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Abstract—This paper proposes an isolated resonart. Proposed Gate Driver
gate driver for SIC MOSFETs. By applying the class-E ] ] .
zero-voltage switching and zero-derivative switching Figure 1 shows a proposed SiC gate driver. The basic
(ZVS/ZDS) conditions, the proposed driver achieves higkopology is the class-E amplifier, which consist of input
power-conversion fiiciency at high frequencies. An Voltage Vp, dc-feed inductancdc, MOSFET S as a
analysis and a design example of the proposed driver ag@itching device, shunt capacitanCe, and output filter.

presented along with simulation and experimental resultsin the proposed driver, the isolation transformer is applied
as shown in Fig. 1(a). The transformer is modeled the

) primary inductancd.; and secondary inductantg with
1. Introduction mutual inductanceM and equivalent series resistances
. . . ) . (ESRs) of the coupling inductances; and r ,. The
Recently, Silicon Carblde (S]C) devices attract attentio rimary side of the output filter is composed®f, C, and
as a next generation semiconductor devices [1]-[6). whereC, is a component for adjusting the amplitude
SiC power devices can maintain high performance with¢ the dgrive voltage. The secondary side of the output
high power. This is because SiC power devices hav@ier hasL, and C,, which is connected to gate of SiC
characteristics of high breakdown voltage and low therm@yoSEET in series. The gate of the SiC is modeled as the
resistance. In most cases, SiC applications are con&degﬁe capacitance and gate resistance, which are connected
atup to hundred kHz order. Itis a challengmg problem t¢n series as shown in Fig. 1(b). Therefof has a role
use SiC devices at MHz-order frequencies. to make an impedance matching at the secondary part. It is
The design of driver circuit is one of the importantinnortant to consider ESRs of the coupling inductances for
and dificult problems for operating SiC devices at highconsidering the power-conversioffisiency optimization.
frequencies. Recently, gate drivers for high frequenciote that the gate voltage is the sum of the voltages across
operations of SiC MOSFETSs [1]-[3] have been presente%ecg andR.
The power loss at the driver is, however, cannot be fFigyre 2 shows example waveforms of the proposed gate
the rectangular drive voltage strains due to parasitigperating frequency. When the switch is in ON state, the
capacitances and resistance on SiC devices. . switch voltage is approximately zero. Conversely, current
It is one of the solutions to include the parasiticiows through the shunt capacitance when the switch is
capacitance in the output resonant filter of the driver an@rr state, which produces the pulse-type shape of switch
the MOSFET is driven by the sinusoidal signal [7]-[10].yoltagevs. The most important operation of the proposed

can be adopted. Namely, the power-conversifiitiency Namely, the switch voltage satisfies

is enhanced. It is, however, required that the output filter
includes isolation topology for safety drive of the SiC. dvs(6)

This paper proposes an isolated resonant gate driver vs(2r) =0 and T do lgeon =0, @)
for SIC MOSFETs. The proposed driver includes a -
transformer for the isolations. In addition, the class-Bimultaneously. Because of the class-E ZX3S
zero-voltage switching and zero-derivative switchingonditions, the proposed driver achieves high
(ZVS/ZDS) conditions at turn-on instants are applied to thepower-conversionféciency at high frequencies.
driver switch. Because of the class-E Z¥8S conditions, It is expected that a sinusoidal current flows through
the proposed driver achieves high power-conversiotihe output filter as shown in Fig. 2. This is because it is
efficiency at high frequencies. An analysis of theeasy to control the duty ratio. For obtaining the sinusoidal
proposed driver is carried out and a step-by-step desigmtput current, it is important to keep high loaded quality
procedure based on the obtained analytical expressiofagtor at the output filter. The gate capacitari@gand
is presented. As a design example, resonant Sigate resistanc,, however, are not small at SIC MOSFET,
driver for 7 MHz operation is designed. The validitywhich is hard condition for achieving higQ. This is a
of the analytical expressions and design procedureason why the capacitan€® is added in the secondary
were confirmed from the quantitative agreements witpart. By addingC,, it is possible to reduce the resonant
experimental and PSpice-simulation results. capacitance in the secondary part. Namely, @gbutput
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Figure 2: waveforms of proposed resonant gate driver.
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i2 = 128N + ¢r), (2)

wherel, and¢, are the amplitude df and the phase shift
between the driving signal of the switching deviog and
the input current of the secondary pattThe amplitude of
the secondary current is obtained from

_ Vg _ VQ

O
2
Rg*(jwcg)

Figure 1: Proposed resonant gate driver using class'#1€re Vg IS a?wﬁlitude ofdgate voltage. The equivalent
inverter for SIC MOSFET. (a) Circuit topology. (b) capacitance of the secondary partis
Equivalent circuit. (c) Equivalent circuit of the primary c.C

. e g2
part. (d) Equivalent circuit of the secondary part. (e) aowwo
Equivalent circuits boiled down to the primary part. (f) 2+ %

Equivalent circuits boiled down to the secondary part.  Tpe power-conversionfciency is maximized when the
resonant circuit at the secondary part is resonated with
operating frequency [11], namely

filter for obtaining a sinusoidal output current can be 1
realized. Cr = )

w?ly
From above discussions, it is seen that the design of 2
the secondary part is focused on the impedance matchingherefore, the secondary resonant capacitance is fixed as
For gate-driver applications, it is important to adjust c
the output voltage of the gate signal for satisfying the Co=—3
maximumminimum gate voltage conditions. Therefore, w?LCy-1
the impedance transform compon€ljtis also mandatory
component for designing the gate driver.

It is necessary to obtain a set of component values fc";lrs wly
achieving the class-E ZY3DS conditions and specified Q= E @)
amplitude of the gate voltage, which is a problem of the = . ) )
proposed driver designs. The circuit analysis fieetive which is used for obtaining the sinusoidal output.
way to solve this problem.
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The loaded quality factor of the resonant circuit is defined

3.2. Coupling Part

FromC; andRy, the impedanc&,, which is defined in
Fig. 1(d), is expressed as

Zo = e, + Rg (8)

Inthis section, the analytical expressions of the proposettom (8), the amplitude of induced voltage from the
driver are given. The analytlca| expressions are neceSSngary part can be obtained as

to design the proposed circuit with achieving the class-
ZVS/ZDS conditions. Vind = 22|12 = (ry, + Ry)l2. 9)

3. Analysis of Proposed Driver
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In this analysis, the equivalent transformer model i, is divided intoLy and Ly, wherely and C; realize
Fig. 1(c) is adopted, whei®,is defined as the impedanceresonant circuit for operating frequenéy Therefore Ly,

as shown in Fig. 1(d), namely, which is used for current phase shift for achieving the
1 class-E ZV#DS conditions, can be obtained as
Zsec=T1, + Ry + ——. (10)
see AR ‘;;LX = (2(1—- D)%7? — 1 + 2 COSpiny COS(2D + i)

inv
Dotted-line part in Fig. 1(c) is transformed into equivalent  _ ~q5 26D + ¢ [cos(2rD) — #(1 — D) sin(2:D
resistance and inductance connected in series as shown in €D + ¢inu[COS(2rD) - 7( ) sin(ZD)])}

Fig. 1(e). From (10), the impedancezy; in Fig. 1(c) is /{4 sin@D) cos@D + ¢iny) SINE@D + ¢iny)}
[(A — D) cos@D) + sin(xD)]}
2k2L1LypZ
Zeg= I, (18)
Z+ (sz - w—cz) On the other handR,, has another expression from the
) » L 1 restriction of the class-E Z\J&DS conditions as
RL(B- &+ )
— + L1(1-K) 2 sirf(xD) sir(nD + ¢iny)V3
22+ (wle - & v = —— 72 (19)
2 wC; 7%(1 - D)?17(Req+ILy)
k2w2L1L2 . .
=——— 41, + jwly From (15) and (19)C, can be obtained as
Rg + I,
(11) wleqRiny = \/Rinv[qu(Req - Rn) + szengq]
Cp= (20)

Therefore, the equivalent resistariRg and the equivalent mev[qu + széq]
inductance.¢q are

It is shown in (20) that there are two candidate£gf C,

for satisfyingLo = Linv—Lx > 0 should be selected because
Lo resonates witlC;. C; andCs for satisfying the class-E

ZVS/ZDS conditions are

1 1
Leg = Li. (13) Cq = - 21
- TPl (L - L) 1)

_ k2w2 Ll L2

= - 12
q Rg T rLz L1 ( )

and

3.3. Primary part

and
From the above analysis, the equivalent circuit of the 1
proposed circuit is illustrated as shown in Fig. 1(e). The Cs = A 1-DR_ {2 sin@D) cosrD + ¢iny)
current through the primary cdi{, which is the amplitude . wn(1 - D)Riny '
of i1, can be calculated from -sin(D + ¢inv)[(1 — D)rr cos@D) + sin(@D)]} . (22)
Vind (rL, + Ry)l2 The dc-feed inductancec for ensuring less than 10 %
I = KVLD ~ okvhih (14)  current ripple of the input current is expressed as [12]
1ka 1k2
. 2
For achieving the specified drive voltage and the class-E Le = M(ﬁ + 1)_ (23)
C
ZVS/ZDS conditions at turn-on instan®,q is transformed fl4a

into Ziny = Ry + jLinv by the impedance transformation
capacitanceC, as shown in Fig. 1(f). Rny and Liny are 4. Design Example
obtained as [11]

4.1. Design Specifications

Req
Rinv = 5 (15) In this section, a design example of the proposed driver
wZC%[qu + (wLeq - %) ] along with PSpice simulation results is shown. We consider
' to design a driver for the SiC MOSFET SCT2450KE. The
and gate capacitance and resistance were measur€t} as
3 nF andRy = 1875 Q. In addition, the amplitude of
Leq(1 — @?LedCp) — CpRE, the gate voltage is specified ¥§ = 15V because of the
inv = 5 (16)  maximum gate voltage is 20 V. The design specifications of
wZC%[qu + (wLeq - %) ] the proposed gate driver were given as operating frequency

f =7 MHz, dc-input voltage/p = 20 V, on-duty ratioD =
respectively, wher® is the on-duty ratio of SWitc$, @iny 0.5, and loaded quall_ty factor of the se_c_ondary resonant
is the phase shifts between the driving sigBaland the circuit Qo = 3. Additionally, the specifications of the

inverter currentiny. diny is [12] coupling coils are necessary. In this paper, loosely coupled
' coils are used to get leakage flux. We gave the coupling
cos(zD) -1 codficientk = 0.2 and the ratio of the number of turns

. _ =1
dnv =TT S Ten@D). 11 L/l =1
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4.2. Design Procedure

4.2.1. Secondary part design

From Q. = 3 and specifielCy and Ry, the secondary
inductance and capacitance are fixedlLas= 1.28 uH
andC, = 467 pF, respectively. Therefore, we hdve =
1.28uH from Ly /L, = 1.

FromCy = 3 nF andC, = 467 pF, we hav€, = 404 pF.

In addition, the amplitude of the secondary current can
be obtained from (3) as, = 0.742 A. Therefore, the
amplitude of the input voltage of the rectifier should be
Ving = 145V from (9). The equivalent inductance and

Vs

60

resistance of the secondary part is obtained from (12) and 10
(13) asReq = 6.46 Q andLeq = 1.28 uH, respectively.

4.2.2. Primary and coupling part designs

From (14), the amplitude of the output current of the g,
inverter isl; = 1.29 A. From the above obtained values

0

Vo ok

and (20), we hav€, = 228 pF. For satisfying the class-E
ZVS/ZDS conditions, the capacitances should ®e =
287 pF andCs = 111 pF from (21) and (22), respectively
Finally, the dc-feed inductance for ensuring less than 10
current ripple of the input current is expressedLas >
37.3 uH. Lc = 40uH is used in the simulation.

om

&

4.3. Experiment and PSpice-Simulation Results [2]
Figure 3 shows waveforms of the designed driver
obtained from analytical expressions, PSpice simulation,[3]
and circuit experiment. It can be confirmed from Fig. 3
that the switch voltage of all results achieved the class-E
ZVS/ZDS conditions and the specified amplitude of the [4]
drive voltage. In addition, it is also confirmed that
the simulation and experimental waveforms agreed with
the analytical waveforms quantitatively. It can be stated[s]
from these results that the analytical expressions and
design procedure havefSigient validity for designs of the

proposed driver. [6]

5. Conclusion 7
This paper has presented the isolated class-E
driver for SIC MOSFETs along with its analysis and [g
design procedure. The proposed driver achieves high

power-conversion féiciency at high frequencies. The
validity of the analytical expressions and design procedureg
were shown by the quantitative agreements of waveform
among analytical expressions, PSpice-simulation, anﬂo]
circuit experiment.
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