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Quad-Active-Bridge Converter With Current
Balancing Coupled Inductor for SST Application

Nabeel Naseem

Abstract—In this article, a current balancing coupled induc-
tor (CBCL) based asymmetrically configured quad-active-bridge
(QAB) converter is proposed. The QAB converter provides high-
frequency isolation for a dc—dc stage of a solid state transformer
(SST), as well as provides a modular solution to the SST medium-
voltage (MV) dc link. The proposed CBCL ensures current bal-
ancing among/three active H-bridges without using any dedicated
controller and without expensive sensors when transferring equal
power from MV to low-voltage side. The proposed CBCL is the
integration of three inductors of the active H-bridges required for
power transfer and zero-voltage-switching and does not require
an extra magnetic volume. Experimental results are presented to
validate the performance.

Index Terms—CBCL, current balance, current balancing
coupled inductor (CBCL), imbalanced current, QAB converter,
quad-active-bridge (QAB), solid-state-transformer (SST).

NOMENCLATURE

7and j Subindex indicating to which active H-
bridge {A,B,C,D} the element be-
longs.

iri(t) Current of inductor connected to active
H-bridge .

Voi (1) Rectangular ac voltage of active H-
bridge i.

Vi’ (t) Reflected equivalent rectangular ac volt-
age of active H-bridge i.

Viei DC voltage connected to active H-
bridge i.

iy Phase angle of v,;(t) in radians.

©Pij Phase difference between the rectangu-
lar ac voltage of active H-bridges ¢ and j.

Py Power flow between active H-bridges i
and j.

fs Switching frequency.

Manuscript received August 13, 2020; revised November 13, 2020, January
19,2021, and March 18,2021; accepted April 13,2021. Date of publication April
29, 2021; date of current version July 30, 2021. This work was supported by the
National Research Foundation of Korea grant funded by the Korea government
(MSIT) (NRF-2021R1A2C2007879). This paper was presented in part at the
10th International Conference on Power Electronics and ECCE Asia, Busan,
South Korea, 2019. Recommended for publication by Associate Editor Z. Li.
(Corresponding author: Honnyong Cha.)

The authors are with the School of Energy Engineering, Kyungpook National
University, Daegu 702-701, South Korea (e-mail: nabeelnaseem @gmail.com;
chahonny @knu.ac kr).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2021.3076460.

Digital Object Identifier 10.1109/TPEL.2021.3076460

, Student Member, IEEE, and Honnyong Cha

vz (1)

ng

MV, MLV

n

L.

L;

1/}149 wB’ 'LZJC

Lgeita, Lseitn,
Lseitc

Lia, Lixp, Likc

Map, Mpc, Mca

kam, kpc, kca

‘RC3 T, ‘Rg

Y1, Y2, Y3
wnet

VA, VB, VC

. Senior Member, IEEE

Point of common coupling among the
four rectangular ac voltage sources.
Voltage of the point of common cou-
pling.

Number of turns associated with iso-
lated HF transformer winding connected
to active H-bridge 7.

Number of turns of isolated HF trans-
former winding connected to MV and
LV side active H-bridges, respectively.
Turns ratio of nyy and nyy.
Equivalent inductance.

ZVS or power transfer inductance con-
nected to active H-bridge 7.

Magnetic fluxes generated in three outer
legs of the proposed CBCL.
Self-inductances of the
CBCL.

Leakage inductances of the proposed
CBCL.

Mutual inductances between the wind-
ings of the proposed CBCL.

Coupling coefficients between the wind-
ings of the proposed CBCL.

Magnetic reluctances of the UU-shaped
ferrite cores along the magnetic path
length, perpendicular to magnetic path
length, and the air gap, respectively.
Window fluxes illustrated in the reluc-
tance model of the proposed CBCL.
Net generated flux in the proposed
CBCL due to unbalanced currents.
Voltage across the winding of the pro-
posed CBCL.

proposed

I. INTRODUCTION

ECAUSE of the increasing growth in the load, the pene-
tration of renewables, and deployment of the distributed

generation at the consumer end, smart grid has drawn the
attention of the researchers and industry as a viable solution
to the existing electrical system. The power electronics based
transformer or solid state transformer (SST) is one of the key
advancements in the distribution system. An SST increases
the reliability of the distribution system by providing multiple
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Fig. 1. (a) Conventional asymmetric configuration of a QAB converter using
separate uncoupled ZVS inductors. (b) Equivalent circuit diagram.

ports for the distributed energy resources and distributed energy
storage. The SST-based microgrid integrates the high-frequency
(HF) transformer, rectifier, dc—dc, and ac—dc converters in a
single module. The SST with HF isolation provides several
advantages such as fault isolation, dc output, voltage sag, outage
compensation, and harmonic isolation, and can supply stable and
clean power for dc distribution with high efficiency, reliability,
and maneuverability [1].

Different topologies have been proposed for SST dc—dc stage.
Two solutions have been investigated widely: 1) single converter
with high-voltage and high current rating devices, and 2) a mod-
ular solution, to share voltage and power among the constituent
modules using low-voltage (LV), low current rating devices
[2]. The quad-active-bridge (QAB) converter has received more
attention as a single converter module for a LV dc system, as
well as a modular solution to the SST HF isolated dc—dc stage
[3], [4]. Compared to a dual-active-bridge (DAB) converter,
the number of transformers is reduced to one-third. The QAB
converter has a single magnetic link which allows direct power
exchange among four active H-bridges connected to a single
four winding transformer [2]. An asymmetrical configuration
of the QAB converter has the best optimum tradeoff between
cost and efficiency [3], [4]. In this configuration, three active
H-bridges are connected to the medium-voltage (MV) side,
and one active H-bridge is connected to the LV side. Fig. 1
presented in [22] has shown the architecture of SST employing
the asymmetrically configured QAB converter as a solution for
the dc—dc stage [2]. In a standard operation scheme, the active
H-bridges of MV side process the same amount of power [6],
[7]. Transferring equal power between MV and LV side active
H-bridges so that all active H-bridges of MV side share equal
power is a challenging task. Because it needs a perfect match
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of circuit parameters between active H-bridges, including of
parasitic and leakage inductances of HF transformer connected
to MV side [5], [8]. It is observed that the MV side active
H-bridges of asymmetrically configured QAB converter does
not share equal power and causes unequal switch stresses and
unequal heat dissipation. The condition becomes worst when
the power increases to maximum ratings. There may be several
causes of the mismatch in circuit parameters, some of them in-
cludes mismatch in gate signal generation, unequal propagation
delay in gate drivers, mismatch in switch on resistance/voltages,
mismatch in zero-voltage-switching (ZVS) or leakage induc-
tances, uneven parasitic elements in HF transformer, unequal
dc voltages, and unequal phase-shift angles between simultane-
ous active H-bridges. Mass production of such converters for
SST applications in the future may have some tolerances and
mismatches in circuit parameters. Moreover, a perfect match of
circuit parameters is impractical.

An aforementioned problem caused by tolerances in circuit
parameters has been addressed extensively [9]-[13]. A dg-model
based control strategy has been proposed to balance the voltage
and power through parallel DAB modules of an SST [12]. The
QAB converter requires an additional control loop to equalize the
power of the MV side active H-bridges, thus the control effort for
implementation is higher [4], [13]. The closed-loop control that
controls the power flow as well as the current balancing needs
to sense individual currents for feedback control and requires
extra control circuitry and expensive sensors for individual
current balancing. The QAB converter-based SST structure has
multiple active H-bridges on MV side. Therefore, an increased
number of expensive sensors and individual current balancing
feedback controls make the system expensive, complicated, hard
to implement, and less attractive for practical use.

Different magnetic-based strategies have been reported in
[14]-[19]. Such methods require fewer components, are less
complex and have no stability issues compared to control strate-
gies. Other strategies [15], [17] are intended for two equal
current sharing. However, two or more such structures are
required for equal sharing of three QAB currents in addition
to existing magnetics. Dou et al. [17], Noah et al. [18], and
Zhang et al. [19] used customized magnetic cores that are not
commercially available which increases the cost. The existing
coupled magnetic structures for automatic current balancing do
not provide controlled paths for leakage fluxes through the core,
and actually provide leakages that are dependent on physical
orientation, the spacing of the windings, and parasitic, which
can only be changed or increased in a limited range [14]-[19].
Therefore, they need extra additional inductors for ZVS opera-
tion that increase the component count and magnetic volume of
a converter.

In order to ensure current balancing and generate sufficient
inductances without increasing the component count and mag-
netic volume, a reliable magnetic integration based solution
is presented for the QAB converter [20]-[22]. The main con-
tribution of this article is to balance the three currents effec-
tively by physically joining the three existing ZVS inductors
together without increasing the magnetic volume of a QAB
converter, changing the circuit inductances, using a dedicated
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controller, and expensive sensors. A new core structure for the
proposed current balancing coupled inductor (CBCL), based on
a commercially available U-shaped ferrite core is introduced to
distinguish the effect of magnetic coupling and decoupling. This
new magnetic structure makes the design simple and intuitive.

II. ASYMMETRICALLY CONFIGURED QAB CONVERTER

The conventional circuit shown in Fig. 1(a) is an asymmetric
configuration of a QAB converter. It consists of three active
H-bridges (A, B, and C') on MV side, one active H-bridge D on
LV side, an HF transformer with four isolated windings. Separate
inductors (L 4, L, Lo, and Lp) are connected to each active
H-bridge [2]. Power transfer and ZVS operation is achieved with
the help of these inductors [11]. With equal specific inductance
values, it is hard to integrate these inductors inside the main
HF transformer; this complicates the design [8]. The elements
of the active H-bridges have subindex i = {A, B,C, D} to
indicate the active H-bridge the element belongs to. Each active
H-bridge ¢ has a dc voltage Vj.; on dc side, inductor current
ir(t), rectangular ac voltage v,;(t) on ac side, at phase ¢; in
radians. The ac output of each active H-bridge is connected to
HF transformer isolated winding having a number of turns n;.

Bidirectional power is transferred between MV and LV sides
by creating a phase-shift between them. Active H-bridges of MV
side are required to share equal power transfer. Assuming that
all windings of HF transformer connected to MV side have an
equal number of turns nyy =n4 = np = ne , while LV side
has a number of turns npy = np . The ratio of nyy to nyy
is n. For the ease of understanding, the active H-bridges of MV
side can be replaced by equivalent rectangular ac voltage sources
VoA (t), vop(t), and v, (t). Similarly, active H-bridge D on the
LV side can be replaced by a reflected equivalent rectangular
ac voltage source v,p’(t) on MV side of the HF transformer.
The equivalent circuit diagram of the conventional asymmetrical
configuration of a QAB converter is shown in Fig. 1(b). The
central point x is the point of common coupling among the four
rectangular ac voltage sources. The voltage v, (t) is given as

VoA (t) + voB (t) + v,0 (t) + ’U:)D (t) .

v () = 1

ey

The power flow P;; between any two active H-bridges i
and j depends on the phase difference ¢;; between them, and
generally, expressed as

nVaciVacj |03
P = —detrde [ 2
J 2n fsLe Yij T )
Yij = Pi — @ 3)

where fs is switching frequency, i = {A, B,C,D}, j=
{A,B,C, D}, and L. is an equivalent inductance seen from
MYV side and can be equated as

L L L
Le:(A+ B+ Lo

3 > +n’Lp. 4)
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Fig. 2. (a) Proposed asymmetric configuration of a QAB converter using the
proposed CBCL instead of separate inductors. (b) Equivalent circuit diagram.

III. PROPOSED STRUCTURE FOR QAB CONVERTER

The inductors of the conventional structure (see Fig. 1) are
integrated to make a single proposed three-winding CBCL. The
proposed structure for an asymmetric configuration of a QAB
converter using the three-winding CBCL is presented in Fig. 2(a)
and its equivalent circuit in Fig. 2(b), respectively. This structure
has the proposed CBCL connected to three active H-bridges
on the MV side instead of independent separate inductors. No
extra magnetic volume is required for the proposed CBCL, and
the three independent inductors connected in the conventional
structure can be joined together to make a proposed CBCL.
This proposed three-winding magnetic integration method can
effectively balance the currents in an asymmetrically configured
QAB converter and can offer sufficient inductances as well,
which are required for power transfer and ZV'S operation in each
active H-bridge simultaneously. The equivalent inductance seen
from the MV side in (4) is now modified as

I (leA + Lixp + Lixc

3 ) +n%Lp (%)

where L4, Likp,and Ljc are the leakage inductances of the
proposed CBCL.

IV. PROPOSED THREE-WINDING CBCL

The key features of the proposed CBCL are as follows.

1) With significant mismatch in circuit parameters, it per-
fectly balances three individual currents; no separate cur-
rent balancing transformers are required.
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Fig. 3. Separate uncoupled inductor using two U-shaped ferrite cores em-
ployed in conventional asymmetric QAB converter. (a) Magnetic structure. (b)
Simplified reluctance model.

2) It offers three sufficiently large leakage inductances for
ZVS operation as compared to conventional coupled in-
ductors; no extra inductors are needed.

3) It gives the leakage inductances equivalent to the sepa-
rately designed inductors, so that the circuit inductance
does not change [see (14) and (28)].

4) It provides paths for leakage fluxes, which give the con-
trollable leakage inductances that can be varied directly by
an air gap as the inductance value of the separate inductors
can be controlled simply by the air gap.

5) It does not increase the magnetic volume of a converter
because existing ZVS inductors in a conventional QAB
converter are used to make the proposed CBCL. No extra
magnetics is added to the converter and no more expensive
sensors are needed.

6) It saves the cost of current balancing.

7) Designis simple and intuitive, and commercially available
magnetic ferrite cores can be used.

8) Anair gap in the central legs of the proposed CBCL makes
the structure mechanically stable compared to structures
that have an air gap in outer legs. Outer legs and windings
covering around the air gap produce less electromagnetic
interference emission.

These all are achieved by using the new magnetic core struc-

ture of the proposed CBCL, which makes it unique compared to
other conventional coupled inductors.

A. Magnetic Structure

A commercially available U-shaped ferrite core with an air
gap in one leg is chosen for this purpose. It is easily available
and made by some manufacturers like Ferroxcube (U46/40/28-
3C90) offers different air gaps in one leg on request. The
specifications of the magnetic core used in this article are listed
inthe Appendix. Fig. 3(a) shows the separate uncoupled inductor
using two commercially available U-shaped ferrite core with an
air gap in one leg. Three such separate uncoupled inductors are
joined to integrate the already existing magnetics and make the
proposed CBCL as drawn in Fig. 4(a). It has three outer legs and
three inner legs. The winding on each outer leg has the number of
turns (N4, Np, and N¢). The three outer legs provide strong
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Fig. 4. Proposed CBCL structure using six U-shaped ferrite cores. (a) Mag-
netic structure. (b) Derived simplified reluctance model.

magnetic coupling between the three windings to effectively
balance the three currents. The three inner legs with air gaps in
the central part of the proposed CBCL provide leakage flux paths
for the three windings to generate sufficient leakage inductances.
These leakage inductances are used for power transfer and ZVS
operation in the QAB converter. Therefore, no extra magnetic
volume is required for power transfer and ZVS inductors. The
proposed CBCL is used for both purposes.

This integration method results in a nonsymmetric magnetic
structure (T-structure) as seen from the top of the structure in
Fig. 4(a). The inductors A and C are joined at an angle of 180°
and the inductor B is placed perpendicular to inductor A and C
making an angle of 90°. The magnetic flux loops of inductors A
and C are similar to each other, whereas the magnetic flux loop
of inductor B is not similar to that of A and C. The magnetic
loop of inductor B has very small magnetic core reluctance r
in series, which makes this loop different from others. This
small core reluctance (such that » < R.) is equivalent to the
magnetic core reluctance in the direction perpendicular to the
magnetic path length of inductors A and C as shown in Fig. 4(b).
Although this integration method results in a nonsymmetric
magnetic structure, however, even the nonsymmetric magnetic
structure of the proposed CBCL does not affect the balancing
performance. The performance validation of the proposed CBCL
has been presented in Section V. The governing equations of the
proposed three-winding CBCL are summarized as follows:

di &
+Lseita —Map —Mac LA Na=32

di d
~Mpa +Lsasp —Mpe 4o | = | Npoz
—Mca —Mcp +Lsctc L N, Lftc

(6)

Map = Mpa = kap /LsataLsats @)
Mac =Mca =kca \/m ®)
Mpe = Mop = ke v/ LsarsLsatc 9)

Lixa = Lsaga — Map — Mac (10)
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an
12)

where 4, ¥p, and Yo are the generated magnetic fluxes,
Lseara, Lseit, and Lgesc are the self-inductances of the three
windings of the proposed CBCL, respectively, Map, Mac,
and Mpc are the mutual inductances; and kap, ko, and
ke 4 are the coupling coefficients between the windings of the
proposed CBCL. Negative signs with the mutual inductances
in (6) represent inverse coupling. To share equal current, the
following condition must be fulfilled:

Lip = Lseitp — Map — Mpc

Lixc = Lgeitc — Mpc — Mac

N4y=Np =N¢ = N. (13)

B. Reluctance Model

Considering R, be the magnetic reluctance of the air gap
and R, as the magnetic core reluctance of two commercially
available U-shaped ferrite cores with the assumption that each
side of a single U-shaped ferrite core has (1/6) R. corereluctance
as shown in Fig. 3(b). As the air gap reluctance is much greater
than the magnetic core reluctance so the inductance of the
conventional separate single inductor without considering the
fringing effect can be given as

_N? N4,

L =
ﬁg lg

(14)
where 1, is the magnetic permeability of free space, NV
is the number of turns, A. is the cross-sectional area of
the magnetic core, and [, is the length of the air gap. Joining
three such separate models, the simplified reluctance model of
the proposed CBCL can be derived as presented in Fig. 4(b).
The mesh equations for three window fluxes (11, 2, %3) can
be written as

Nipa %ch—i—%JRg FRe+ Ry %eRC_F%Qng
Nirp = %:Rc‘f'?ﬁg %eﬂc %e(Rg—f—?“ geﬂc—|—§ng
NiLC 9°(Rc+ 5‘(Rg %‘Rc—i_%fﬂg §eﬂc+ gf(Rg
(1
X | 2 (15)
3

where 7 is the magnetic core reluctance in the direction per-
pendicular to the magnetic path length of inductors A and C
as shown in Fig. 4(b). All three magnetic loops have a high
air gap reluctance R, in addition to low core reluctance R..
In any inversely coupled inductor, the working inductances are
the leakage inductances, which play a role in circuit operation
instead of the self-inductances. In the proposed CBCL, R,
is responsible for leakage inductance and its value is much
higher as compared to R. and 7 (such that Ry > R. > r).
The effect of r as compared to R, in the flux loop can be
definitely ignored (r ~ 0). Besides, the physical angles of the
outer core legs from the central axis of the proposed CBCL
do not affect the magnetic flux inside the core significantly. In
other words, the leakage inductances of the proposed CBCL
are much more sensitive to air gaps as compared to mismatches
due to nonsymmetric magnetic structure. Therefore, for ease of
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analysis, this nonsymmetric magnetic structure (T-structure) can
be approximated to a symmetric magnetic structure by assuming
the following equations:

Lseita = Lseitp = Lseitc = Lsert (16)
Mysp =Mac =Mpc = M a7
kap =kac =kpc = k (18)
Lixa = Likp = Lixe = L (19)

where Lger is the self-inductance of each winding of the pro-
posed CBCL, and M and k are the mutual inductance and mag-
netic coupling between the windings, respectively. The leakage
inductance Ly, and self-inductance can now be related as

Ly = Lseir (1 —2Fk). (20)

The window fluxes are the same fluxes generated by the three
windings. By solving (15), the window fluxes can be calculated
as givenin (21) to (23) at the bottom of the next page. Taking the
time derivative of window fluxes and multiplying by number of
turns, (24) is obtained and shown at the bottom of the next page.
Where (v4, vp, v¢) are the voltages across the windings of the
proposed CBCL. Comparing (6) with (24), the self and mutual
inductances of the proposed CBCL are found as

(4‘72(1 + Bﬂg) N2

Lgef = ——c o8/ 25

ST 3R (Re + Ry) (25
 (Re+3Ry) o

M_—mc(ﬁc+£g)1v. (26)

By substituting (25) and (26) in (10), the leakage inductance
of the proposed CBCL can be determined as

(4R, + 3Ry) (Re +3R;) s

Ly =———"r "8 N2 9~ ° "“8
KT BR (R + Ry) 6R: (Re + Ry)
1
=—— N2 27
TR @7)
As, Ry > R,
N2
Ly = —. 28
1k R, (28)

From (14) and (28), it is found that the leakage inductance
of the proposed CBCL is similar to the inductance of the con-
ventional separate uncoupled inductor. Thus, the conventional
inductors designed on said cores can easily be joined together
without bothering with the leakages and hence current balancing
performance is achieved.

C. Magnetic Coupling

A structure used to balance two currents has two isolated
windings (Fig. 8, [21]). The flux generated by one winding
interacts with that of another winding, so the maximum cou-
pling coefficient, in this case, is 100%. Whereas, a structure
used to balance three currents has three isolated windings as
shown in Fig. 4(a). The flux generated by each winding interacts
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with those of the other two windings; therefore, the maximum
coupling coefficient is 50%. However, this is the maximum
theoretical value and cannot be achievable in practical designs.
Leakage paths in the central part of the proposed CBCL make
the coupling coefficient less than 50%. These leakage fluxes are
required to generate leakage inductances in the proposed CBCL
for power transfer and ZVS operation in the QAB converter.
By substituting (25) and (26) in (7), the coupling coefficient
between the windings of the proposed CBCL is given as
Re + 3R,
k= SR, 1 6R, (1/8 < k< 1/2).

The coupling coefficient of the proposed CBCL is the function

of reluctance ratio.

(29)

D. Leakage Inductances of Proposed CBCL
vs Separate Inductors

The coupling coefficient determines the leakage inductance,
which is the working inductance in the circuit. For the proposed
CBCL, the leakage inductances of the proposed CBCL are equal
to those of the separately designed inductors as derived from the
reluctance model in Section IV-B. These leakage inductances are
the function of air gap reluctance and can be directly changed by
the air gap or number of turns. It has been shown in (14) and (28)
that the inductance values of the separately designed inductors
are identical to the leakage inductance values of the proposed
CBCL, so that the inductance value of the working inductances
in the circuit is not affected by joining them. Similarity in
(14) and (28) is independent of the coupling coefficient. This
is achieved by using the said magnetic core structure of the
proposed CBCL. From the design perspective, it is easy to
design separate inductors with the required leakage inductance
value, and joining them to make the proposed CBCL produces
the current balancing performance. Whatever, the coupling co-
efficient, the leakage inductances will be equal to those of the
separate inductors. Due to the physical joining of the separate
inductors, the total magnetic volume of the converter does not
increase.

E. Current Balancing Operation

The proposed three-winding CBCL balances three currents
of the QAB converter as well as generates sufficiently large
leakage inductances that can be used for ZVS operation for the
active H-bridges. The three separately designed inductors (see
Fig. 3) are connected physically to make the proposed CBCL as
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shown in Fig. 4. The current flowing in the winding generates
the flux (14, ¥p, ¥¢) in each leg. The black dots in Fig. 4
show the winding direction so that all positive currents entering
the winding generate flux in an upward direction on the outer
legs. Each flux can be divided into two parts, the balancing
fluxes (14, m> ¥B, m» ¥c, m) Which are responsible for current
balancing operation, and the leakage fluxes (Y4, »,¥B, o, ¥, &)
which are responsible to generate leakage inductances for ZVS
operation. The leakage part of the flux escapes from interactions
with the other fluxes and, therefore, does not play any role in
balancing operation. The balancing part (Y4, m, VB, m» ¥c, m)
of each generated flux interacts with the balancing part of the
other generated fluxes. That part of the flux is equally distributed
to the other two legs. The effect of half of each balancing flux is
cancelled by the half of the balancing flux generated in another
leg, so that all three balancing fluxes cancel the effects of each
other. As long as, the three inductor currents 7,4 (t), ir5(t),
and i;,c(t) of the active H-bridges A, B, and C are equal to
one another, the net magnetic flux ¥, in the core is zero.
Due to the mismatch in circuit parameters, an unbalance in
the three inductor currents produces a nonzero net magnetic
flux in the core. This net flux is responsible for balancing the
currents in the windings. Considering the case when two currents
become greater than the third one, a nonzero net magnetic
flux is generated in the core. According to Lenz’s law, this
magnetic flux generates the induced electromotive forces that
induce voltages across windings in a reverse direction causing to
decrease the increased currents and similarly causing to increase
the decreased current until all currents become equal and vice
versa.

The current balancing performance is dependent on how good
is the flux generated in one winding is interacted by the other two
windings that is the magnetic coupling between the windings.
The relations of the coupling coefficient of the proposed CBCL
with the winding currents can be derived from (6) as

ira= k(i +irc) (30)
ir = k(ira +irc) (€29)
irc = k(ipa+iLB). (32)

A higher value of the coupling coefficient means less deviation
between the currents, which gives a good current balancing
performance. As k approaches 0.5, the three winding currents
become equal (ipa=irp="1LC ).

P =Yy = [+ (&Rc + 6=(Rg) Nipa — (RC + 3{Rg) Nirp — (eRC -+ 3{Rg) N’iLc] - [GJRC (:‘RC + eﬂg)] 21
P = hp = [— (eRC + 3=ﬂg) Nipa+ (&RC + GeRg) Nirp — (:Reﬂc + 3(Rg) NiLc] - [Ge(RC (:Rc + eﬂg)] (22)
Py =YC = [— (JRC + 3:'Rg) Nipa — (eﬂc + Se(Rg) Nipp + (&(RC + 6e(Rg) NiLc] - [6«7?0 (zR(/ + :Rg)] (23)
(AR +3Re) (Re+3Ry) (Re+3Re) ,
N&a va s ztig V. —marran VeV dira
N&e | — |y _ | __(Re43Rg) N2 (ARc+3Rs) a2 _ _(Ret+3Rg) N2 dirp (24)
dlo | oo | | ISR o ainaRD e (mim e | | 4
dbe c+3Ry 3Ry ot e
N ve TR (Rt Re) N? — 6Re(RetRy) N? B3R (R T Re) N? dt
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Additionally, the added air gaps in the central legs of the
proposed CBCL provide the paths for three leakage magnetic
fluxes. Hence, no extra magnetic volume is required for power
transfer and ZVS inductors. The proposed CBCL is used for
both purposes.

F. Flux Distribution and Core Loss

In both current balanced and unbalanced conditions, the flux
in the conventional separate uncoupled inductors remains uni-
form throughout the magnetic path length of the magnetic core.
Whereas, in the proposed CBCL, the flux in the outer legs may
be different from the flux in the central legs depending on the
current mismatch amplitude. As mentioned previously, the flux
generated by each winding of the proposed CBCL (¢4, ¥p,
1) can be divided into two parts, the balancing fluxes (104, ,
VB, m>» Yc, m), which are responsible for current balancing
operation and the leakage fluxes (Y 4, +,vY'B, +,%c, +), Whichare
responsible to generate leakage inductances for ZVS operation.
The leakage part of the flux is escaped from interacting with
the other fluxes, therefore, does not play any role in balancing
operation. Equations (21) to (23) can be written as

wA = "/)A, m + 1/}A, o (33)
wB = wB., m wB, o (34)
Yo = Yo, m+vc, - (35

Because the air gap reluctance is larger than the magnetic core
reluctance (Rg > R.), the sum of the air gap and magnetic
core reluctance can be approximated to the air gap reluctance
(Rg + R = Ry). From (21) to (23), the flux components of
(33)—(35) can be defined using the said approximation as

YA, m = 61& (6ira —3iLe — 3inc) (36)
N . . .
VB, m = 6R. (=3ira +6irLp — 3iLc) 37
N . . .
Vo, m = 6R. (=3ira —3iLp + 6iLc) (38)
N . . .
VA, o = R, (8ira —irLB —irc) (39)
N . . .
VB, o = R, (—ira+8irp —iLc) (40)
N . . .
Ve, o = Ry (—ira —iLB + 8inc). (41)
When the currents are in balanced condition
(ipa=1trp =irc =ir) then Ya , = Yp o, =
Yo, m = 0, hence, no balancing flux is linked with the

windings. The fluxes linked in this case are only the leakage
fluxes as

Ya =vp =Yc = YA, . =
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Therefore, the total magnetic flux in the central part of the
core of the proposed CBCL becomes

= ;;l 3ir. (43)

When the currents are unbalanced, the balancing flux in each
outer leg of the proposed CBCL is not zero and is added to
the leakage flux algebraically depending on the magnitude of
the current mismatch. This results in unequal flux linkage in the
windings and has to be accounted for to prevent core saturation
in the outer legs of the proposed CBCL. These unequal fluxes
are dependent on the weighted differences of the unbalanced
currents and can be calculated from (33)—(41) as

wA+¢B+wC = ¢A,a+¢B,U+wC,U

ON'AC ™ . . .
ha = a i (6ira — 3ire — 3iLc)
6 le
1 . . .
+ T (8ira —iLB — ZLC)} (44)
g
ON'AC ™ . . .
Yp = a 5 H (=3ira+6irp — 3ipc)
1 . . .
+ (—ipa+8irp — lLC):| (45)
g
NA, ) . .
Yo = Ho 5 {/;r (—3ipa —3iLp + 6irc)
1 . . .
+ T (—ira —iLB + 8%0)} (46)
g

where p, is the magnetic permeability of free space, N is the
number of turns, A, is the cross-sectional area of the magnetic
core, I is the air gap, and [, is the magnetic path length of UU-
shaped ferrite core. However, while interacting with one another
due to strong magnetic coupling between the windings, the bal-
ancing fluxes are neutralized (Y4, m + VB, m + Yo, m = 0)
in the central part of the core as explained in Section IV-E. The
total magnetic flux now in the central part of the core of the
proposed CBCL is reduced to leakage flux and given as

wA+¢B+¢C = ¢A70+¢B,o+wc,a
N
~ R,

The leakage flux per limb of the proposed CBCL is propor-
tional to the average value of currents and is given as
N figa+ire+irc
Ry 3 '

In Fig. 5, the computer simulation of flux distribution in
the magnetic core with a mismatch in circuit parameters is
presented. When the inductors are uncoupled, Fig. 5(a) and (b)
shows the flux in the outer and central legs of the magnetic
core, respectively. Fig. 5(c) and (d) shows the flux in the outer
and central legs of the proposed CBCL, respectively, when the
inductors are coupled. Results from the computer simulation
show that flux remains uniform throughout the magnetic path
length of the magnetic core for separate uncoupled inductors
whereas, after joining the inductors the flux does not remain

(iLA+iLB+iLc). 47

Vo = (48)
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Fig. 5. Computer simulation of flux distribution in the magnetic core with

mismatch in the circuit parameters. (a) Flux in the outer legs of separate
uncoupled inductors. (b) Flux in the central legs of separate uncoupled inductors.
(c) Flux in the outer legs of the proposed CBCL. (d) Flux in the central legs of
the proposed CBCL.

uniform throughout the magnetic path length of the magnetic
core for the proposed CBCL. The flux in the central legs of the
proposed CBCL is reduced to leakage flux due to the cancellation
of the balancing flux. Therefore, the core loss in the central legs
of the proposed CBCL is also reduced as compared to the case
of uncoupled separate inductors.

The outer legs of the proposed CBCL produce the same core
loss as the outer legs in the uncoupled separate inductors case.
Hence, the proposed CBCL reduces the total core loss compared
to separate uncoupled inductors only when there is a mismatch
in currents. This reduction in the core loss of the proposed
CBCL compared to its uncoupled counterpart is conditional and
dependent on the rise in the current mismatch. However, for a
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Fig. 6. (a) Laboratory prototype of the separate uncoupled inductors L 4, L 5,
and L.. (b) Laboratory prototype of the proposed CBCL.

balanced current condition, the total core loss of the proposed
CBCL remains identical to its uncoupled counterpart.

G. Limitations

The proposed CBCL is the result of the magnetic integration
of existing ZVS inductors; therefore, it does not change the
magnetic volume of a converter. It provides strong magnetic cou-
pling between the windings to effectively balance the currents,
addressing a serious problem in the SST industry. It generates
sufficient leakage inductances as well. Unfortunately, it does not
reduce the size, power density, or cost of a converter. Compared
to uncoupled inductors, the core loss of the proposed CBCL is
reduced only when there is an increase in the current mismatch.
Unbalanced currents in the proposed CBCL result in nonuniform
core loss and flux distribution in the core, which may be a
concern for proper cooling. Winding with an increased number
of turns on each limb of the proposed CBCL may reduce the
clearance distance between the windings in the air. Considering
the minimum clearance distance for high-voltage applications,
the magnetic core of sufficient size should be selected to prevent
such shortcomings.

V. PROTOTYPE EXPERIMENTS

In order to validate the performance of the proposed CBCL
employed in an asymmetric configuration of a QAB converter, a
laboratory prototype for asymmetric configuration of QAB con-
verter along with conventional separate inductors is developed
and tested up to 1 kW at 20 kHz. These conventional sepa-
rate inductors are made using commercially available U-shaped
ferrite cores with an air gap in one leg as shown in Fig. 6(a).
The inductor design methodology is followed by the area prod-
uct approach for ac inductor design. The specifications of the
magnetic core used in this article are listed in the Appendix.
Later, the same inductors are joined physically to make the
proposed CBCL as shown in Fig. 6(b). To show the balancing
performance, T-structure for the proposed CBCL is considered
deliberately and purposefully to create mismatch in magnetics as
it can be constructed by easily available U-shaped ferrite cores.
Else, “Y” structure would be ideal for the proposed CBCL if
the magnetic cores to build a Y-structure were easily available.
The converter is tested again using the proposed CBCL and the
results are compared with and without the magnetic coupling.

Phase-shift modulation is implemented on a Texas Instru-
ments digital signal processor (DSP) (Delfino TMS320F28335)
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TABLE I
CIRCUIT PARAMETERS OF QAB CONVERTER USING CONVENTIONAL
SEPARATE INDUCTORS

Test Conditions Using Conventional Separate Inductors

Input Side Output Side
. [N 0°
Phase-shift 5
angles Pp 205 ¢p | 90
Pc 30°
L, 34.5 uH
Conventional Lg 34.7 uH
inductors L 35 uH Lp | 342pH
N 9 turns
HF trans- Ty 9 turns
former ng 9 turns ny | 9turns
ne 9 turns
. Viea | 100 V
DC side v, 100 V Vaep | 120V
voltages dcB dcD
Viee | 77V
[50V/div] e
VoD v
A, —_—
(s ———
ix_.__a———\‘ .
< Vou [SOV/div]
3 // Vo [SOV/div]
£l voc[50V/div]
S [
- [ —— —— e
:——_'— [ ————— ———
[10us/div]
Time (s)
Fig.7. Experimental voltage waveforms for the ac voltages of active H-bridges

of an asymmetrically configured QAB converter using conventional separate
inductors with significant mismatch in circuit parameters. v,, A(rms) =963V,

VoB(rms) — 98.1V, VoC(rms) = 75.1V, VoD (rms) = 119.5

to generate rectangular wave voltages on the ac side of the corre-
sponding active H-bridges. The MV side active H-bridges A, B,
and C' are configured to transfer equal power to the LV side active
H-bridge D such that, v,4(t), v,5(t), and v,c(t) are in-phase
and are in leading positions from v,p(¢). In addition to the
natural mismatch in circuit parameters, noticeable mismatches
are deliberately created in phases and in the dc side voltages of
the active H-bridges.

A. Conventional Structure

Table I shows the circuit parameters of the asymmetric
configuration of a QAB converter using conventional separate
inductors. The significant mismatches created in the circuit
parameters in addition to natural mismatches are highlighted
in Table I. Fig. 7 shows the experimental voltage waveforms for
the ac side voltages (vo4, VoB, Voc, Uop) Of active H-bridges
using conventional separate inductors and having a significant
mismatch in circuit parameters. The unbalance in three measured
currents i7,4(t),ir,5(t),and i;c(t) can be seen in Fig. 8, which
is due to the mismatch in phase as well as mismatch in voltage.
The maximum difference in root mean square (rms) values of
current is observed equal to 8.9 A.
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iz [104/div] ——
i [SA/div]
i [SA/div]
e [5A/div]

Curre/lt (A)

[10us/div]

Time (s)

Fig. 8. Experimental current waveforms for the conventional separated induc-
tors employed in an asymmetrically configured QAB converter with significant
mismatch in circuit parameters. iz, o(rms) = 11.06 A, i1 g(rms) = 6.57 A,
iLC(rms) = 213 A, i D(rms) = 17.54 A

TABLE II
CIRCUIT PARAMETERS OF QAB CONVERTER USING THE PROPOSED CBCL

Test Conditions Using the Proposed CBCL

Input Side Output Side
. Pa 0°
e o | o0
Pc 30°
Lseipa | 213.6 uH
Lgeirp | 231.8 pH
Lseipc | 197.6 uH
Liga 30 uH
Proposed Lygp | 27.6 pH
L, | 342uH
CBCL Lyc | 25.5uH
ks | 48.5%
kge | 45.0%
key | 369 %
N 9 turns
HF trans- T4 9 tuns
f ng 9 turns np 9 turns
ormer
ne 9 turns
. Viea | 100V
VDo(l:t;‘i‘; Vip | 100V Vi | 120V
8 Ve | 71V

B. Proposed Structure

Table II shows the circuit parameters used in the asymmetric
configuration of a QAB converter using the proposed three-
winding CBCL instead of conventional separate inductors. It
can be seen from the experimental results given in Fig. 9 that,
with the same significant mismatch in circuit parameters as ap-
plied for the conventional method, the proposed CBCL balances
three currents almost perfectly. The maximum difference in rms
values of current is reduced to 1.1 A. Hence, the geometrical
tolerances and asymmetries due to nonsymmetric structure of
the magnetic core, and nonidentical self and leakage inductances
of the proposed CBCL do not affect the balancing performance.
Experimental waveforms for ZVS operation in all 16 switches
are shown in Figs. 10 and 11.

C. Step-Input Response Using the Proposed CBCL

To validate the dynamic performance of the proposed CBCL,
a step-input response in an open-loop is captured in Fig. 12. The
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Fig. 9. Experimental current waveforms of the proposed CBCL in an asym-
metric configuration of QAB converter with significant mismatch in circuit
parameters. i1, A(rms) = 7-00 A, i1, B(rms) = 645 A, i1 (rms) = 590 A.
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Fig. 10.  Experimental waveforms of gate signals and voltage across the switch

using the proposed CBCL in an asymmetrically configured QAB converter show-
ing ZVS with significant mismatch in circuit parameters. (a) Active H-bridge
A. (b) Active H-bridge B.
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Fig. 11.  Experimental waveforms of gate signals and voltage across the switch

using the proposed CBCL in an asymmetrically configured QAB converter show-
ing ZVS with significant mismatch in circuit parameters. (a) Active H-bridge C.
(b) Active H-bridge D.

step in all input dc side voltages is applied simultaneously from
zero to 100 V. The magnified waveforms of current in Fig. 12(b)
show that during the transition with a significant mismatch in
circuit parameters, the proposed CBCL still balances the currents
perfectly.
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Fig. 12.  (a) Step-input response of the proposed CBCL in an asymmetrically

configured QAB converter with significant mismatch in circuit parameters. (b)
Magnified zoom waveforms during transition.
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Fig. 13.  Block diagram of control strategy to observe the step-load response
of asymmetrically configured QAB converter using the proposed CBCL with
significant mismatch in circuit parameters.

D. Step-Load Response Using the Proposed CBCL

The output of the QAB converter behaves like a current source
and is a function of phase difference. To apply a step-load
change at the output and to observe the behavior of the proposed
CBCL, the output voltage needs to be controlled in a closed-
loop. For this purpose, the control strategy shown in Fig. 13 is
implemented using DSP. The behavior of the proposed CBCL
with a significant mismatch in circuit parameters is observed by
applying the step-load change from 6 to 12 A at a reference of
60 V as presented in Figs. 14 and 15. Fig. 14 shows the normal
and magnified current (74, i15, ir.c) Waveforms before and
after applying step-load. Whereas, Fig. 15 shows the normal and
magnified voltage (v, 4, Vo5, Vop) Waveforms at before and after
applying step-load. The magnified waveforms of current before
and after applying step-load reveal that the current balancing
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Fig. 14.  Step-load response using the proposed CBCL in an asymmetrically

configured QAB converter with significant mismatch in circuit parameters. Mag-
nified current waveforms (a) before applying step-load and (b) after applying

step-load.
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Fig. 15.  Step-load response using the proposed CBCL in an asymmetrically
configured QAB converter with significant mismatch in circuit parameters. Mag-
nified voltage waveforms (a) before applying step-load and (b) after applying
step-load. (c) Step-input response using the proposed CBCL.

performance of the proposed CBCL is not affected by step-load.
It automatically balances the three currents effectively without
any dedicated balancing controller.

VI. CONCLUSION

In this article, a CBCL-based asymmetric configuration of
a QAB converter is proposed. When transferring equal power
from MV to LV side with very significant mismatches, the
proposed CBCL effectively balances the current among three
active H-bridges without a dedicated controller and expensive
sensors, and it offers sufficient inductances for ZVS operation
as well. Furthermore, the proposed CBCL does not increase
the overall magnetic volume of a converter because it is made
by using the magnetics of the already present inductors re-
quired for power transfer and ZVS operation in a converter. The
magnetic structure makes the design simple and intuitive. The
performance of the proposed CBCL has been verified through
experimental work.

APPENDIX

The specifications of the U-shaped ferrite core with an air gap
in one leg used in this article are as follows:
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Manufacturer TODA-ISU
Material Ferrite FM4
Core cross-sectional area 334 mm?
Magnetic path length (UU-shaped) 160 mm
Inductance factor (UU-shaped) 5.1 uH

Air gap in one leg (U-shaped) 1 mm

Total air gap (UU-shaped) 2 mm
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