. This
ringing at 75MHz increases radiated EMI around 75MHz in

Fig. 11: Measurement result of radiated EMI by equipment

Fig. 13(a). Another EMI peak at 147 MHz appears as the 2nd
harmonic by 72 MHz radiated EMI. We confirmed that the
reverse recovery current of SiC-SBD increases the radiated
EMI in the conventional circuit.
2) Proposed circuit (CIR 1): As shown in Fig. 12(b), there
is a ringing of VDS1 and VDS2 between 50 MHz and 70 MHz
in CIR 1. Therefore, as shown in Fig. 13(b), radiated EMI
increases at that frequency. In particular, there is 80 dB of
radiated EMI at 70 MHz. However, compared to the 72MHz
peak of the conventional circuit, it is reduced by about 8dB.
The radiated EMI at 112MHz is caused by the ringing at
120MHz in Fig. 12(b). However as shown in Fig. 11, about
60dB radiated EMI at 112MHz comes from the experimental
equipment. Radiated EMI at this frequency from CIR 1 itself
is at low level.
3) Circuit proposed in previous research paper (CIR 2): As
shown in Fig. 12(c), VDS2 waveform of CIR 2 has large ringing
at 100 MHz when S2 is turned on. This 100 MHz ringing is a
source of the 100 MHz radiated EMI in Fig. 13(c). In addition,
196 MHz and 290 MHz harmonics are generated from this 100
MHz radiated EMI. In CIR 1, the 120 MHz ringing in VDS2
occurs when S2 is turned on. However the radiated EMI of
CIR 1 does not have a over 80 dB peak around 100 MHz

(a) Conventional circuit

(b) CIR 1

(c) CIR 2

Fig. 12: Measurement results of VDS

(a) Conventional circuit

(b) CIR 1

(c) CIR 2

Fig. 13: Measurement results of radiated EMI

unlike that of CIR 2. In CIR 2, the longer on time of S2 than
in CIR 1, and the longer time of ringing is considered to be
the cause of the increase in radiated EMI above 100 MHz.
B. Efficiency
Figure 14 shows measurements results of conversion efficiency for each circuit. The conventional circuit is most
efficient. Especially when output power is low, the difference
between the conventional circuit and other circuits is significant. Efficiencies of CIR 1 and CIR 2 go down because their
additional components increase conduction loss. When the
output power is low, the efficiency is susceptible to conduction
losses. Compared to efficiencies of CIR 1 and the conventional
circuit, difference in efficiency is about 2.4% at output power
of 100W, however, at an output power of 300W, the difference
is decreased to about 1.0%.
Due to the same reason, efficiency of CIR 1 is higher than
that of CIR 2. S2 of CIR 2 need longer on time than that of
CIR 1 to discharge C1. It cause increasing conduction losses
at L2, D2, S2 and D3. CIR 1 was more efficient than CIR 2
at all output power.
IV. C ONCLUSION
In this paper, a boost dc-dc converter with turn on ZCS
capability (CIR 1) is proposed in order to reduce radiated

Fig. 14: Measurement results of efficiency

EMI The proposed circuit reduces radiated EMI at 70MHz
by 7 dB caused by SiC-SBD reverse recovery current. Additionally, compared to the conventional circuit, the proposed
circuit reduces radiated EMI at 140MHz coming from higher
harmonics from radiated EMI due to SiC-SBD. However the

conversion efficiency is dropped by about 1%, because of
conduction losses in additional components.
Compared to the circuit (CIR 2) proposed in the previous
research paper [14], the proposed circuit (CIR 1) reduces
radiated EMI above 100MHz. The efficiency of the proposed
circuit is improved by 0.8% when output power is 350 W. We
plan to improve efficiency by optimize circuit components,
and measure at larger output power.
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