IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

Letters

5557

Current Balancing of Paralleled SiC MOSFETs for a Resonant
Pulsed Power Converter

Qunfang Wu'”, Member, IEEE, Mengqi Wang

, Member, IEEE, Weiyang Zhou

, Member, IEEE,

and Xiaoming Wang

Abstract—Paralleling silicon carbide (SiC) MOSFETS is a cost-
effective solution for increasing pulse current rating. However, the
device SiC MOSFETS mismatch and asymmetrical circuit layout
would lead to imbalance current of the paralleled SiC MOSFETS. In
this letter, we propose a passive approach, that is, a coupled induc-
tor instead of the conventional resonant inductor, which is used for
a resonant pulsed power converter. The coupled inductor enables
even current sharing of the parallel SiC MOSFETs, and also helps
with pulsewidth adjustment, which leads to a simplified system
without complex control circuit compared with the active solution.
The configuration of the proposed topology, operating principle,
imbalance current limitation mechanism, and design guidelines
are fully discussed and presented. Additionally, experiments are
carried out to verify the analysis and effectiveness of the proposed
solution. The proposed method can be extended to the scenario with
more than two parallel.

Index Terms—Current sharing, paralleling, pulsed power
converter, SiC MOSFET.

1. INTRODUCTION

ZONE is widely used in industrial applications such as

food storage, water purification, odor alleviation, and
color removal. The most cost-effective and popular method
of ozone generation is to break down oxygen molecules in a
dielectric barrier discharge (DBD) chamber [1]. Usually, the
DBD chamber is fed by a high-frequency power supply to
increase the ozone production. As of today, high-frequency
resonant converters of various topologies are used for ozone
power supplies, such as full bridge, half bridge, and push—pull
topologies [2], [3]. For these topologies, the number of power
switches is more than one, and each power switch requires its
own gate driver circuit, which increases the cost and complexity.
To reduce the component count and increase the converters’
efficiency, the single-switch resonant converters in [4] and [5]
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have been proposed, and they are the preferred choice due to
their simplicity.

In each of the aforementioned pulse power supplies, the
performance mainly depends on the behaviors of the switch
devices. The SiC MOSFET has become a favorable alternative due
to its faster switching speed, lower switching loss, higher ther-
mal conductivity, and high voltage blocking voltages compared
with its Si counterpart, making it the ideal device for pulsed
generation applications [5]. However, to date, commercial SiC
MOSFETs have had a limited current-rating, and they often require
paralleled connection to increase their current-rating for higher
power applications. For the parallel operation of SiC MOSFETS,
current imbalance has always been an issue, which may result
from device mismatch and an asymmetrical circuit layout. Re-
cently, some effective approaches, including both active [6] and
passive [7], [8] solutions, have been reported to address this
problem. The active method in [6] needs to design the sensor
circuit and feedback control, which increases the complexity of
the system. In contrast, the passive solution has the advantages
of low cost, fast dynamics, and easy design, which make it a
preferable approach; however, external gate resistors and extra
source inductance were required in [7], and a differential mode
choke was added in the drain terminal in [8]. In this letter, we
propose an SiC MOSFET single-switch resonant pulsed power
converter with the capability of automatic current sharing. A
coupled inductor, instead of a conventional resonant inductor,
is implemented to realize current balancing and simultaneously
assist with accurate pulsewidth adjustment. The operating prin-
ciple, theoretical analysis of the imbalance mechanism, and
design guidelines are discussed in the following sections. We
also present experimental results to verify the effectiveness of
the proposed converter.

II. PROPOSED PULSED POWER CONVERTER AND ITS
OPERATING PRINCIPLE

Fig. 1 shows the configuration of the proposed resonant pulsed
power converter, which is comprised of an input inductor L;,,,
two diodes D; and D5, two SiC MOSFETs S; and S», a coupled
inductor L., aresonant capacitor C,., and a high-frequency trans-
former Tr with a turns ratio of 1:n. The output of 77 is connected
to the ozone chamber. The ozone chamber is usually modeled as
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Fig. 1. Configuration of the proposed pulsed power converter and its equiva-
lent circuit.
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Fig.2  Key operational waveforms of the proposed converter.

a capacitive load [5], [9], which is represented by a parallel con-
nection of capacitor C,, and resistor R,. Moreover, based on the
widely used high-frequency transformer and coupled inductor
model [10], the equivalent circuit of the proposed converter can
be obtained, as shown in Fig. 1, where L., Leo (Ley = Leg =
L.s) and M are the self-inductance of each winding and the
mutual inductance between them, respectively. L is the leakage
inductance of the coupled inductor. L, Ly,, and C}, are the
equivalent leakage inductance, magnetizing inductance, and the
equivalent stray capacitance of the high-frequency transformer,
respectively.

To simplify the description of the operating principle, all
the secondary parameters of the high-frequency transformer
are referred to, like the primary ones: Coq = n?(C), + C,) and
Req = R,/n?. The operation of the proposed power converter is
composed of four modes. Fig. 2 shows the key waveforms of the
resonant inductor current 7 ,,., switch Sy current i1, input current
iin, resonant capacitor voltage v, and output pulsed voltage v,.
Fig. 3 illustrates the equivalent circuit of Mode 1-Mode 4.

Mode 1 (tp—t1): S1 and S are ON, and prior to ¢y, the capacitor
C, has already been charged to Vi, max. After 7y, the input
voltage applies to the input inductor, and the input current i,
increases linearly. Meanwhile, a resonant loop is formed, which
consists of L., Ljx, Ceq, and C,., as shown in Fig. 3(a). Note that
the transformer magnetizing inductance L,, and the reflected
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Equivalent circuit of each model for the proposed converter.

road R, are large enough to be excluded from the resonance
during this fast process. The key expressions of iy, ¢ 1., Vo, Ver,
and Vrmax can be approximately derived as follows:

iin(t) = Vin - t/Lin (1)
iLr(t) = Vormaxsin(wt) / (Leqw) 2
Vo(t) = nVermax(l — cos(wt)]/(LeqCeqw) 3

Ver(t) = Vormax[l — 1/(LegCrw?)]
+ Vormax €08(wt) / (LeqCoqw?®) “4)

VCrmax == ‘/in + (]- + Leq/Lin)(‘/incequulse/(cg + 092 ))
q
)

where Tpu1se represents the pulse voltage width. w (w = 27 f,.
and f,. is the resonant frequency) and L. are the resonant angu-
lar frequency and equivalent resonant inductance, respectively,
which are expressed as follows:

W= \/(Ceq + O?")/(Leqceqcr) )
ch - le +L5 + (Lcs — M)/2

(6)

This mode ends at #; and the last time is a half resonant period.

Mode 2 (t1—t2): At ty, i1, is reversed and continues flowing
through the channels and the body diodes of S; and S simulta-
neously, since the SiC MOSFET has a relatively large voltage drop
onits body diode. The resonant capacitor C,. finishes discharging
at the end of Mode 2, and all expressions in this interval are the
same as in Mode 1.

Mode 3 (t2—t3): Atto, S1 and So are OFF, and the input inductor
L;,, takes part in the resonant loop, as shown in Fig. 3(c). The
resonant process is similar to that of Mode 1, while the equivalent
resonant inductance should be equal to Ly +Leq.

During this interval, switches S and So are turned OFF when
currents iy and is flowing through of S; and Ss fall to zero. At
t3, the voltage across S1 and Ss is charged to Vymax and this
stage ends.

Mode 4 (t3—t4): After t3, there is no current flowing in the
circuit, and the ve, remains at Vo,max. The equivalent circuit
is shown in Fig. 3(d).
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Fig. 4. Equivalent circuit model. (a) Without the coupled inductor. (b) With
the coupled inductor.

III. CURRENT SHARING PRINCIPLE AND DESIGN GUIDELINES
A. Imbalance Current Between Paralleled SiC mosfets

Current imbalance between paralleled SiC MOSFETs is mainly
caused by some inevitable factors, such as device mismatch,
asymmetrical circuit layout, and unequal junction temperatures,
which have been studied and analyzed comprehensively in [7]-
[9]. For this converter, similarly, currents through S; and So
during the critical process of fy—f5 are inconsistent due to the
mismatched resistance Rgs1 and Rgso (Rgs1 and Rgso includes
ON-state resistance of the switch and the stray resistance in each
power loop), mismatched drain inductance L,4; and Lg9, and
mismatched common source inductance Lg; and Lo in the
power loop. Fig. 4(a) indicates the equivalent circuit model
without the current-sharing solution. In this figure, assume
that imbalanced resistance ARy = Rgs1—Rgs2; imbalanced
drain inductance AL, = Lg1—Lgo; and imbalanced common
source inductance AL, = Ly1—Lgo, such that, the imbalance
Ai, caused by mismatched AR;s and ALy + AL, can be
derived as the following equations:

Ai(Rgs) = =K (Rase sinwt — aw coswt) — awkKije” Rz
(7
Ai(ALq + ALg) = —Ks(Rgs2 coswt + aw sinwt)
R S
+ RyspKpe 1 ®)
where
_ ARgsVermax _ (AL4+ALg)Vermax
Kl - 2wLeq€R352+aw2)7 K2 - 2L;(R352+aw2) (9)
a = Lgz + L.

Taking the specifications shown in Table I as an example,
by (6)—(8), the numerical results of Ai caused by ALy + AL
and influenced by ARy are illustrated in Fig. 5(a) and (b) at
the input voltage Vi, = 300 V. It can be found that imbalance
current A is very sensitive to ALy + AL and ARy, and the
magnitude of Ai dramatically rises with the increase of ARy
and ALg + ALj,. Herein, the pulsed width Tpy1ee is 1.4 ps and
Aireaches its maximum value at the resonant peak current point
(Tpulse/ 4).

B. Current-Sharing Principle With Coupled Inductor

For ease of derivation and understanding the current sharing
principle, the symmetrical coupled inductor model presented
in [10] is used for our analysis. Fig. 4(b) demonstrates the

5559

TABLE I
PARAMETERS AND PARASITIC VALUES

Parameter Value
Input inductance, L;, 2.2 mH
Equivalent capacitance, C,+C, 470 pF
Resonant capacitance, C, 200 nF
Individual resonant inductance, L, 560 nH

Transformer turn ratio, n 18

Leakage inductance of transformer, Ly 27.5 nH
Source inductance, L, 12 nH
Mismatched source inductance, AL 3nH
Drain inductance, L, 17 nH
Mismatched drain inductance, AL, 2 nH
Imbalance resistance, ARy 2 mQ

Self-inductance of coupled inductor, L, 1.4 uH

Coupling coefficient, k 0.2
Leakage inductance of coupled inductor, Ls 25 nH

equivalent circuit mode with the coupled inductor. According
to Kirchhoff’s voltage and current laws, the imbalance current
A can be derived as follows:

(ALg + ALS)Vgii:“cos(wt) + ARdS%I:g‘sin(wt)

Ai = —
! [Ls + Lao + Lsa + (k + k?)Les|s + Rase

where s = jw. k and L., are the coupling coefficient and self-
inductance of the coupled inductor, respectively.

From (10), since (k + k?)Les > Ls + Lgo + Lo, the im-
balance current A is mainly limited by the term (k + k2) L.
Similarly, taking the parameters shown in Table I, for example,
the suppression value of Ai can be mapped as shown in Fig. 5(c).
We can find that either the larger the self-inductance L.; or
the higher the coupling coefficient k, the smaller the imbalance
current Ai. However, a large L. implies a big volume, heavy
weight, and greater cost, therefore, this is a tradeoff when de-
signing L., in practice. Herein, if we set the ratio of imbalanced
current v (v = Ai/ir,.) to less than 5%, the selection range of
L. and k should be designed to be below the dotted red line, as
shown in Fig. 5(c).

C. Design Guidelines of the Coupled Inductor

When designing the coupled inductor, two factors should be
fulfilled. The first one is the pulsewidth of the output voltage
Tpuises Which is determined by the requirement of the ozone
chamber. For this converter, T},,15c can be calculated by

(11)

Tpulse _ 27‘(‘/ ( Ceq + CT )

L eq Ceq Cr

Once T},y1sc is determined, by combining it with parameters
Ceq and C,, the equivalent resonant inductance L., will be
determined mandatorily. According to the above analysis, Leq
is equal to Ly, + Ls + (L.s—M ) /2. For example, based on the
extracted Coq = 152.3 nF and C, = 200 nF for the following
prototype, the relationship curve between T7,1sc and Lgq can be
plotted as Fig. 6. It can be observed that when the pulse width
is set to 1.4 us, the desired L. should be designed as 0.58 ;1H.

The other factor is the imbalance current limitation, which
can be calculated by (10). Fig. 7 illustrates the procedure and
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TABLE II
EXPERIMENT COMPARISON BETWEEN WITH AND WITHOUT COUPLED
INDUCTOR FOR CURRENT BALANCING

Without coupled inductor With coupled inductor
Vin (V) 200 250 300 200 250 300

i peaA) 57 72 90 57 72 90
Ai(A) 45 6 10 0.5 1.5 2.1
y 158%  167% 222%  18%  42% _ 4.6%

IV. EXPERIMENTAL VERIFICATION AND EXTENSION

Fig. 6. Relationship curve between the Tpylse and Leq with Coq = 152.3 nF A. Experimental Veriﬁcation

and C,. = 200 nF.

| Set operation conditions (Vi max f) | Vin ma=300'V, f;=15 kHz

v
Set pulse width for ozone chamber, obtain the
resonant frequency (7juse, fr)

Tyuise=1.4 us, f,=714 kHz

L;=27.5nH,
n=18,
C,+C,=470 pF

Extract parameters of high frequency transformer and
ozone chamber (Ly,n,C,,C,)

v

Extract and extimate the specific imbalance ALy=3 nH,
inductance and resistance ALs=2nH,
(ALg AL, AR i) AR=3 mQ
v
Set self and mutual inductance (L., k)
L.=14 pH,
k=0.2,
L.,~580 nH
N i eq >
Calculate imbalance current 1<5%

Ai with (10) and pulse width 7, with
(11)?

Fig. 7. Design flowchart for the coupled inductor.

design flowchart of the coupled inductor. The parameters in
the following experiment are listed beside the corresponding
steps. Based on the specifications of the following prototype, the
coupled inductor with self-inductance L,= 1.4 uH and coupling
coefficient k = 0.2 is finally designed to achieve a desired pulse
width 77,16 = 1.4 us and a ratio of imbalanced current v < 5%.

A converter prototype has been built to verify the effectiveness
of the proposed solution. The converter has a 200-300 VDC
input, —8 kV maximum output, 1.4 s pulsewidth, and 15 kHz
pulse generation frequency. Two SiC MOSFETs C2M0080120D
from Cree are implemented and the magnetic core OR43622UG
with three winding turns and some additional gap is designed as
the coupled inductor. A TI TMS320F28335 DSP control board
is used to generate the gate signal for S; and S3. The PCB
parameters are extracted by the software ANSYS Q3D, and
combined with the spice mode and datasheet of C2M0080120D,
the key parameters are obtained and listed in Table I. In addition,
a conventional resonant inductor (L,.) is employed to realize the
same pulsewidth output, and to investigate the performance of
imbalance current without the coupled inductor under the same
condition.

Fig. 8 demonstrates the key experimental waveforms of the
gate driver voltage vy, output pulse voltage v,, and currents
through two switches, i1 and is, at different input voltages i.e.,
200, 250, 300 V, respectively. Fig. 8(a)—(c) are the results of
a no current-balancing solution (with a conventional resonant
inductor) and Fig. 8(e) and (f) are the waveforms of the proposed
solution. The key characteristics are quantified in Table II. From
Fig. 8 and Table II, it can be seen that the output pulsewidth is
around 1.4 pus under all conditions, and the maximum output
pulse voltage reaches —8 kV, which coincides well with the
designed specification. The sum of the currents through two
switches has approximately the same value with or without the
coupled inductor, however, compared with the scenario without
the coupled inductor, the imbalance current of the peak value of
the resonant current is reduced from 10 to 2.1 A, which means
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the ratio of imbalanced current can be reduced from 22.2% to
4.6%, which is less than the above set value of 5%. That is to
say, the proposed solution has an obvious effect.

B. Extension of the Proposed Current Balancing Solution

The proposed method can be extended to the scenario with
more than two parallel SiC MOSFETS, and theoretically, the max-
imum number of parallel devices can be infinite. Fig. 9 shows
the extension circuit with n parallel SiC MOSFETs, where each
SiC MOSFET branch involves two windings in series connection.
Two neighbor devices couple with each other to balance the
current through each SiC MOSFET. More importantly, the equiv-
alent inductance of the coupled inductors helps with pulsewidth
adjustment for the pulsed generator.

V. CONCLUSION

In this letter, a passive current balancing approach with a
coupled inductor is proposed to limit the imbalance current
of parallelled SiC MOSFETs in a resonant pulsed converter.
The employed coupled inductor not only enables the current-
sharing effect, but also helps with the pulsewidth adjustment.
The imbalance current and its suppression mechanism, design
guidelines, are discussed in depth, and the experimental results

6

Experimental results at different currents through switch S; and Sz under different input voltages Vi, = 200, 250, and 300 V, respectively. (a)—(c) With

show that, at the maximum current condition, the ratio of the
imbalanced current given the proposed solution can be reduced
from 22.2% to 4.6% compared with that of the solution without
the coupled inductor. The proposed solution can be extended to
the application with more than two parallel SiC MOSFETS.
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