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Abstract: A new magnetic integrated parallel current sharing control method for parallel silicon
carbide (SiC) power devices is presented in this article. The problem of the application of parallel
connected SiC power devices is analyzed. The coupled inductance method is adopted to solve the
problem. Based on the active-back converter, we establish the theoretical model of the coupled
inductance, and figure out its working mechanism. The integrated magnetic device is designed based
on the working mechanism, and the effectiveness is determined through simulation. A 12 V/10 A
output magnetic integrated active-flyback converter prototype is fabricated and tested to verify
the strategy. Measurement results show that, with the proposed magnetic integrated method, the
mismatch voltage is suppressed to 0.1 V under all load conditions, and the efficiency increases by at
most 6.52% under full load conditions.

Keywords: SiC power devices; magnetic integrated; parallel current sharing; working mechanism

1. Introduction

Silicon Carbide (S5iC) material can push the power density and efficiency of semi-
conductor devices and power systems to higher limits due to its wide band gap, high
critical field, and high thermal conductivity [1-3]. With the development of SiC technology,
the application of SiC power devices is becoming more and more popular [4,5]. The low
switching-loss characteristic facilitates a reduction in power loss and an improvement in
working frequency, which leads to the use of smaller passive components and improving
power density [6,7].

The development of power electronics demands higher and higher current ratings,
which promotes the parallel connection of power devices. When the parallel connection
is used, the current imbalance among the paralleled power devices becomes a major
concern [8]. The current imbalance is caused by the mismatch in device parameters
among the paralleled semiconductors or the mismatch in the parasitic parameters of their
corresponding circuits when the circuit layouts are asymmetrical. The condition may
result in conduction and switching losses, which may further cause thermal distribution
problems.

For the SiC power device applications, the value of ON-resistance is smaller than that
of the counterpart Si devices. A little mismatch may lead to a large percentage change.
Thus, the SiC power devices are more sensitive to the variation of device parameters
in paralleled applications. The current mismatch phenomenon has already appeared in
the paralleled applications of SiC devices [9,10]. Ref. [11] analyzed the influence of the
variability of device parameters on the current sharing of parallel-connected SiC MOSFETs.
Experimental investigations of static and transient current sharing were carried out in
ref. [12]. The parallel-connected application of packaged SiC power devices was evaluated
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in Ref. [13]. The above articles provide a detailed analysis of the mismatch mechanism of
the devices. Many studies have been performed on the imbalance of current suppression.
From the view of the study object, the imbalance current suppression method can be
classified into three categories: device classification; device operating condition monitoring;
and circuit topology [14-19]. The chip screening method is proposed to solve the mismatch
introduced by the asymmetric layout [20].

The typical representative of the device classification view is the transfer curve distance
coefficient classification criterion proposed in ref. [14]. This paper evaluates the factors
of the device characteristics and finds that the transfer characteristic contains the main
influences. The strategy realizes the mismatch suppression by weighting the distance
coefficients of the device transfer curves. The strategy needs to test every device, which
limits its massive applications and universality. The typical representation of the device
operating condition monitoring is the SiC MOSFET gate driving scheme with a dynamic
current equalization mechanism for over-current protection proposed in Ref. [21]. The
scheme realizes the simultaneous turn-on of SiC MOSFETs with different threshold voltages
by monitoring the device current cycle by cycle to achieve the mismatch current suppression
of the parallel device. However, the strategy needs to add extra devices to suppress the
mismatch. The circuit structure route to suppress the mismatch current is typified by a
parallel current feedback equal-current resonant converter [22]. The strategy adopts a two-
stage structure including an interleaved parallel boost converter and a double magnetically
coupled half-bridge LLC resonant conversion. This scheme adds two inductors to realize
parallel current equalization, which increases the number of magnetic devices in the
converter, as well as the iron and copper losses.

In this paper, a novel magnetic integration strategy is proposed to achieve parallel
equalization control without increasing the number and size of the converter cores. To
verify the proposed strategy, a prototype converter is designed, fabricated, and tested. The
measured results show that power efficiency is enhanced by at most 6.52% in the whole
load range.

2. Operating Principle of the Proposed Strategy
2.1. The Topology Evolution

To solve the problem of the mismatch current distribution of SiC power devices in
parallel applications, this paper proposes a control method to solve the problem at the
topology level. Its topology evolution is shown in Figure 1. Filter inductance is generally
used in parallel to reduce copper losses in high-current applications, as shown in Figure 1a.
The parallel SiC power devices and filter inductance decoupled to form different branches,
as shown in Figure 1b. Since the impedance of the secondary filter inductance is much larger
than the on-resistance of the SiC power device, the influence of the device characteristics
on the current distribution is converted into the influence of the filter inductance. The
topology introduces magnetic coupling by sharing the common magnetic core to suppress
the mismatch current, which is shown in Figure 1c. This topology evolution transforms
the SiC power devices mismatch into the inconsistency of the filter inductance and further
reduces the influence using coupled inductance. And, the final topology does not increase

the number of devices.
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Figure 1. Topological evolution process of the parallel equalization control method: (a) conventional
circuit output flyback converter; (b) parallel two-output flyback converter; and (c) coupled inductance
flyback converter.
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2.2. The Operational Principle of the Coupled Inductance

There are two main ways of performing coupled inductance, namely flux mutual and
flux cancellation. As shown in Figure 2, coill corresponds to inductance L1 and has N;
turns whilst coil2 corresponds to inductance L, and has N, turns.
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Figure 2. The two main means of coupled inductance: (a) flux mutual; and (b) flux cancellation.
Y1 = NP = Ly 1)
¥ = No®Poy = Miy 2)

When a current i; flows through coill in Figure 2a, the total self-induced magnetic
flux linkage can be expressed as (1), and the mutual magnetic flux linkage can be expressed
as (2), where Y1 is the self-induced magnetic flux linkage, ®1; is the mutual magnetic flux
generated by cycle of coill, L, is the self-induction of coill, and ¥5; is the mutual magnetic
flux linkage generated by coill and affecting coil2, ®;; is the mutual magnetic flux by cycle
of coil2, while M is the mutual inductance of coill and coil2.

Yo = Np®p = Lrip 3)

Y12 = NP1 = Mip (4)

Similarly, coil2 also generates a self-induced magnetic flux linkage and mutual mag-
netic flux linkage. Its self-induced magnetic flux linkage is denoted by ¥, and its mutual-
induced magnetic flux linkage is denoted by Y15, as ¥, is the self-induced magnetic flux
linkage, L, is the self-induction of coil2, ¥;; is the mutual magnetic flux linkage generated
by coil2 and affecting coill, ®1; is the mutual magnetic flux generated by coil2 and affecting
coill, and M is the mutual inductance of coill and coil2.

Under linear conditions, M1, = My; = M, and hereafter M is used to denote mutual
inductance. According to the right-handed helix rule, the self- and mutual-inductive flux of
the two coils shown in Figure 2a go in the same direction, which is defined as flux mutual,
and the total magnetic flux linkage of coill and coil2 is denoted by (5) and the port voltage
is denoted by (6).

Yy =Y11 +Y12 = Lii; + Mip 5)
Yo =Y + Y1 = Lpip + Mij
LAY, diy  dip
ul—W—L]E“‘ME (6)
Cd¥, iy diy

The two coils shown in the corresponding Figure 2b have their self-inductive and
mutual-inductive fluxes in opposite directions, which is defined as flux cancellation, and
the total magnetic flux linkage of coill and coil2 is denoted by (7), and the port voltage can
be denoted by (8).

)

Y1 =Y —Y12=Lii1 — Mip
Yo =Y — Y21 = Loir — Miy
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To simplify the description of the port voltage, the coupling coefficient k is introduced.
The coupling coefficient represents the geometric mean of the ratio of mutual inductance to
the self-induced inductance chain of the two coils and is expressed by Equation (9).

DDy

k =
D11Po

©)

Substituting the magnetic flux linkages separately gives the coupling coefficient ex-

pression (10).
[ P12Poq M
D11Pn VLI {10

Quantitatively describing coupled coils in terms of coupling coefficients and leakage
inductance allows the modelling of coupled coils to be directly embedded in the port
voltages of coill and coil2, which can be expressed as (11) and (12), respectively.

di L
up = Lkl% +ky/ iuz
(11)
di | L
Uy = Lkzdftz +k ﬁul

di | L
uy = Lklditl —k iuz
(12)
di L
Uy = Lkzdftz —ky/ ﬁul

Based on the above analysis, it can be seen that the coupling coefficient is less than
or equal to 1, i.e., k < 1, and the leakage inductance of the two coils can be expressed
as Ly; = (1 —k?)L; and Ly, = (1 — k?)L,, respectively. The coupled inductance voltage-
current relationship is reconstructed to create a symmetrical coupled inductance model.
Assuming that the coupled inductance has equal values in terms of excitation inductance,
Equations (11) and (12) can be expressed as (13) and (14).

Lkliij = U — ku2
t (13)
L @ =uy —ku
k2 dt 2 1
di
Lkl% = uq + kuy
(14)

Lkz% = up + kuy
The equivalent circuit of the two coils is shown in Figure 3, where the controlled
voltage source represents the coupling effect between the two coils, and the inductance is
the respective leakage inductance of the coupled coils. The voltage of the coupled coils in
the converter secondary side can be expressed by Equation (15).
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Figure 3. The equivalent circuit of the two coils: (a) flux mutual; and (b) flux cancellation.

Since the mismatch is only affected by the secondary side, the following analysis
focuses on it. Embedding coupled inductance models into the topological secondary side,
the equivalent circuit is shown in Figure 4. The reference points x; and x, for the voltages
of flux mutual and flux cancellation can be expressed by (16) and (17), respectively.
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Figure 4. The equivalent circuit of the secondary side of the topology: (a) flux mutual; and (b) flux

cancellation.
Uyl = Usee1 — kU2 = (”secl - kvsecz) + kVour (16)
Uy) = Usecr — kvp = (usec2 - kvsecl) + kVour
Uyl = Usec1 + kv = (usecl - kvsecz) + Vout (17)
Uyy = Usec2 + kv = (uSECZ - kvsecl) + Vour

Unifying the equivalent voltage source generated by the coupled inductance into
the voltage source of the secondary excitation inductance, the complex model of cou-
pled inductance is simplified into the equivalent model of the voltage source and the
leakage inductance.

Based on the coupled inductance equivalent model established above, the output cur-
rent change rate of the converter flux mutual aid and flux cancellation coupled inductance
is expressed by Equations (18) and (19).

— (1 — k)Vout _ Vout

SF = Ly ~ (1+kL (18
_ (1 + k)Vout _ Vout

SF = Ly T (1-k)L (19

The peak value of the current during the steady-state operation of the converter can
be obtained according to the converter operating principle, and the peak value of the
current for flux mutual and flux cancellation can be expressed by Equations (20) and (21),
respectively.
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Alyy = Sp(1—D)T = m(l—D)T (20)
VOM
Alyp = Sp(1—D)T = m(pD)T (1)

From the above analysis, it can be seen that the output current ripple suppression effect
is positively correlated with the coupling coefficient in the flux mutual; and the output
current ripple suppression effect is negatively correlated with the coupling coefficient in
the flux cancellation.

The main reasons for the mismatch in current distribution include the mismatch of on-
resistance and parasitic inductance at the device level, the passive components at the circuit
level, and the parasitic mismatch of the layout. The above mismatches can be expressed
by correcting the device model, where R;; denotes the different on-resistance of the two
branches and L5 denotes the different parasitic inductance of the two branches. Embedding
the modified device model into the output model, the secondary side equivalent circuit
of the conventional flyback topology, the flux mutual coupled inductance, and the flux
cancellation are shown in Figure 5.

L

|
C
T RS
Rysr ke Loss
Ryz 2 Lyo

@

Figure 5. The equivalent circuit of the secondary side of the topology: (a) without coupled inductance;
(b) flux mutual; and (c) flux cancellation.

Referring to Figure 5a, the mismatch resistance can be expressed as ARy; = Rj51 — Ryso
and the mismatch inductance can be expressed as AL;s = Ly — Lysp. Since the on-
resistance mismatch of the MOSFET is at the m(2 level, its parasitic inductance and that of
the circuit layout are at the level of a few nH, while the filtering inductance is at the level of
a few tens of pH, and the non-ideal effect can be ignored when performing loop current
calculations. Under these conditions, the converter’s secondary side current is consistent
with the typical current of the converter. The total current at the secondary side in this case
can be used in (22).

Isec — Vout
sL+ (Rgst +5Las1)/ / (Ras2 + SLasa)
VOMf[Rdsl + RdsZ + S(Ldsl —+ LdsZ)]
SL[Rdsl + Rys2 + S(Ldsl + LdsZ))] + (Rdsl + SLdSl)(RdSZ + SLdSZ)

(22)

This current is split between the two branches, and according to Kirchhoff’s current
law (KCL) and Kirchhoff’s voltage law (KVL), the current distribution between the two
branches is inversely proportional to the total impedance of the branches, which can be
expressed as (23).

Risp +sLasp
Ras1 + Ras +5(Las1 + Las2)
Rgs1 +5Las1
Ras1 + Rasz +5(Lgs1 + Las2)
The mismatch current in the absence of coupling inductance can be expressed by (23),
where the parasitic inductance size is roughly at the level of a few nH, while the filtering
inductance is in the order of tens to tens of pH and L > L. Therefore, a further simplified
representation of the mismatch current can be made.

idl = Isec
(23)

id2 = Isec
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Ai = igy —ig)
ARds + SALds ‘
Rdsl + RdsZ + S(Ldsl + LdsZ)
Vout (AR g5 + sALgs) (24)
SL[Rgs1 + Rasp + 8(Lgs1 + Las2)] + (Rast + SLas1) (Ras2 + sLas2)
Vout(ARds + SALdS) |
SL{Rdsl =+ RdsZ}

- |isec

~ |

From the above analysis, it can be seen that the current distribution between the two
MOSEFETs is independent of filter inductance, and only of the resistance and parasitic
inductance of the MOSFETs and the layout. The current mismatch is directly determined
by the MOSFETs resistance and the parasitic inductance mismatch. Referring to the flux
mutual coupling inductance model shown in Figure 5a, the voltage equations for the two
branches can be listed as (25) and (26), respectively.

Vz1 + Ve + Vi1 + Vviz = Vour (25)

Vzo + Visec + Vo + Vo1 = Vour (26)

where Vz; and Vz, represent the voltage drop across the MOSFET, which can be expressed
by Equation (27).
Vz1 = ig1 - (Rgs1 + sL
71 = i (Rast +sLgs1) @)
Vzo = igp - (Rasa + sLaso)

Vsee denotes the equivalent voltage source generated by the transformer coupling to
the secondary side, which is determined by the converter parameters and is a constant in
steady-state operation. V;; and V;, denote the voltage drops generated by the coupled
excitation inductance and leakage inductance, respectively, which can be expressed by the

Equation (28).
o dig
Vi Llﬁ 28)
digy
Vip = Lzﬁ

V12 denotes the voltage drop corresponding to the mutual inductance generated by
inductance L; over inductance L, and V)21 denotes the voltage drop corresponding to the
mutual inductance generated by inductance L; over inductance Ly, which can be expressed

by (29). y
i
Viz = My, —22
®
_ g, B
VM1 = My It

Since the coupled inductance is wound by the PCB, its consistency and symmetry
are extremely high, and the difference generated by the leakage inductance is negligible
compared with the excitation inductance and mutual inductance, so it can be assumed that
L1 = L2 = LandMu :M21 = M.

Substituting (28) and (29) into Equations (25) and (26) yields (30) and (31).

dig dig

VZl + Veec + LW + M? = Vout (30)
di di
VZZ + Vsec + Ld;? + Md;;l = Vout (31)
Subtract (30) from (31) using the formula (32).
di di
Va1 = Vza + (L= M)(—t — —2) =0 (32)

dt dt
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Then, Equation (32) can be reduced to (33).

digg. digg V71— Vg
dt dd M-L (33)

By defining Ai = ip; — ipp according to the difference subtraction relation, we can

denote (33) by (34).
dAi _ d(in —in) _ Vo =V
dt dt - M-L (34
Due to the intrinsic properties of the coupled inductance, M — L < 0. When iy; >

iz, Vz1 > Vzg, there are Ai > 0, % < 0, and the coupling inductance suppresses the

mismatch current with a suppression rate of |% |. When ij; < ip, Vz1 < Vzp with
Ai <0, ddAtl > 0, the coupled inductance will suppress the mismatch current, and the
suppression rate is still |M| When iz > igp, V71 < Vo with Ai > 0, % > 0, the
coupling inductance will increase the mismatch current to equalize the voltage drop of the
two branches at a rate of |%\ When iy < iy, Vz1 > Vzp with Ai < 0, dftl < 0, the
coupling inductance increases the mismatch current to equalize the voltage drops of the
two branches, and the rate of increase remains | M|

The difference between a flux cancellation coupled inductance and a flux mutual
coupled inductance is in the polarity of the mutual inductance. The two-branch voltage
relationships of flux cancellation coupled inductance are shown in (25) and (26), the voltage
drop and self-inductance voltage relationships are shown in (27) and (28), and the mutual
inductance voltage drop is different from that of flux mutual coupling, which can be

expressed as (35).
di
Vimiz = M2 d‘f
dldl (35)
Vior = Moy —~ It

The solution process is the same as the flux mutual approach, which will not be
repeated in this paper, and the obtained mismatch current transformation rate can be

expressed as (36)
dhi  d(ipn —ip) _ Vo —Vao

= = 36
dt dt —-(M+1L) (36)
In the flux cancellation, when iy > iz, Vz1 > Vzo, there are Ai > 0, dgﬁ’ < 0, and the

coupled inductance suppresses the mismatch currents with a suppression rate of \M |

When iy < i, Vz1 < Vzo with Ai <0, ddAt‘ > 0, the coupled inductance will suppress the

mismatch current, and the suppression rate is still |M\ When iy > igp, Vi1 < Vzo
with Ai > 0, ddAtl > 0, the coupling inductance will increase the mismatch current to equalize

the voltage drop of the two branches at a rate of |VZA147+‘£ZZ |. When iy < ijp, Vz1 > Vg, there

are Ai <0, dlﬁl < 0, the coupling inductance will increase the mismatch current to realize

the voltage drop of the two branches are equal, and the rate of increase is still |M|
To summarize the above, the coupled inductance scheme mismatch current to the
two-branch MOSFET on the voltage drop is equally as critical when the two-way MOSFET
current size and the voltage drop size trend are the same, which suppresses the mismatch
current; when the two-way MOSFET current size and the voltage drop size of the opposite,
the mismatch current is increased. The unbalanced voltage drop is suppressed, centered

around the two MOSFET voltage drops being equal, and the suppression speed is | =4} Yo vz VZZ |

in the flux mutual and |Z]\147+‘£Z2| in the flux cancellation.
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3. Coupled Inductance Magnetic Device Design

The parameters of the converter used are shown in Table 1. Since the conventional
transformer design is familiar to the electrical engineer, this paper only explains the coupled
inductance design process.

Table 1. The parameters of the converter.

Characters Value
Input voltage Vj, 100 V

Output voltage V, 12V

Output current I, 10A

Single branch current i;; g, 5A
Output voltage ripple Vi, 05V
Output capacitance C, 470 uF
Single branch filter inductance Lg;y;g, 22 uH

3.1. Magnetically Integrated Flux Analysis

The core’s magnetic flux is calculated in flux mutual and flux cancellation, and the
effect of the two cases on the magnetic flux is analyzed. According to the introduction of
magnetic device requirements, the parameters related to the converter core selected in this
chapter are shown in Figure 6. The lengths are shown in millimeters (mm).

' 38.1 >

Figure 6. The core of the coupled inductance.

Based on the core, the coupled inductance is designed. The current direction and equiv-
alent flux in the core are shown in Figure 7. The flux mutual forms the same direction in
the core, superimposed upon each other; the flux cancellation forms the opposite direction
of flux, and cancel each other. There is almost no energy stored in the flux cancellation.

According to the above flux analysis, it can be seen that the flux mutual needs the
core size to meet the energy storage, while the flux mutual and flux cancellation offset one
another, which results in the core size being smaller. The flux cancellation impact on the
flux distribution of the core is very small, and there is an opportunity to realize integration
with the main transformer.
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(@) (b)

Figure 7. The analysis of equivalent flux: (a) flux mutual; and (b) flux cancellation.

The flyback converter working process is the first half cycle core energy storage, and
the second half cycle of the core stored energy is released to the output. The coupled
inductance is only related to the second half cycle. The flux distribution state of the
magnetic core during the second half cycle is analyzed. The output current and flux
distributions of the two branches are shown in Figure 8. The flux-coupled filter inductance
of the converter is integrated into the transformer core to realize the double utilization of
the core.

Figure 8. The magnetic integration analysis: (a) flux mutual; and (b) flux cancellation.

As shown in Figure 8, the two secondary currents are donated by S1 and S2, so the
two filter currents are denoted by AUX1 and AUX2, respectively. The coils of the coupled
inductance surround the core, and the entire core and the peripheral air form a closed flux
loop with a low coupling coefficient. The two auxiliary coils generate the magnetic flux
on the core in flux mutual in the same direction while generating flux cancellation in the
opposite direction.

Since the two filter currents are equal in magnitude and arranged in the same way in
mutual cancellation, the flux generated by the two auxiliary coils can cancel each other out.
Based on this, the coupled coils do not affect the flux distribution, and the auxiliary coils
can be integrated into the main core. The integrated strategy reduces the filter core and
improves the power density of the converter.

3.2. The Simulation of the Magnetic Integration

To verify the analysis results, the integrated magnetic device is modeled in the
MAXWELL module of ANSYS software, and the coupling coefficients of the primary
winding, secondary winding and auxiliary winding are simulated and analyzed. The
model in MAXWELL is shown in Figure 9.

The winding and core relationship is schematically shown in the front view section in
Figure 10. To improve the coupling coefficient between the primary and secondary sides as
well as the consistency between the two windings of the secondary side, the secondaryl
and secondary? windings are arranged in symmetrical positions above and below the
primary winding. The two auxiliary windings are on top of the secondary winding. The
primary winding, the secondary1 and secondary2 windings as well as the auxiliary1l and
auxiliary? windings and the isolation medium FR4 are represented. The auxiliary and main
windings are discrete monolithic structures that realize the disassembly and assembly of
the magnetic integration.
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Figure 9. The integrated magnetic device model.

I Primary winding Isolation mediumFR4
I Secondary windingl BB Secondary winding2

I Auxiliary windingl I Auxiliary winding2
Figure 10. The front cutaway view of the integrated magnetic device model.

The winding width, thickness, and other related parameters are shown in Table 2.
Since the secondary and auxiliary winding currents are equal, the winding width is set as

equal. Based on the manufacturing cost and on-resistance relationship, a 2 ounce copper
thickness was selected, and its thickness is 70 um.

Table 2. The parameters of the transformer’s windings.

Winding Width Copper Thickness
Primary winding 2mm 70 um
Secondary winding1 4.2 mm 70 um
Secondary winding?2 4.2 mm 70 um
Auxiliary winding1 42 mm 70 pm
Auxiliary winding1 4.2 mm 70 pm

Based on the arrangement of the windings, the transformers without/with auxiliary
windings were simulated separately to form a comparison. The simulation flux distribu-
tions of the main transformer without/with auxiliary windings are shown in Figure 11.
Comparing the flux distributions between the transformer with and without auxiliary wind-
ings, the magnetic flux is essentially the same. The coupling coefficients are derived from
flux-related data for quantitative analysis. The coupling coefficients of the transformers
without/with auxiliary windings are listed in Tables 3 and 4, respectively.

Comparing the coupling coefficients without/with auxiliary windings, the coupling
coefficients between the primary and secondary windings increase from 0.991 to 0.992.
Since the changes in the coupling coefficients are small enough, the effect can be neglected.
The coupling coefficient between the two auxiliary windings is 0.150. From (36), the 0.150
coupling coefficient can work effectively in the flux cancellation application.



Electronics 2024, 13, 954 12 of 20

B [teslal

4, 8187E-01
. 4. 3368E-01
4.B477E-81
3,7586E-01
I1 4456E-01
1.1565€-a1
8.6738E-82
5.7826E-82
2.8914E-B2
1.9551E-88

3. 4895E-81
3.18036-01
2.89126-81
2,6021E-01
2.3139E-01
2.02396-01
1,73476-01

B [tes1al

4, 8187E-81
. 4. 3365E-01
4.O477E-BL
3,7586E-81
3.48356-01

3.1803E-B1
2.8912E-B1

2,6021E-81
2.3130E-01
2.0239E-B1
1,73476-81
1. 4456E-B1

1.1565€6-81
8,6738E-02
5.7826E-82
2.8914€-02
1.9551E-86

(b)

Figure 11. The simulation flux distributions of the main transformer without/with magnetic integra-

tion: (a) without magnetic integration; and (b) with magnetic integration.

Table 3. The simulation results of the coefficients of the transformer without the auxiliary windings.

Primary Secondaryl Secondary2
Primary 1 0.991 0.991
Secondaryl 0.991 1 0.984
Secondary?2 0.991 0.984 1

Table 4. The simulation results of the coefficients of the transformer with the auxiliary windings.

Primary Secondaryl Secondary2 Auxiliaryl Auxiliary2
Primary 1 0.992 0.992 0.030 0.027
Secondaryl 0.992 1 0.984 0.048 0.027
Secondary?2 0.992 0.984 1 0.031 0.024
Auxiliary1 0.030 0.048 0.031 1 0.150
Auxiliary?2 0.027 0.027 0.024 0.150 1

4. Experimental Results
4.1. Verification of the Magnetic Integrated Transformer

The magnetically integrated layout was designed, fabricated and tested according
to the magnetically integrated design scheme, in which the auxiliary and main windings
are discrete monolithic types. The physical photos of the main and auxiliary windings
and the integrated transformer are shown in Figure 12. The primary winding ports are
on its left side, whilst the two secondary side windings are distributed in the two ports
above and below the winding, respectively. The auxiliary windings have a total of six ports,
comprising the upper three ports which correspond to the secondaryl winding and the
lower three ports which correspond to the secondary2 winding.
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Figure 12. The experimental prototype of the integrated transformer: (a) the main windings; (b) the
auxiliary windings; and (c) the integrated transformer.

The coupling coefficients of the integrated transformer are measured to verify the
simulation results, and the test results are shown in Table 5.

Comparing the simulation and test coupling coefficients, the coupling coefficients of
the primary and secondary windings in the test results are higher than the simulation results
by about 0.006. According to the definition of the coupling coefficients, their influence on
the converter’s performance is very small and can be ignored. The test coupling coefficient
between the two auxiliary windings is higher than the simulation result. This is because
ANSYS uses the finite element simulation method, its simulation area is the air box that is
immediately adjacent to the auxiliary winding, and the magnetic circuit formed by the air
around the auxiliary winding is calculated. The simulation results of the transformer and
the test results match well with the key parameters.
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Table 5. The tested results of the coefficients of the transformer with the auxiliary windings.
Primary Secondaryl Secondary?2 Auxiliary1 Auxiliary2
Primary 1 0.998 0.998 0.027 0.025
Secondaryl 0.998 1 0.994 0.021 0.026
Secondary?2 0.998 0.994 1 0.025 0.022
Auxiliary1 0.027 0.021 0.025 1 0.210

Auxiliary?2 0.025 0.026 0.022 0.210 1

4.2. Verification of Suppression Strategy

The proposed suppression is verified using SiC diodes as rectifier devices. The primary
switch of the converter adopts the CPM309000065B SiC MOSFET from CREE. In general,
the diode mismatch is relatively small, the mismatch characteristics are difficult to test and
demonstrate. The more severe test conditions were constructed to verify the effectiveness
of this strategy. The rectifier diodes on the secondary side are selected as the ASD10120C
SiC diode from AnBon, and MUR1520 Si diode from Onsemi. The specific parameters are
shown in Table 6.

Table 6. The parameters of the diodes used.

Characteristics ASD10120C MUR1520
Repetitive Peak Reverse 1200V 200V
Voltage
Forward Voltage @ 10 A 16V 09V
Average Rectified Forward 29 A 15A

Current

A comparison group without auxiliary windings was constructed to verify the effec-
tiveness of the magnetic integration transformer, and the schematic of the experimental
prototypes and the prototypes themselves are shown in Figures 13 and 14, respectively.

EEE

(b)

Figure 13. The schematic of the experimental prototypes: (a) without magnetic integration; and (b)

with magnetic integration.
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(b)

Figure 14. The experimental prototypes: (a) without magnetic integration; and (b) with magnetic

integration.

The experimental principle prototypes use ASD10120C in the first branch and MUR1520
in the second branch to achieve the mismatch of the two branches. The test results in
different loads without/with magnetic integration are shown in Figure 15.

The three test lines indicate the diode voltage drop of the first branch, the diode
voltage drop of the second branch, and the difference in the voltage drop between the two
branches, respectively. Comparing the test results without/with magnetic integration in the
same load, the voltage difference between the two branches of the experimental prototype
with the magnetic integration is significantly smaller. Among them, the second branch test
waveform of the prototype without magnetic integration shows drastic voltage fluctuations
during the diode conduction process. The test results reflect that the two branches have
a large mismatch without magnetic integration and the second branch is unstable. There
is a mismatch in the voltages of the two branches of about 0.1 V on the experimental
prototype with the magnetic integration under all load conditions, which is the result of
the mismatch between the coupled inductance of the two branches. Due to the actual
manufacturing process, the main winding PCB has a notch in the lower part of the main
winding, which has a certain effect on the self-inductance of the secondary main winding,
and in the mismatch suppression process, there is a small voltage difference of 0.1 V on
the diode to match the mismatch of the secondary winding of the two branches. The
consistency of the voltage drop difference under different loads verifies the analysis. The
stable operation under different load cases verifies the stability of the magnetic integration
control method proposed in this paper. The converter has a stable mismatch rejection
capability under different load cases. This is consistent with the previous analysis that
the coupled inductance suppresses the voltage drop mismatch reduction direction of the
two branches.

According to the operation of the converter, the effect of the mismatch of the two
branches on the core bias is tested. After 5 min of steady-state operation with a 4 A load,
the thermal distribution of the core and its windings was stable and photographed. The
thermal distribution is shown in Figure 16.
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Figure 15. The voltage drop characteristics of the two branches: (a) 1 A load without magnetic
integration; (b) 1 A load with magnetic integration; (c) 4 A load without magnetic integration; (d) 4 A
load with magnetic integration; (e) 7 A load without magnetic integration; (f) 7 A load with magnetic
integration; (g) 10 A load without magnetic integration; (h) 10 A load with magnetic integration.

In the case of the 4 A load, the maximum temperature of the transformer without
core integration is 39.3 °C, the average temperature is 37.6 °C, the maximum temperature
of the transformer with magnetic integration is 35.8 °C, and the average temperature is
34.1 °C. The overall operating temperature of the transformer with magnetic integration
is significantly lower than that of the transformer without magnetic integration. The
temperature distribution diagram shows that the magnetic integration scheme has little
effect on the magnetic energy distribution of the core, and its suppression of current loss
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can effectively reduce the working temperature of the transformer, which has a good effect
on the thermal distribution and reliability of the converter.

(b)

Figure 16. The temperature distribution of the transformer: (a) without magnetic integration; and
(b) with magnetic integration.

According to the test waveform and the calculation results of the mismatch current, it
can be seen that the prototype of the magnetic integration principle can effectively suppress
the current mismatch caused by the mismatch. The efficiency test with/without magnetic
integration is carried out under different load conditions, and the efficiency test results are

shown in Figure 17.
94+
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Figure 17. The efficiency comparison.

When the load is 1 A, the efficiency of the converter with magnetic integration is
lower than that of the traditional converter, which is due to the new auxiliary winding
increasing the copper loss of the transformer. This part of the conduction loss accounts for a
large proportion in light load, which reduces the efficiency of the principle prototype with
magnetic integration. With the load increasing, the efficiency of the converter with magnetic
integration monotonically increases in the load range of 1-9 A, while the efficiency of the
traditional converter only increases in the range of 1-5 A. With the load increasing, the
current is distributed in the two branches, and the diode conduction and reverse recovery
loss is small, while the diode conduction loss of the traditional converter rapidly increases
due to the uneven current distribution. The efficiency of the converter without magnetic
integration decreases after the 5 A load because the diode conduction and reverse recovery
loss account for the loss dominance. As the load continues to increase, the efficiency of the
magnetic integration prototype reaches its maximum at 9 A, which is 93.68%. Through
the above efficiency analysis, it can be seen that the magnetic integrated control method
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can effectively improve the efficiency of the current offset converter, especially under the
condition of heavy load, as the efficiency of the converter is more obvious.

The efficiency improvement of this strategy was tested at different temperatures, and
the test results are shown in Figure 18. This strategy worked effectively in the range
from —25 °C to 75 °C. The enhancement effect is more obvious under heavy-load and
high-temperature conditions. This is because the on-state voltage drops of Si and SiC
diodes become opposites as the operating temperature increases. The on-state voltage of
the Si diode drops while the SiC diode rises as the operating temperature increases, which
leads to a more serious mismatch in the conventional method. The mismatch reduces the

efficiency of the conventional converter. The proposed strategy suppresses the mismatch,
and the efficiency improvement is more obvious.
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Figure 18. The efficiency improvements at different temperatures.

For long-term stability and effectiveness, the life test was performed. The principle
prototype operated continuously for 10 h with 10 A load at room temperature. The

efficiency variations are shown in Figure 19. The efficiency degradation is within 3%, which
is acceptable in commercial applications.
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Figure 19. The efficiency variations in long-term operating.
5. Conclusions

In high-frequency applications, the mismatch between devices and circuits can have
extremely harsh effects. To take full advantage of the high-frequency characteristics of
SiC power devices, suppressing the mismatch has become an urgent problem. Starting
from the current mismatch problem of parallel devices, this paper analyzes the working
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mechanism of the coupling inductance to suppress the mismatch and reveals that the
mismatch suppression of the coupling inductance on different branches is essentially the
essence of the suppression of the voltage mismatch of different branches. Furthermore, a
novel magnetic integration strategy is proposed to suppress the mismatch. The strategy
integrates the coupling inductance into the main core and balances the mismatch of the
two branches at the output end by suppressing the voltage difference. To verify the control
method, the design and manufacture of the experimental prototype were carried out, and
the effectiveness of the control method was verified in the whole load by constructing
severe mismatch conditions. The mismatch voltage of the two branches is controlled within
0.1 V. Compared with the comparison group, the proposed strategy suppresses the loss
caused by mismatch and improves the efficiency of the converter. The efficiency of the
magnetic integrated converter at full load is 92.94%, which is 6.52% higher than that of
the traditional converter, and the prototype of the magnetic integration principle has a
maximum efficiency of 93.68% at a load of 9 A. The technical advantages are analyzed
above, whilst the scalability and mass production are analyzed as follows. The principle
prototype produced in this paper is based on a commercial printed-circuit-board (PCB)
preparation process and mature commercial devices, so it is a perfect match for existing
technological fabrication processes. The magnetic integration strategy reduces an auxiliary
winding core, and uses separated windings to avoid increasing the number of layers of
PCB, which effectively controls the cost of the converter. Therefore, mass production is not
a problem in terms of manufacturing and cost.
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