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Abstract: As the use of interleaved DC-DC converters in electric vehicles (EVs) increases, research
on reliability improvement is required. In the case of interleaved DC-DC converters, degradation
occurs between transistors and capacitors. In particular, transistor degradation imbalances cause
an increase in output capacitor RMS current, which increases power loss and accelerates capacitor
degradation. This degradation affects system reliability by increasing thermal stress. In this paper,
based on a degraded 2-leg interleaved DC-DC boost converter, research to reduce the converter’s
output capacitor RMS current was conducted. The output capacitor RMS current according to the
transistor degradation imbalance was analyzed. As a result, it was confirmed that the transistor
degradation imbalance causes an increase in the capacitor RMS current. To address this issue, a phase
optimization algorithm for reducing increased capacitor RMS current is presented in this paper. Next,
the phase optimization algorithm is mathematically analyzed. Finally, its efficacy is proved through

simulations and experiments.

Keywords: silicon carbide MOSFET; degradation; 2-leg interleaved DC-DC boost converter; capacitor
RMS current; phase optimization

1. Introduction

Numerous studies are being conducted to enhance the efficiency and performance
of DC-DC converters. For increasing their efficiency, interleaved DC-DC converters
are being actively developed. Interleaved DC-DC converters are being actively used
to increase converter efficiency, and various topologies have been developed, including
interleaved buck, boost, buck-boost, SEPIC, and the Cuk converter [1-3]. The interleaved
buck converter is used to step down the voltage, the interleaved boost converter is used to
step up the voltage, and the interleaved buck-boost is a hybrid of the two. The interleaved
SEPIC and Cuk converters have a structure in which an additional capacitor is connected
between the input inductor and the output terminal. A number of inductors can be
connected to the input terminal of interleaved DC-DC converters. In addition, currents with
different phases flow through the legs to which the inductors are connected. Interleaved
converters are generally used in two forms: 2-leg and 3-leg. Furthermore, they have
the advantages of reduced inductor size and increased switching frequency. However,
interleaved DC-DC converters require more transistors compared to conventional DC-DC
converters, meaning degradation in terms of imbalance can occur between the transistors.
This degradation imbalance increases the thermal stress of certain transistors, which can
result in system failure. When transistors fail, a gate-source short or drain-source short
can occur, which affect other circuit components and the entire power conversion system.
Moreover, degradation not only occurs in transistors but also in capacitors. When capacitors
are degraded, the equivalent series resistance (ESR) value increases. As a result, the
increased ESR causes a decrease in efficiency and reliability of the system. Thus, the
degradation of transistors and capacitors increases their power losses, accelerating the
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degradation. Accordingly, since interleaved DC-DC converters are mainly used in mobility
systems, research has been actively conducted on improving their reliability [4-7].

Transistors and capacitors are generally considered the main causes of failure in
converters [4,8]. To estimate the degradation state of transistors and capacitors, loss
models and thermal models have been proposed. In addition, various studies have been
conducted to estimate their reliability in online and offline systems [4-15]. Furthermore, the
development of control algorithms to delay degradation is ongoing [15-18]. Among these
various algorithms, current magnitude control algorithms have mainly been developed
that reduce power losses of the more degraded leg [17,18] in which less current flows in
the degraded leg and more current flows in the other leg. However, when the current
magnitude difference of each leg increases, the root mean square (RMS) current of the
output capacitor increases. Moreover, when the converter has been operating for an
extended period, degradation of the capacitors progresses similarly to transistors. Therefore,
an increase in the capacitor RMS current results in an increased risk of capacitor failure.

In this paper, a phase optimization algorithm is proposed for reducing increased
capacitor RMS current. The first stage is to derive a capacitor RMS current formula (includ-
ing phase variables) through a mathematical analysis. After this, the phase is optimized
through the MATLAB function. Then, the optimized phase is applied to the degraded inter-
leaved converter. To apply the phase optimization algorithm, a 2-leg interleaved DC-DC
boost converter based on a silicon-carbide metal-oxide-semiconductor-field-effect-transistor
(SiC-MOSFET) is used. In the past, devices such as insulated gate bipolar transistors (IG-
BTs) have been widely used. However, the use of SiC-MOSFETs (which are wide-bandgap
(WBG) transistors) is increasing. In SiC-MOSFETs, degradation occurs in its gate oxide
layer and bond wire due to the high kinetic energy of the electrons and their deterioration
during operation. Accordingly, to degrade the SiC-MOSFET, a high electric field (HEF)
degradation experiment is performed [19,20]. Subsequently, the current magnitude of
a specific leg is reduced by using a more degraded SiC-MOSFET. Next, the changes in
capacitor RMS current according to current magnitude variations are analyzed. At this
time, the capacitor RMS current varies depending on the phase. Finally, the proposed
phase optimization algorithm is verified by applying the optimized phase conditions to
experiments and simulations.

In Section 2, the characteristics of conventional 2-leg interleaved converters are ana-
lyzed, and a mathematical analysis of the phase optimization algorithm is conducted in
Section 3. In Section 4, the results of applying the proposed phase optimization algorithm to
a simulation are analyzed. Finally, the experimental results and conclusions are presented
in Sections 5 and 6, respectively.

2. Conventional Interleaved DC-DC Boost Converter

There are various interleaved converter topologies, such as interleaved buck, boost,
buck-boost, SEPIC, and Cuk converters. In this paper, research is conducted on a 2-leg
interleaved DC-DC boost converter. In conventional 2-leg interleaved DC-DC boost
converters, two inductors are connected to the input side in parallel, and the input currents
flowing through each inductor are controlled by transistors. Moreover, these currents have
a phase difference of 180°. A circuit diagram of the converter used in this paper is displayed
in Figure 1a. The line connected to L1 is termed L1-leg, while the line connected to L2 is
termed L2-leg. The 2-leg interleaved converter uses two transistors, and the output voltage
is controlled by adjusting their duty cycle (D). In Figure 1a, V; is input voltage, and V,
is output voltage. The transistor and diode connected to the L1-leg are M1 and D1, and
the transistor and diode connected to the L2-leg are M2 and D2. i} ; and 7] » are inductor
currents of L1-leg and L2-leg, respectively. ip 1 is the current flowing through D1, and ip »
is the current flowing through D2. i, and i, are output capacitor current and output load
current, respectively. In interleaved DC-DC converters, the output voltage and inductor
current are controlled by a digital signal processor, usually a proportional-integral (PI)
controller. Next, the output value of the PI controller is compared with the carrier, and the
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iL,z —> D1

generated switching signal is transmitted to the transistors (M1, M2) through the gate driver.
In this paper, the converter operates in continuous conduction mode (CCM). The inductor
current waveform of each leg is displayed in Figure 1b. One period of inductor current (Ts)
is the reciprocal of the switching frequency. For the L1-leg current, the transistor (M1) turns
on, and the inductor current increases during the applied time (DTg). Subsequently, from
(DT) to (Ts), the transistor is turned off, and the inductor current decreases. In addition,
a current that has a phase difference of 180° from the current of the L1-leg flows in the
L2-leg. For the L2-leg current, transistor (M2) turns on at (0.5Ts), and the inductor current
increases during the applied time (DTs). Subsequently, from (D + 0.5)Tg to (1.5Ts), the
transistor is turned off, and the inductor current decreases. Here, I, is the reference current
value flowing through the inductor of each leg.
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Figure 1. Conventional 2-leg interleaved DC-DC boost converter: (a) circuit diagram; (b) inductor
current waveform of each leg.

When degradation occurs in a specific leg of a transistor, thermal stress increases
due to the increased drain-source on-resistance (A Rpgs). Since this can cause accelerated
degradation of the transistor, methods for reducing the current magnitude of the degraded
leg have been proposed. Figure 2a shows the inductor current waveform assuming that the
L1-leg of the transistor is degraded. In addition, the inductance of each leg has the same
value as L (i.e,, L1 = L2 = L). To reduce power losses of the transistor in the L1-leg, the
current magnitude is reduced, and the current magnitude of the L2-leg is increased by a
corresponding value.

As demonstrated in Figure 2a, when the current magnitude of each leg changes by Al, the
average current in each leg inductor (I, 1, I+ ») can be calculated using Equations (1) and (2).

Li=1—AI 1

I}’,Z = Ir + Al (2)

When the duty cycle is less than 0.5, the expression for the inductor current of each leg
displayed in Figure 2a is calculated as follows:
Ly — 450 4+ Bt (0 <t < D;Ts) o

Ir,l + ViIZDETS + (Vi*VO)g*DlTQ, (DlTS <t< TS)

ir1(t) =

: Vi—V,)(05—D,)T _
Ip+ YiDeTs y (WVo@5-D)Ts |\ (V,—Vo)t, (0 < t < 0.5Ts)

172

”

— ViDaTs | Vi(t=05Ts) (0.5Ts <t < (054 Dy)T,) - )

Lo+ Vil;iTs + (Vi*LVo)t _ (Vi*Vo)(%5+D2)Ts ((05+Dy) <t < Tg)
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where V; is the input voltage, V, is the output voltage, D, is the duty cycle applied to the
L1-leg of the transistor, and D; is the duty cycle applied to the L2-leg of the transistor.
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Figure 2. (a) Inductor current waveform of each leg. (b) Diode current waveform of each leg.
(c) Capacitor current waveform by each leg.

Figure 2b shows the diode current waveform of each leg. Since the diode current only
flows when the transistor is off, it is calculated as follows:

0, (0 <t< DlTS)
ipi(t) = . ’ ©)
I+ Vfl'i)iTs + (Vz—Vo)£f—D1Ts)/ (D Ts < t < Ts)
Lo+ VDeTs 4 (‘G*Va>((z5*D2)Ts + Vit (0 <t < 05Ts)
ipp(t) =1 0, (05Ts <t < (0.5+ Dy)T,) - (6)
I+ YigpTs 4 Ligbolt _ (MWl Ol ((05+Dy) <t < Ts)

In addition, the average value of the diode current of each leg (I, x (x =1 or 2)) is
calculated as follows:

Iy = [ ipa (Bt 7
mx = Tis/(.) ZD,x( ) . ()
Next, subtracting the average value of the diode in each leg (Equation (7)) from

Equations (5) and (6), the capacitor current formula of each leg is calculated as follows:

®)

Ir,l + ViIZDI{TS + (Vi7VO)£t7D1TS) - Im,ll (DlTS St< TS) ,

, —I1, (0 <t < D;Ts)
ici(t) =
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: V=V, (05—D,)T: -
17,2 + MIZJETS + ( >(L 2) S + (Vz LVO)t _ Im,z, (0 S ¢ < 05T5)
iC,Z(t) = —Am,2, (OSTS <t< (05 + Dz)TS) . (9)
Lo+ YiDeTs 4 VicVolt  (ViVo)OS4D)Ts _ g ((0.5+Dy) <t < Tg)

Equations (8) and (9) are the capacitor currents of each leg and are displayed in
Figure 2c. The output capacitor RMS current (Ic rpys) is calculated with Equation (10)
using Equations (8) and (9). Next, Ic rus is calculated by increasing the current variation
(AI) of each leg, as displayed in Figure 3.

1 Ts . . 2
Ic,rms = \/T/o {ici(t) +ico(t)} dt. (10)
S«
60
—AI=0
50 AT=0.2Ir
40 — A= 0.4Ir
< —AI=0.6Ir
230 —AI=0.81
5-. F
]

(]
=

[y
=

o N b
Q(?"?Q?‘?‘%Qb"?b‘?w@
Duty cycle

Figure 3. I g5 variation according to the amount of inductor current change (AI).

As demonstrated in Figure 3, as Al increases, Ic gprs also increases. Furthermore, the
capacitor power loss (Pqp) is calculated as follows:

Peap = ESR¢ x (Ic.rums)’, (11)

where ESR; is the equivalent resistance of the capacitor and depends on the
frequency(f) [5,6,14]. Therefore, the increase in I¢ rpss results in an increase in the capacitor
power loss and thermal stress. In other words, increasing Al delays further degradation
of the degraded transistors while accelerating the degradation of the output capacitor.
As capacitor degradation progresses in accordance with the transistor, the accelerated
degradation of the capacitor reduces the reliability of the system. To solve this problem, the
next sections explain a phase optimization algorithm that minimizes increases in I¢ rps
according to increases in Al.

3. Mathematical Analysis of Proposed Phase Optimization Algorithm

In this section, to reduce I¢ rps, @ mathematical analysis of the optimization phase is
explained when Al is increased. For this optimization, the phase of the L2-leg current is
shifted by “a” T from the conventional phase (0.5Ts). Ic rams(a) is a formula that includes
the phase variable “a” and is calculated using Equations (12)—(18). However, as demon-
strated in Equations (12) and (13), “ic1(t) +ic2(a,t)” varies according to the amount of
phase shift a x T;. In other words, Ic rps(a) is calculated as the square of Equation (13),
and Equation (12) depends on the range of “a”. When D; and D; are less than 0.5, the

range of “a” is classified into the three intervals (i), (ii), and (iii), as shown in Figure 4.
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For example, since “ic(a,t) = ic1(t) +ic2(a,t)” has different values when t < D1 Ts, the
integral interval must be different. Therefore, ic5(a,t) and Ic rps(a) in the three intervals
are calculated using Equations (14)—(18).

Ic, R ( \/ / {ic(a,t) 2dt (12)

ic(a,t) =ic1(t) +ica(at), (13)
(i) —05< dqd<—05+D: (ll) —05+D1 < A <05—D:
ic Phase shift ic Pll_m_ShL,
\..‘. ic,2 :‘.&\ E E
Bl N H \‘\“1 \:\E
1 : - ]
ic’l i E ic)I i E E
— i e S
i DiT. s DiTs 3 i
(0.5+a)Ts (0.5+a+D2)Ts (0.5+a)Ts (0.5+a+D2)Ts
(a) (b)
(iii) 0.5—D: < @ <D1—D:+ 0.5
. Phase shift
Ic
ic,2 E
i ' :
: : ]
ier |11 L
; i ) ¢ Ty
:DiTs ‘
¥
(a+D2—0.5)Ts (0.5+a)Ts

(c)

Figure 4. Capacitor current waveforms with phase shift. (a) at interval (i) —0.5 < a < —0.5 + Dy, (b)
at interval (ii) —0.5 + D; < a <0.5 —D», (c) at interval (iii) 0.5 —Dp, <a < D7 — Dy + 0.5.

() -05<a<—05+D;

VDzTS + (V VD)(05 Dz tZ)T

11’2 + L
(Vi=Vo)t
L

+ — L2, (0 < t < (a+05)Ts)

ico(at) =< —Imp ((a+05)Ts <t < (a+05+Dy)T,) (14)

1 +VD2T5 + (V VD)(t (11L+05+D2)T5) Im,Z

((ﬂ+0.5+D2) <t< Ts).

—0.5 <a < —0.5 + Dy, the capacitor RMS current is calculated using Equations (8)
and (12)—(14), which gives Equation (15).
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1 (05+a)T, a+0.5+Dy)T,
ICRMS(@:{T(/Q {zcat}dt+/ {zcat}dt+/ {1Cat}dt+/
S

() —05+D;<a<05—D,

—0.5+ Dy <a<0.5 — Dy, using Equations (8) and (14), the capacitor RMS current
is calculated through Equations (12) and (13), which gives Equation (16).

| fictw) dt)}l/z. (15)

+0.5+D5)

teuso) = [ ([ tictw,nPar /D(; et pare [0 G far | ica,0) dt)r. (16)

a+0.5+D5)
(iii) 05-D, <a <05

At 0.5 — Dy < a < 0.5, using Equations (8) and (17), the capacitor RMS current is
calculated through Equations (12) and (13), which gives Equation (18).

7171121 (0§t< (LI‘FDZ*OS)Ts)
o Lo+ VDsz + (Vi=Vo)(t (11L+D2—O.5)T5) — Lo, -
c2\4, = ’
((a+ Dy —05)Ts < t < (a+0.5)T,)
—dm,2, (((l +0.5) <t< TS)

e s () — {Tl <./0(11+Dz " (a1 e+ {ic(a,0)} dt+/ " tic(a H)} dt+/ , fic(an) dt)}l/zl (18)

J(a+Dy—05)T

When the duty cycle is >0.5, the Ic rps(a) formula can be derived in the same way as
when the duty cycle is <0.5. When Dy, D, are >0.5, the range of “a” is classified into
three sections in the same way as when the duty cycle is <0.5. Therefore, the capacitor
current Ic5(a,t) and the capacitor RMS current Ic gps(a) in each section are calculated by
Equations (15), (18), and (19). When the duty cycle is >0.5, like (i), Ic rps(a) is calculated
through Equations (8) and (12)—(15), at D1—D; — 0.5 < a < 0.5 — D;. Next, at 0.5 — Dp
<a < D; — 0.5, using Equations (8) and (18), which is the capacitor current, the capacitor
RMS current is calculated using Equations (12) and (13), which is Equation (19).

(a+Dy 0. (a+0. /2
Icrms(a) = {% </0( 0T {ic(ﬂ,t)}zdt+/(:+z {1C a,t)} dt+/ {zc a,t)} dt+/ {zc a,t)} dtﬂ . (19)
AtD; —05<a< D;— D;+0.5,like (111), using Equatlons (8) and (17), which is the
capacitor current, the capacitor RMS current is calculated using Equations (12) and (13),

which is Equation (18).

Based on the previous analysis, the optimized phase value, g, that minimizes the ca-
pacitor RMS current is obtained through a MATLAB function. Subsequently, the optimized
phase value, 4, is converted into degrees (Af). The relationship between A8 and, a is then
calculated using Equation (20). Here, Af is the phase degree difference between the L1-leg
and the L2-leg.

A6 = (a+0.5)360°. (20)

Figure 5 shows the corresponding optimized angle (A6) when current variation Al
is between 0.2I, and 0.81,. As seen in Figure 5, when the duty cycle is <0.5, Ic rps(a) is
minimized when a” = —0.5 + D;. In addition, when AI increases, it is evident that A9,
which minimizes Ic grys(a), converges to 180° as the duty cycle increases from 0 to 0.5.
Here, Ic rums op is the capacitor RMS current when the phase is optimized, and Ic,rums,180 i8
the capacitor RMS current when the phase difference between the two legs is 180°. Figure 6
shows the change of I¢ ry1s(a) between when the phase difference between the two legs is
180° and when the 2-leg interleaved converter’s phase is optimized. The capacitor RMS
current decreases when the phase is optimized, as displayed in Figure 6. Simulations
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and experiments were then conducted to confirm that the proposed phase optimization
algorithm decreased the capacitor RMS current.

180°y

150 °J

AQ 100"

50°]

0.4
0797 %2 Duty cycle

Figure 5. Minimization Ic s optimization phase graph.
16 =

—— Ic,rMs,0p (AT = 0.81r)

-=-=- Ic,rRm5,180 °(AI= 0.81r)

—— Ic,pMS,0p (AI=0.61r)

-=--- Ic,rMS,180 “(A I = 0.6Ir)

14

12
a —— Ic,rMs,0p (AI=0.41Ir)
% 10 | === IcrMs,180 "(AI=0.4I7)
8  |— Icrusop (AI=0.2In) |
h}j‘ 8 Ic,}Lth,lSG"_{AI=fJ.ZIr)..“"_'_.,.... ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
6 st
R
2
53D A A DA A DD D
Duty cycle

Figure 6. Variation of I rps before and after phase optimization.

4. Simulation Results of Proposed Phase Optimization Algorithm

Simulations were conducted based on the phase optimization described in Section 3.
Here, a PSIM (PowerSIM) simulator was used to operate the 2-leg conventional interleaved
DC-DC converter shown in Figure 1a. Table 1 presents the circuit parameter values of
the converter.

Assuming degradation of the L1-leg of the transistor, the current flowing through
the L1-leg was reduced in the simulation. Then, the output capacitor RMS current was
compared between when the phase difference of the two legs was 180° and when the
phase was optimized. Figure 7 shows the capacitor RMS current when the phase difference
between the two legs was 180°. First, when the duty cycle = 0.1, Ic s Was increased
by 0.09 A (Al =0.2];) to 1.69 A (Al = 0.8];), and when the duty cycle = 0.2, Ic gprs Was
increased by 2.11 A (Al = 0.2];) to 4.19 A (AI = 0.81;). Next, when the duty cycle = 0.3,
Ic rRms was increased by 3.73 A (Al = 0.21;) to 7.54 A (Al = 0.81;), and when the duty cycle
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= 0.4, Ic rms was increased by 4.4 A (Al = 0.21;) to 12.22 A (Al = 0.81,). Additionally, when
the duty cycle = 0.5, Ic rpms was increased by 2.53 A (Al = 0.2];) to 18.93 A (Al = 0.81).
The figure shows the same result as presented in Section 3, and it is evident that I¢ rps
increased as Al increased.

Table 1. Circuit parameters of the simulation.

Circuit Parameters

L1 1mH
L2 1mH
Switching Frequency 20 kHz
R 220
C 680 uF
Vi 200V

— Ic,rms,180 “(AI=0.8Ir)
35— TJe,rM5,180 “(AI= 0.6I7)
—TIc,RMs,180 “(A I = 0.417)

Ic,rMms,180 “(AI=0.21Ir)
— Ic,RMS,180 " (AI=01Ir)

[ L]
th <

Ic,rus (4)
_
th o

0.1 0.2 0.3 0.4 0.5 0.6
Duty cycle

Figure 7. Simulation result: amount of change in I¢ ras,180 according to increases in Al

Figure 8 shows the reduction rate of the capacitor RMS current Alc gpss(%) when the
proposed phase optimization algorithm was performed compared to Ic rpss,180- This was
calculated using Equation (21). As seen in Figure 8, the capacitor RMS current decreased
after optimization, which agreed with the result in Section 3. The capacitor RMS current was
reduced by up to 10% after applying the phase optimization algorithm, and the reduction
rate was 3% to 5% on average.

Ic,rRMS,0p — Ic,RMS,180) x 100
Alc rms (%) = ( opIc RMS,180 ! (%) @D
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(%)

Alc,rus

-2 j
P L

01 02 03 04 05
Duty cycle

Figure 8. Capacitor RMS current reduction rate when applying the proposed phase optimization
algorithm in a simulation.

5. Experiment Results

To prove that the proposed 2-leg interleaving DC-DC converter phase optimization
algorithm was effective, experiments were conducted following the simulation presented in
Section 4 using the converter presented in Figure 1a (as in the simulation). The experimental
setup is displayed in Figure 9. The same circuit parameters as those in Table 1 were also
used. However, the converter was controlled by applying 48 V as the input voltage. An
RSP-1000-48 power supply was used to apply the input voltage. A TMS320F28335 digital
signal processor (DSP) was used to control the switching signal. The diodes used in
the test were type UJ2D1230K, and the transistors were type SCT3080AL (SiC-MOSFET,
Vbss =650V, Rps = 80 mQ), Ipg = 30 A) manufactured by ROHM. The capacitor used in
the experiment had a rated voltage of 400 V, a capacitance of 680 uF, and an ESR of 366 m()
(20 °C, 120 Hz). The 2-leg interleaved converter was basically controlled in CCM mode.
Next, the output capacitor RMS current was compared between when the phase difference
of the two legs was 180° and when the phase was optimized. To confirm this, degraded
transistors were used in the L1-leg (M1) to decrease its current magnitude. The four types
of degraded transistors were labelled A, B, C, and D and were degraded through the HEF
experiment. The resistance variations ARpg and current variation conditions when using the
transistors are displayed in Table 2. ARpg of degraded transistor A was 0.107 (). When using
A, Al was 0.11,. ARpg of degraded transistor B was 0.154 (). When using B, Al was 0.21,.
ARpg of degraded transistor C was 0.523 (). When using C, Al was 0.3I,. ARpg of degraded
transistor D was 1.23 (). When using D, Al was 0.41,. Subsequently, the changes in capacitor
RMS current according to current variations were analyzed. Figure 10 shows the experimental
results, which indicated a change in I¢ ras,180 according to the increase in AI. The experiment
was conducted while changing Al from 0.11; to 0.41;. As a result, the I rprs values increased
as Al increased, similar to the results from Sections 3 and 4. In addition, it was evident that
the larger the duty cycle, the larger the increase in I¢ rps. Then, to reduce the increased
capacitor RMS current, the phase optimization algorithm was applied. Figure 11 shows the
experimental results before and after phase optimization. When the duty cycle was 0.3, the
output voltage, capacitor current, and each inductor current were measured. Figure 11a
demonstrates that the inductor current magnitudes of each leg were the same when the
converter’s transistors were not degraded. Figure 11b presents the waveform when the
transistor of the L1-leg was degraded. As seen in Figure 11b, the current magnitude of the
L1-leg was decreased, while Figure 11c presents the waveform when phase optimization
was performed. As seen in Figure 11a—c, it is evident that the output voltage and inductor
current were equally controlled. Moreover, there were differences in the capacitor current



Machines 2023, 11, 624 11 of 14

waveforms. Referring to these differences, the capacitor RMS current was calculated, and
the differences were analyzed.

Table 2. Experimental conditions depending on SiC-MOSFET degradation.

A B C D
ARps 0.107 Q) 0.154 O) 0.523 O) 1.23 0
Current Variation (AI)  0.11, 0.2I, 0.31, 041,

7

Resister

T

Figure 9. Experiment setup.

()
_ AI=0 "
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24 —=AI=0.2Ir
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~
2
1
0
0.1 0.2 0.3 0.4 0.5 0.6
Duty cycle

Figure 10. Ic rps,180 Variation according to increases in Al
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Figure 11. Interleaving converter experimental waveform with duty cycle of 0.3 (a) when there is
no change in current magnitude and phase of each leg, (b) when current in L1-leg decreases, and
(c) when phase optimization is performed in (b).

Figure 12 presents the experimental results that display the change in capacitor RMS
current before and after phase optimization. The experiment was conducted while changing
the current variation Al from 0.11, to 0.41,. Moreover, Alc rys(%) was calculated using
Equation (21), and the experimental results according to the variation of Al and duty
cycle were analyzed. As seen in Figure 12, it is evident that I r)1s decreased when using
the proposed phase optimization algorithm when the phase of each leg was optimized.
When the duty cycle was less than 0.4, experiments were conducted to measure Ic rps-
First, when AI was 0.11;, Alc rps(%) was —0.77% to —2.73%, and when Al was 0.21,,
Alc rys(%) was —1.4% to —2.9%. Next, when Al was 0.31;, Alc rys(%) was —1.45% to
—4.78%, and when Al was 0.41;, Alc ryis (%) was —2.18% to —7.49%. In particular, Ic rps
decreased up to 7.49% after applying the proposed phase optimization algorithm when the
duty cycle was 0.3 and Al was 0.4],. Moreover, since capacitor power loss is proportional
to the square of Ic rps, this was reduced by 14%. In addition, it is evident that the larger
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References

the value of AI, the larger the reduction rate of Al gprs(%). If the degree of degradation
imbalance of the transistors increased and Al was large, the proposed phase optimization
algorithm contributed more to improving capacitor efficiency.

A Ic,rMs (o)
w
L

0.11r

0.4

B, Alr

Duty cycle 0.2 0.1 04Ir

Figure 12. Capacitor RMS current reduction rate when applying the proposed phase optimization
algorithm in the experiment.

6. Conclusions

In 2-leg interleaved DC-DC boost converters, the current magnitude difference of
each leg can be increased due to the degradation of the imbalance between transistors.
However, this increases the output capacitor RMS current and accelerates the degradation
of the capacitor. Through mathematical analysis, simulations, and experiments, the increase
of capacitor RMS current was confirmed. In this paper, a phase optimization algorithm
was proposed to reduce the increased capacitor RMS current. Next, the phase value
at which the capacitor RMS current was minimal was derived through mathematical
analysis. Subsequently, simulations and experiments were conducted to apply the phase
optimization algorithm. As a result, it was confirmed that the capacitor RMS current
decreased when phase optimization was applied. In addition, it was revealed that the
reduction rate of the capacitor RMS current was higher when the degradation imbalance of
the transistors in each leg was larger.
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