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A Multistructure Multimode Three-Phase
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Abstract—A three-phase dual-active-bridge (3p-DAB) converter
is an attractive topology for bidirectional power conversion in
high-power applications. However, conduction and switching losses
are two main loss mechanisms that severely affect its efficiency
performance, and adoption of any single modulation scheme or
topology cannot minimize these losses over a wide operating range.
For this purpose, a reconfigurable topology of the 3p-DAB con-
verter is proposed in this article that utilizes a reconfigurable and
tunable resonant network to offer multiple degrees of freedom in
minimizing conduction and switching losses over a wide range
of operating conditions. The converter is designed such that for
40-100% of the rated output power, it operates as a tunable 3p-DAB
resonant immittance converter with its output power controlled by
varying switching frequency and tuning the resonant frequency of
a resonant immittance network to track the switching frequency.
Below 40 % of the rated output power, the converter transforms to
a tunable 3p-DAB series-resonant converter with its output power
controlled by varying the impedance of a series-resonant network
while keeping the switching frequency and phase shift constant. The
combination of both operation modes jointly leads to wide-range
zero circulating current and soft switching of all the switches and,
hence, a wide-range high-efficiency performance, as validated by
the experimental results.

Index Terms—DC-DC power conversion, immittance converters
(ICs), resonant power conversion, series-resonant network, unity
power factor (UPF), zero-voltage switching (ZVS).

NOMENCLATURE
3p-DAB  Three-phase dual active bridge.
ZVS Zero-voltage switching.
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Single phase shift.

Degree of freedom.

Root mean square.

Dual-active-bridge resonant immittance converter.
Dual-active-bridge series-resonant converter.
Reconfigurable and tunable resonant network.
Tunable resonant immittance network.

Tunable series-resonant network.
Switch-controlled capacitor.

Dynamic frequency matching.

Duty cycle of switches in the primary bridge.
Duty cycle of switches in the secondary bridge.
Phase shift between primary-bridge and secondary-
bridge ac voltages.

Control angle of the SCC.

Phase angle of port currents.

Switching frequency.

Maximum switching frequency.

Minimum switching frequency.

Capacitive impedance comprising L; and C}.
Inductive impedance comprising Lo and Cs.
Angular series resonance frequency of L; and Cf.
Angular series resonance frequency of Lo and Cs.
Angular switching frequency.

Angular resonance frequency of X o and Xg.
Maximum angular resonance frequency of X o and
XgB.

Minimum angular resonance frequency of X o and
XgB.

Switches Sn1, Sn2, and Sys in branch X 5 used for
transformation of network.

Switches St1a, SToa,and Stsa inbranch X g used
for tuning Coy.

Switches ST1B, ST2B, and Stsp in branch X g used
for tuning Coy, .

Complimentary switches in the primary-bridge
where j = A, B, and C is used for phase designation.
Complimentary switches in the secondary-bridge
where j = A, B, and C is used for phase designation.
Tunable capacitors comprising base capacitors Cs
and switches S, and StT.p .

Maximum output power of 3p-DABRIC.
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DC input voltage of the converter.
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1. INTRODUCTION

3p-DAB converter has been widely researched over the

past few decades due to its superiority over other bidi-
rectional power converter topologies in terms of modularity,
lower component stress, higher power density, smaller input
and output current ripple, smaller size of filter elements, galvanic
isolation, and inherent soft-switching operation [1] . Due to these
advantages, the 3p-DAB converter has been successfully applied
in many emerging high-power applications such as solid-state
transformers, vehicle-to-grid operation, uninterruptible power
supplies, and dc microgrids.

The conventional 3p-DAB converter comprises two three-
phase half-bridges interfaced by a three-phase high-frequency
isolation transformer. The simplest modulation scheme for the
3p-DAB converter is the SPS modulation, where two phase-
shifted high-frequency ac voltages are applied across trans-
former’s leakage inductances for power flow control. The power
flows from the leading to lagging ac voltage, with the phase shift
being used as a control variable to control the output power.
However, SPS modulation suffers from the drawbacks of high
circulating current and narrow ZVS range, which is sensitive to
input-to-output voltage ratio and load conditions. This makes
it extremely challenging to maintain a high-efficiency opera-
tion of an SPS-controlled 3p-DAB converter for applications
where the input-to-output voltage ratio is prone to wide-range
variations.

To overcome the drawbacks of SPS modulation, various mod-
ulation schemes have been proposed for the 3p-DAB converter
that make use of additional DoFs for more efficient power
flow control at the expense of increased control complexity.
The control variables available for modulating the 3p-DAB
converter are the duty cycles (D, Ds) of the complimentary
switches in the primary and secondary bridges, phase shift (0)
between the primary-bridge and secondary-bridge ac voltages,
and the switching frequency (fs). Simultaneous control of two
control variables gives rise to a two-DoF modulation scheme for
the 3p-DAB converter. The most popular two-DoF modulation
scheme reported for the 3p-DAB converter is the duty-cycle
plus phase-shift modulation, where the complimentary switches
in both active bridges are modulated simultaneously with the
same duty cycle (i.e., D, = Ds = D) in conjunction with the
modulation of phase shift 6 [2]-[5]. The advantages of this
modulation scheme stem from its ability to generate and control
the pulsewidth of the zero-voltage levels in the phase voltages
(for the duty cycle range 0<D<1/3) that can help minimize
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reactive power flow due to the zero-voltage levels and improve
light-load efficiency. However, with reduced load (i.e., smaller
values of D), the inductor current and energy flowing through
the converter becomes increasingly discontinuous. Moreover,
difficulty in the selection of optimal values of multiple control
variables (D, 6) and high circulating current under heavy-load
conditions are some of the drawbacks of this modulation scheme.
Another two-DoF modulation scheme that utilized phase shift
(0) and switching frequency (f;) as control variables to achieve
a narrow frequency range for output power modulation and
simplify closed-loop implementation was reported in [6] and [7].
However, the optimal efficiency performance of this modulation
scheme remains highly sensitive to the input-to-output voltage
ratio. To further enhance control flexibility, three-DoF modula-
tion schemes that utilized three control variables D,,, Dy, and
6, where D, # Ds, simultaneously for power flow control were
proposed in [8] and [9]. These three-DoF modulation schemes
were reported to achieve better performances in terms of reduced
conduction loss and extended ZVS range [10]; however, they
produce asymmetrical voltage waveforms that lead to increased
reactive current flow. In addition, the extensive computational
efforts involved in the optimization of three control variables
Dy, D, and 0 for different input-to-output voltage ratios render
their implementation challenging.

In conjunction with the design of modulation schemes, an-
other approach that has been widely researched for enhancing
the efficiency of the 3p-DAB converter is based on topological
variations. In this context, multilevel 3p-DAB converters have
been widely investigated that offer the advantages of symmetri-
cal voltage waveforms containing more voltage levels that help
reduce reactive current flow as well as lower device stresses.
For example, a T-type three-level 3p-DAB converter that was
capable of producing a three-level (+Vpc/2, 0, —Vpc/2) sym-
metrical voltage waveform was proposed in [11]-[13]. The
ability to control the duration of the zero-voltage state with
this topology favors the minimization of reactive power flow
and extension of ZVS range as compared to two-level (+Vpc/2,
—Vbc/2) operation of the 3p-DAB converter. However, the issue
of circulating current remains unsolved as the phase current con-
tinues to circulate in the converter during the zero-voltage state.
For reducing the circulating current, a w-type four-level 3p-DAB
converter was proposed in [14]. This topology was capable of
producing a four-level (+Vpc/2, +Vpc/6, —Vpc/2, —Vpc/6)
symmetrical voltage waveform leading to a more flexible output
power control and wide-range zero circulating current. However,
increased complexity and higher component count are some of
the disadvantages of this topology. Another modified topology of
the 3p-DAB converter was proposed in [ 15]-[17] that comprises
three parallel 120° phase-shifted H-bridges at the primary side.
This topology offers the freedom to utilize the internal phase
shift between the two legs of the same H-bridge to generate
a three-level (+Vpc, 0, —Vpc) symmetrical ac voltage with
adjustable duty ratio. This topology was also proposed to limit
reactive power flow and reduce conduction loss; however, it
still failed to achieve wide-range ZVS operation. The concept
of a modified auxiliary-resonant commutated pole was applied
to the 3p-DAB converter in [18] to achieve wide-range ZVS
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operation; however, conduction loss cannot be minimized using
this approach.

In addition to different modulation schemes and multilevel
topologies, resonant variants of the 3p-DAB converter have
also been investigated extensively with the objective to enhance
its efficiency performance. The insertion of different resonant
networks to the high-frequency ac link of the 3p-DAB converter
offers another DoF in achieving additional desirable charac-
teristics such as dc-bias blocking capability, lower rms phase
current, extended ZVS range, and unity-power-factor (UPF) op-
eration [19]-[26]. For example, the series capacitor in a 3p-DAB
series-resonant converter (3p-DABSRC) helps remove the dc
bias in the phase current [27], [28]. Moreover, the sinusoidal
current in the 3p-DABSRC gives rise to lower rms value as com-
pared to the piecewise linear current in a nonresonant 3p-DAB
converter, thus leading to a lower conduction loss. However,
the conduction loss and ZVS operation of the 3p-DABSRC are
still sensitive to the input-to-output voltage ratio. To achieve
ZV'S operation independent of the input-to-output voltage ratio,
a 3p-DAB resonant immittance converter (3p-DABRIC) was
proposed in [21], which enables a precise control of the phase
current phasor and, thus, leads to full-range ZVS operation
independently of the input-to-output voltage ratio. However, it
suffers from severe circulating current under light-load condi-
tions leading to poor light-load efficiency. A second mode of
operation was proposed for the 3p-DABRIC in [21] to achieve
an in-phase relationship between the voltages and currents at all
ports of the immittance network, which leads to the elimination
of reactive power and minimum conduction loss. However, 33%
of the switches undergo hard switching in this mode of operation.

From the extensive literature review conducted, it can be
concluded thatitis very challenging, if not impossible, to achieve
full-range ZVS operation and wide-range zero circulating cur-
rent simultaneously with any one modulation scheme or topol-
ogy of the 3p-DAB converter. This has motivated us to propose
the idea of a reconfigurable topology and a modulation scheme
that can dynamically adapt to varying operating conditions while
ensuring that conduction and switching losses are minimized
simultaneously over the whole operating range. To meet this
objective, a reconfigurable topology of the 3p-DAB converter
is proposed in this article that utilizes an RTRN for achieving a
multiple DoF control of the 3p-DAB converter with the objective
of maximizing its efficiency under widely varying operating con-
ditions. The converter is designed such that from 40% to 100% of
the rated output power, it operates as a tunable 3p-DABRIC with
its output power controlled by varying the switching frequency
and tuning the resonant frequency of the immittance network by
means of an SCC. This gives rise to a UPF operation that elimi-
nates all circulating current and reactive power flow. Moreover,
all switches undergo ZVS independently of the input-to-output
voltage ratio under this operation mode. This allows boosting the
efficiency performance for medium-to-high output power levels.
Below 40% of the rated output power, the converter transforms
to a tunable 3p-DABSRC with its output power controlled by
varying the impedance of a series-resonant network using SCC
while keeping the switching frequency and phase shift at the op-
timal values as determined by the input-to-output voltage ratio.
This operation mode ensures minimum-tank-current operation
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Capacitive Inductive

Fig. 1. Proposed RTRN.

that minimizes conduction loss, and full-range ZVS operation is
achieved for all switches leading to enhanced efficiency perfor-
mance for low-to-medium output power levels. The combination
of both operation modes, therefore, leads to a wide-range high-
efficiency performance of the proposed converter by minimizing
both switching and conduction losses simultaneously.

The rest of this article is organized as follows. Section II
introduces the proposed three-phase reconfigurable and tunable
resonant network (3p-RTRN). The proposed 3p-DAB topology
is discussed in Section III. The modeling and analysis of the two
operating modes of the proposed 3p-DAB topology, namely,
3p-DABRIC and 3p-DABSRC, are discussed in Sections IV
and V, respectively. The prototype design and experimental re-
sults are discussed in Section VI. Finally, Section VII concludes
this article.

II. PROPOSED 3P-RTRN

The proposed 3p-RTRN is a delta-connected network con-
sisting of two types of impedances labeled as X 5 and Xpg, as
shown in Fig. 1. X A consists of switch Sy, inductor Lq, and
capacitor (', whereas Xg consists of inductor Lo, capacitor Cs,
and switches St,a and St,g (Where = 1, 2, and 3). X4 is
constrained to operate below the series resonance frequency w,
of L; and (1, i.e., w, > wg, to constitute an overall capacitive
impedance. On the contrary, X g is constrained to operate above
the series resonance frequency wy, of Lo and Cs, i.e., wp < wg,
to constitute an overall inductive impedance. The switches Sn.
in X 5 are used to connect or isolate the capacitive impedance
X from the network, thus enabling the transformation of the
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network into different configurations. It should be noted that
X can be fully isolated using only a two-quadrant switch as
the body diode of Sy is kept in a reverse biased stated by the
voltage across C; when Sy, are turned OFF.

The switches St,.4 and St,p in Xg are used to electronically
control the capacitance of C', thus enabling the control of the
series impedance and tuning of the resonance frequency wy, of Ly
and (5. Regarding the labeling of the network terminals shown
in Fig. 1, the following conventions are adopted: terminals 1-3
represent the input ports of the network, whereas terminals
4-6 represent the output ports of the network. Furthermore,
subscripts 15 (where j = A, B, and C) are used to denote the
parameters (e.g., line currents) at the input ports of the network,
whereas subscripts 25 (where 7 = A, B, and C) are used to
denote the parameters (e.g., line currents) at the output ports of
the network.

Depending upon the state of switches Sy, STza, and
STz, the 3p-RTRN can transform between three different net-
work configurations. The configuration of Fig. 2(a) is obtained
when Sy, are turned ON. This action connects the capacitive
impedance X s to the network and thus transforms the net-
work to a three-phase tunable resonant immittance network
(3p-TRIN). To simplify the drawing, S, are not shown in
Fig. 2(a), whereas St;a, St.B, and Cs are represented by a
tunable capacitor C;. The configuration of Fig. 2(b) is obtained
when Sy, are turned OFF. This action isolates X o from the
network and thus transforms the network to a three-phase tunable
series-resonant network (3p-TSRN). The third configuration
shown in Fig. 2(c) is obtained by turning Sy, OFF and turning
STzalSTzB ON. This action isolates X o from the network and
bypasses C in Xg. In doing so, the network transforms to a
conventional three-phase series inductor network.

The reconfigurability of the proposed network highlights the
flexibility that it offers to the power control of the 3p-DAB
converter. Since the 3p-TRIN and the 3p-TSRN offer the de-
sirable characteristics of dc-bias blocking capability, lower rms
phase current, full-range ZVS, and UPF operation, the scope of
the present work is confined to the tunable resonant networks.
The subsequent sections will discuss in detail the application
of the 3p-TRIN and the 3p-TSRN in the 3p-DAB converter for
improving its efficiency performance.

III. PROPOSED 3p-DAB CONVERTER WITH 3p-RTRN

The schematic diagram of the proposed converter is shown
in Fig. 3. The proposed converter comprises two three-phase
half-bridges interfaced by three Y—Y -connected high-frequency
isolation transformers and the 3p-RTRN. The complimentary
switch pairs S;1/S;2 and Q;1/Qj2 (where j = A, B, and C) in
the primary and secondary bridges are operated with a fixed duty
cycle of 0.5 and variable switching frequency fs min < fs
< fs, max- Moreover, the complimentary switch pairs in the
adjacent phase legs of primary and secondary bridges are phase-
shifted by 120° (e.g., S41/5 42 and Sp1/Sp2 have a phase shift
of 120°). In addition, there exists an external phase shift 6
between the complimentary switch pairs of the correspond-
ing phase legs in the primary and secondary bridges (e.g.,
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L

(©

Fig.2. (a) Three-phase TRIN. (b) Three-phase TSRN. (c) Three-phase series
inductors.

Sa1/S42 and Qa1/Qa> are phase-shifted by ). In this way,
the primary bridge generates three two-level (+Vi,/2, —Vi,/2)
high-frequency square-wave ac voltages v/ ;(t) (where j = A,
B, and C) having a fixed 120° phase shift between the adjacent
phase voltages. Similarly, a second set of three-phase two-level
(+Vo/2, —V,/2) square-wave ac voltages vq,;(t) (where j = A,
B, and C) is generated by the secondary bridge. Moreover, v/ ; ()
and vo (t) are phase-shifted by 6 with 6 defined as positive when
v} ;(t) leads va;(t).
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Fig. 3. Proposed 3p-DAB converter with the 3p-RTRN.

For ease of analysis, the primary-side voltages v} ;(t) and
currents 77, (t) are reflected to the secondary side (i.e., v1;(t)
and i1(t)) to obtain an equivalent circuit without transformers.
The three-phase square-wave ac voltages v1;(¢) and vo;(t) are
subsequently represented by their Fourier series expansions as

2Vin o~ 1. N
v1(t) = — Z 7 sin <kwst + f(j)?:r) ()
k=1,3,...
2V, = 1 . 2
vg;(t) = — Z 7 sin <k3wst — kO + f(j);) ()

where f(j) = (0,41, —1) when j = (A, B, C), ws = 27 f5, and

_ Ny 4 3
n= g~ is the transformer’s turns ratio.

It is assumed that higher order voltage and current harmonics
are attenuated by the resonant network. By applying fundamen-
tal component analysis, the fundamental components of vy (t)
and v9;(t) can be represented in phasor form as Vy; and V;,

respectively. Hence, V; and Vo, can be written as

Vi =V,£ (O + f(])?)

=2 £ 0+ 1005 ) ®
Vo = Vo4 — (9 + f(j)2;r>
=2l (0456)7). @

Depending upon the state of switches Sy, in the 3p-RTRN,
the proposed converter can transform between a tunable 3p-
DABRIC and a tunable 3p-DABSRC. The detailed discussions
on the modeling and analysis for each of the two network
configurations are presented in the following sections.

Snx Turned-oN (3p-DABRIC)

V1A®1 Lia I2;A 4 @VZA

U e
V7 e
VlB( >2 Iig % Ip 5( >V23
- <
VY o
Z
A% I ] Fs I \Y%
IC( :)3 LC Cl L] é‘ﬂZt L2 Z,C 6< :) =S
Xa Xg
(Capactive) (Inductive)

Fig. 4. Equivalent circuit of the proposed converter with the 3p-TRIN.

IV. MODELING AND ANALYSIS OF TUNABLE 3p-DABRIC

A. Power Flow Analysis

Considering the case when the switches Sy, inbranch X 4 are
turned ON, the impedances X o enter into the resonant network
and the converter transforms to a tunable 3p-DABRIC that can
be represented by the equivalent circuit, as shown in Fig. 4. The
magnitudes of the impedances X s and Xp are given by (5),
whereas the angular series resonance frequencies w, and wy, of
Xa and Xp are given by (6)

1
Xal= Xp = ol — l
\ A| A Ws i WSCI
Xp| = Xp = |w.L ! (5)
B| — B = |Wsl2 wngt
1
Wy =
VL. Ch
1
Wh = ———. 6)
\/LQCQt
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Recall that X o is constrained to operate below w, (i.e.,
W, > Ws) to constitute an overall capacitive impedance to the
network. On the contrary, Xp is constrained to operate above
wp (i.e., wy, < ws) to constitute an overall inductive impedance
to the network. There exists a specific frequency at which the
impedances X o and Xpg are equal in magnitude and opposite
in phase such that they resonate with each other. The resonance
frequency at which XA = —Xp can be found by solving | X4 |
= |Xg|, and the resulting expression is given by

(C1 + Ca)

_ 7
C1Co (L1 + Lo) @

Wy =

When operated at w, (i.e., wy = ws), the resonant network
exhibits immittance characteristics, and the line currents I;; at
the input ports become linearly dependent on the phase voltages
V3, at the output ports. Similarly, the line currents Io; at the
output ports become linearly dependent on the phase voltages
V1, at the input ports. In other words, source transformation
occurs at w, = ws and the voltage sources V; at the input ports
are transformed into current sources I; at the output ports. Un-
der immittance conditions |X | = |Xp| = X, the expressions
for the line currents Iy; and Io; at input and output ports can
be found by applying nodal analysis at different nodes of the
resonant network, and the results are given by (8) and (9). The
detailed derivation of these expressions and a detailed analysis of
the effects of component tolerances on the immittance network’s
characteristics has been presented previously in [21] and will not
be repeated here due to space constraint

Ly =1;Z~— (9 + f(j)i?)

_ VoY, 27
— s (04107 ®

Iy =1/ (O + f(])?)

V6Vi, 2T
=20 (o4 £ 9
s (+f(])3) ©)
here X = L ! = L !
where —wrl—wrcl‘—wrg—wrczt.

By inspecting (3), (4), (8), and (9), it can be seen that there
exists a phase difference equal to the phase shift § between V1
and I, ; and between Vy; and I;. By setting ¢ = 0, an in-phase
relationship (i.e., UPF operation) can be achieved between V
and I ; and between V; and I; at all ports of the immittance
network, as depicted in the phasor diagrams of Fig. 5.

Considering the converter as being lossless, the expression
for the converter’s output power P, can be derived by finding
the output power expression for a single phase (e.g., phase A)
and multiplying the resulting expression by three, as given by

P0:3X§R[V1AITA]:3X§R[V2AI§A]

YA
T onr2X

0s(0). (10)
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Fig. 5. (a) Phasor relationship between V1; and I;; and between Vo, and
I, for 6 = 0. (b) Phasor relationship between V1 ; and I; and between Vy;
and IQJ' for 6 7& 0.

Sa1 | Sas Sp1 | Sms Sc1 | Ses
o £ 6 85 6
I/il’li
=—
ot ) E 6 HR 4 4
Saz Saa Sg2 Sp4 Sc2 Sca
k A k 4k A
a a+120° a-120°
Fig. 6. Three-phase full-bridge structure proposed in [21] and [26].

Inspection of (10) reveals that one of the control variables
available for modulating output power of 3p-DABRIC is the
phase shift §. However, since 6 is constrained to be zero for
achieving UPF operation, it is necessary to utilize other control
variables for controlling the output power. The authors have
previously proposed an application of three-phase full-bridge in
3p-DABRIC, with which the internal phase shift o between the
two legs of the same full-bridge is used as a control variable for
modulating output power (cf. Fig. 6) [21], [26]. By utilizing an
internal phase shift between S;1/5;2 and S;3/S;4 in the range 0
< a < 180°, three-phase three-level (+V;y,, 0, —Vi,) pulsewidth
modulated symmetrical ac voltages Vi, with variable duty
ratio can be generated by this bridge structure. In this way, the
converter’s output power can be controlled by modulating the
pulsewidth of the input port voltages V; as a function of the
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Fig. 7.
for the proposed DFM modulation.

internal phase shift o while maintaining a UPF at all ports of
the immittance network. Under this control scheme, V1; and
I,;, and similarly for Vg; and I, are constantly in-phase with
each other [cf. Fig. 7(a)], which leads to minimum rms port
currents and conduction loss. However, the major drawback
of this control method is that the complimentary switches .S;3
and S;4 in the lagging leg of each phase are hard switched [cf.
Fig. 7(a)], leading to increased switching loss.

In order to mitigate switching loss and achieve ZVS commu-
tation for all switches, a two-DoF control scheme has been pro-
posed previously that utilizes both « and 6 simultaneously (i.e.,
« = 0) for controlling output power. By introducing 6 between
Vi and Vg;, Vy; leads I ; at the input ports by  and V5 lags
I,; at the output ports by ¢ leading to ZVS turn-ON of all the
switches [cf. Figs. 5(b) and 7(b)]. However, the major drawback
of this control method is that high circulating current and reactive
power prevail under light-load conditions [cf. highlighted by the
shaded areas in Fig. 7(b)], which leads to increased conduction
loss. It can be safely inferred that the existing approaches cannot
concurrently minimize conduction and switching losses in the
3p-DABRIC; therefore, it is necessary to devise a new approach
that can overcome this restriction for achieving a wide-range
high-efficiency performance.

B. Proposed Modulation Scheme for a Tunable 3p-DABRIC

By inspection of (10), it can be observed that the switching
frequency wg can be used to control the output power of the
3p-DABRIC. However, since w, must be tuned to match with
ws to meet the immittance conditions (i.e., |Xa| = |Xg| =
X), it is necessary to modulate w, in synchronism with ws.

(b)

Sa Isn | |
S S - Sh Sp S
Vt_n I / Vlj i
2n
/ Ill
'Vin
T =
 Ox On On
Vv, VY
2 ///// \‘\\\("”’,,,.Izj
Z-_v,, \ /
- 2

(a) Port currents and port voltages for UPF operation. (b) Port currents and port voltages for full-range ZVS operation. (c) Port currents and port voltages

For modulating w,, SCCs are used to realize electronically
tunable capacitors C'y; in the immittance network with tunable
wy. Thus, by modulating wy and w, concurrently (i.e., DFM),
X can be varied and the 3p-DABRIC’s output power can be
controlled according to (10). The port voltages V1 and V; and
port currents I;; and I; under the proposed DFM modulation
are shown in Fig. 7(c). It can be seen from Fig. 7(c) that the
proposed modulation method enables a control of output power
while achieving UPF operation and zero circulating current.
Moreover, as the zero crossings of i1, and i, are always aligned
with the rising edges of vi, and wvo,, all switches inherently
undergo ZVS commutation. Due to the elimination of circulating
current, UPF operation, and ZVS commutation of all switches,
the proposed DFM modulation scheme is anticipated to yield a
wide-range high-efficiency performance, as will be validated by
experimental results in Section V1.

To derive the expression for the output power under DFM
modulation and define the controllable range of P,, X, and ws,
it is necessary to describe the operating principle of the SCC.
Recall that the switches ST, and St,p and capacitor Cy in
branch Xp constitute the SCC, which acts as an electronically
controllable capacitor Ca, as shown in Fig. 8(a). The operating
principle of the SCC can be explained by referring to the timing
diagram for SCC, as shown in Fig. 8(b), where ic,, is the
sinusoidal current flowing through Co¢, vc,, is the voltage across
Cs, 1 is the control angle of St o and St,p, and T is the period
of ic,,. The gating signals for ST, are applied for a duration
of % at the negative-to-positive zero-crossing instant of ic,, ,
while the gating signals with the same pulsewidth are applied
to Stp at the positive to negative zero-crossing instant of ¢, .
At wt = m — 1), the voltage vc,, across Cy is zero and ic,,
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Fig. 8. (a) Schematic diagram of the SCC. (b) Timing diagram of the SCC.

flows from A to B through St and the body diode of St,p.
At wt = 1, Stya is turned OFF and ic,, flows from A to B
through C', thus charging it for a duration of % At the
positive-to-negative transition of ic,, (i.e., wt = ), StyB is
turned ON, i¢,, (t) starts flowing in the opposite direction from
B to A through (', thus discharging it to zero. During the next
zero-voltage state of vcat, ic,, flows from B to A through St,p
and the body diode of St,a until St,p is turned OFF at wt =
(m + 1) followed by the charging of C'y by the negative flowing
10y -

It can be inferred from Fig. 8(b) that the control angle v
provides a means to control the charging/discharging time (i.e.,
W) of Cy and consequently determines the magnitude of
the fundamental component of vco¢ for a given ic,, [29]. By
considering the fundamental component of v¢,, , an expression
for the effective capacitance Cy¢ can be derived as a function
of control angle 1, as given by (11). The derivation of this
expression can be found in [30]. Moreover, it should also be
noted that St,a and St,p turn ON and OFF at zero voltage and
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Fig. 9. Effective SCC capacitance Ca¢ versus control angle ).
thus incur negligible commutation loss
7TCQ
Coe(¥) (11

T 27— 20 fsin2d

C. Design Considerations for Tunable 3p-DABRIC Under
DFM Modulation

Based on (11), C5¢ can be varied theoretically in the range
Cy < Cy < oo corresponding to 90° < ¢ < 180°. A plot of
Co¢/Cy versus 1) is depicted in Fig. 9, where it can be seen
that Cy, increases nonlinearly with increasing v and tends to co
as p — 180°. To have a reasonable range of Co with good
controllability, the values of Cs; and ¢ should be restricted, for
example, Cy < Oy < kC5 and 90° < 9 < 160°, respectively,
with kK = 56.75 (cf. Fig. 9). It should be noted that the value of « is
dependent on the maximum value of ) and can be obtained from
(11). Furthermore, by substituting (11) into (7), an expression
for w, can be obtained as a function of control angle ¢/, as given
by

w (w) . 2nCy + wCy —2011/)+C'1sin(2¢)
! o wClCQ(Ll + LQ) '

(12)

By inspection of (12), it can be observed that w, can be tuned
to match with wy by means of varying ¢ in the range of 160° >
1 > 90° to give wr min < Wy < Wr max. AN expression for wy min
and w; max can be obtained by substituting the extreme values
of ¢ (i.e., ¥ = 160° and ¢ = 90°, respectively) into (12). The
resulting expressions for wy min and wy max are given by

T (Cl + K,CQ)
i C1kCy (L1 + Lg)

(01 + CQ)

- 13
0102(L1 + LQ) ( )

Wr max = = OWr min-
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By setting # = 0° in (10), an expression for the output power
as a function of ¢ can be obtained as

3V 12V, Vo,
Po(tp) = X () (14)
here X = L L = L L
where X (¢) = |wy l_wrcl‘_ Wy g—wrCQt.

By dividing (14) with V;, the expression for the output current
of 3p-DABRIC can be obtained as

3vV12Vi,
I(y) = X ()’

The expressions for P, iin and P, ax corresponding to wy min
and wy max, respectively, can be obtained by substituting (13)
into (14). The results are given by (16) and (17), as follows:

as)

PR Viv A 06
o,min — TL7T2XmaX
where
X L ! | L ! |
= (W : _—| = W . R — el I
e rmm wr,minc’l rmin 2 Wr,min'%CZ
3V 12V, Ve
Po,max = % = E-Po,min (17)
nm Xmin
where
X L ! ‘ L ! ‘
min = |Wr m: -~ | = |Wr,m: - A4
maxtl wr,maxcl a2 wr,maxCZ

By inspection of (16) and (17), it can be observed that there
is a certain range of output power P, (i.e., medium-to-high
output power levels) that can be attained by the proposed DFM
modulation. Moreover, P, is directly proportional to w;, and
to reduce output power, w, needs to be reduced by increasing
1. Nevertheless, below P, iy, the output power cannot be
reduced further by DFM modulation as i) reaches its maximum
value. Therefore, below F, iy corresponding to wy min, it is
proposed to reconfigure the converter to a tunable 3p-DABSRC
for operation in low-power range. The detailed analysis and the
proposed modulation scheme for the tunable 3p-DABSRC is
presented in the next section. As the desired ranges of P, and
wy [cf. (12)—(17)] depend on the selection of passive component
values, the key design equations for Ly, Lo, C1, and C5 as a
function of the multiplier terms (e, o, and x) can be obtained by
simultaneously solving (16) and (17). The results are given by

Xmino (e — o)

Ly = 18

! LLJlr,II]BJ((O-2 - 1) ( )
Xnino (ke — o

Ly = Xamo(re—0) (19)
Wr,max(h: — 0 )

0% -1

C, = 20

! )(Ininu-}r,rnax(O'6 - 1) ( )
)

02 . K—0O (21)

A X minWrmax (ko€ — 1)

By inspection of (18)—(21), it can be observed that while
selecting the values of the multiplier terms (i.e., €, o, and k)
for a given P, ax and wy max, the constraints € > o, 0 > 1,
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ke > 1/o, and kK > o2 must be adhered to. Furthermore, by
substituting (18)—(21) into (6), the new expressions for w, and
wp can be obtained in terms of ¢, o, and k as given by

w2 o (oe—1)

o r,max
Wy =

o(e—o)
K/wrQ Inax(a-6 - 1)
wh (1) = T Aclern—o) (22)
here A — T
e A = o 20 + 2sm(29)
By dividing (22) with (12). the ratios —*— and 2" can
| wr(¥)  we(®)

be obtained as given by (23). These ratios are important design
parameters as they determine the voltage stress across the passive
components in the immittance network and the shape of the
network’s current waveforms. Moreover, these ratios describe
how far the branch impedances X o and Xy are operating from
their series resonance frequencies w, and wy,. A value closer to
unity for these ratios implies stronger resonance, higher voltage
stress, and more sinusoidal current waveforms, and vice versa

A02wr2,111ax(06 - 1)(/{ - ]')

Wa
we(y) \/Uw?’max(a —¢)(k+ Ao? — 0%k — Ak)

Wb(¢) _ AO’2Hwirnax(O’€ B 1)("4‘ - 1)
@)~ \| BowBono =€) (5 + Ao — 0% = Ar)

(23)

By utilizing (18)—(23), the range of controllable output power,
switching frequency, and control angle for the DFM-modulated
3p-DABRIC can be selected appropriately to have adequate volt-
age stress across the SCC, good sinusoidal current waveforms,
and a narrow switching frequency range.

V. MODELING AND ANALYSIS OF TUNABLE 3p-DABSRC

Recall that the proposed DFM modulation scheme should not
be used for modulating output power below P, 1,i,,. Although the
DFM modulation scheme completely eliminates circulating cur-
rent and achieves full-range ZVS operation, its implementation
is constrained by the minimum allowable switching frequency.
Therefore, below P, inin, Which is associated with w; min, it is
proposed to reconfigure the converter to a tunable 3p-DABSRC
and use impedance modulation for modulating output power
while keeping the switching frequency constant. In addition,
the phase shift 6 is kept constant as determined by the input-
to-output voltage ratio to achieve full-range ZVS operation and
maintain minimum-tank-current operation simultaneously for
minimizing switching and conduction losses, respectively [29].
As a result, the proposed reconfiguration will enable high-
efficiency performance for light-load operation as well.

A. Power Flow Analysis

For reconfiguration to a tunable 3p-DABSRC, the switches
SNz in branch X are turned OFF (cf. Fig. 10). This action
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Fig. 11. Voltage waveforms across capacitor C; and switch Sny for 3p-
DABSRC.

isolates the impedances X s from the resonant network and
only impedances Xg are active. Referring to Fig. 10, when Sy
(the same argument applies to Sxo and Sys) is turned OFF, the
capacitor C in X 4 is charged to the maximum voltage (%+%)
by the voltage difference v, 4 —voc (cf. Fig. 11). As aresult, the
voltage seen by Sn1,1.€., U1 A—U2c—Vcap16 Will vary between 0
and 72(%+%), which will always keep the body diode of Sn
in a reverse biased state. Therefore, X o can be fully isolated
by using only a two-quadrant switch. Furthermore, to operate
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the converter as a tunable 3p-DABSRC, phase transposition
must be applied at the output ports of the network, i.e., Vg
are to be phase-shifted by 120° so that the voltages at the input
and output ports of the network correspond with each other.
The effects of these two operations (i.e., Sy, are turned OFF
and phase transposition is applied at the output ports) are to
transform the converter to a tunable 3p-DABSRC, as depicted
by the equivalent circuit shown in Fig. 12. Considering the case
where power is transferred from Vy; to Vy; (i.e., Vy; leads
V3,), the port currents I; can be obtained by applying Ohm’s
law, as given by

Vi —Vo,. o
Ilj = 1]XB 2 _ ]1j4 — (¢+f(j)3 >
/ \ﬁVm\/l7267(308(9)+G2
1j:

nrtXp

o= (o ()

where G = nV,/Viy,.
By using (3) and (24), an expression for the output power of
3p-DABSRC can be obtained as

P, =3 xR[V1al]Al

6VinVo .
= —— S . 2
o sin(6) (25)

By dividing (25) with V,, the expression for the output current
of 3p-DABSRC can be obtained as
6Vin

I, = e sin(9).

(24)

(26)

By inspection of (24), it can be observed that unlike 3p-
DABRIC, the phase angle ¢ of I;; of the 3p-DABSRC is
dependent on the voltage ratio GG. For ZVS operation of the
3p-DABSRC, the value of ¢ should be in the range 0 < ¢ <
6 so that I;; lags Vi; and leads Vy;. This implies that the
instantaneous current should be negative at the turn-ON instants
of the primary-side switches S;; (and positive for Sj2) and
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positive at the turn-ON instants of the secondary-side switches
(1 (and negative for ();2) (cf. Fig. 3) so that the switches’
parasitic capacitances are discharged and their body diodes
conduct before the gate signals are applied. Based on (24), when
G is unity, the value of ¢ will be 6/2, and the 3p-DABSRC will
achieve ZVS operation independent of output power. However,
deviation of G from unity causes ¢ to violate the constraint 0 < ¢
< @resulting in hard switching and increased circulating current.
Therefore, it is proposed to calculate # based on the value of G
such that ¢ resides in the range 0 < ¢ < # and modulate output
power by varying Xp [cf. (25)].

B. Criteria for ZVS and Minimum-Tank-Current Operation

Recall that for ZVS operation of all switches, ¢ should reside
between 0 and 0, i.e., 0 < ¢ < 0. Therefore, by evaluating ¢ > 0
and ¢ < 6, the ZVS conditions for the primary- and secondary-
side switches can be derived in terms of G and 6. The results are
given by

0>cos ' (G) for G<1

1
0 > cos™! (G) for G > 1.

Thus, € can be selected as a function of GG according to (27)
and (28) to ensure ZVS operation of the 3p-DABSRC.

To determine the criteria for minimum-tank-current operation
of the 3p-DABSRC, the port currents I;; given by (24) are
divided by the output current given by (26) to obtain a load
independent and normalized expression for port current that is
independent of Xp. The resulting expression is given by

_hy

\/iw\/l—ZGcos(H)—i—G?
Inyj = T = s .
o sin(6)

27)

(28)

(29)

By inspection of (29), it can be seen that the normalized port
currents /1 are function of G and ¢ only. To achieve minimum-
tank-current operation, the minimum value of Iy ; is found by
taking its first derivative (with respect to #) and setting it to
zero [29]. The results are given by

cos (@) VG <1

d
N 1
ag (i) =0=0=1 oo <G> vo>1 G0

The conditions given by (30) (i.e., § = cos™*(G) for G < 1 and
6 = cos~ ' (1/G) for G > 1) form the criteria for minimum-tank-
current operation of the 3p-DABSRC. To determine the phasor
relationship between Vi;, V;, and I;; under minimum-tank-
current operation, the values of #, as determined by (30), are
substituted into (24) to obtain ¢ for different values of GG. The
resulting expression is given by

0 VG < land® = cos™(G)
0
VG = land 0 = Oy

<
|
2|

€29}

o

1
W land@ =cos™ ! [ =
G > lan cos (G
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According to (31), under minimum-tank-current operation,
I, should be in phase with Va; for G < 1 [cf. Fig. 13(a) and
(d)], and in phase with V; for G > 1 [cf. Fig. 13(c) and (f)].
Thus, it can be concluded that by selecting 6 corresponding to
(30) for different values of G, full-range ZVS and minimum-
tank-current operation can be achieved for the 3p-DABSRC to
minimize switching and conduction losses simultaneously.

C. Impedance Modulation and Design Considerations for
Tunable 3p-DABSRC

After determining @ for a given G, the output power of 3p-
DABSRC can be controlled by modulating impedance Xp as a
function of v. By substituting (30) into (25), the expression for
the output power of the 3p-DABSRC can be obtained as

6Vin Vs
= ————sin(cos 1 (Q)) VG <1
nr2Xg(v)
6Vin Vs
Py(p) =< = —————sin(bmin) VG =1
nr2Xg(¢)
inVYo 1
= 62‘/7‘/5111 cos™H| = VG >1
nm2Xp (1) G
(32)

Since the maximum output power for the 3p-DABSRC is equal
to the minimum output power for the 3p-DABRIC, the minimum
seriesimpedance Xp, (min) CAN be obtained from (16) and (32).
The result is given by (33). By using (16) and (33), the switching
frequency for 3p-DABSRC can be obtained as given by (34)

6V, Vin sin(Omin)
XBSRC(min) =

(33)

2
nm Po,max

\/(C2XBSRC(min))2 +4L2Cs + C2XBSR,C(min)
QLQCQ ’
Thus, for a tunable 3p-DABSRC, the converter is operated with

a constant switching frequency, as given by (34), and the output
power is varied by modulating impedance Xp as a function

of .

ws =

(34)

VI. PROTOTYPE DESIGN AND THE EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed converter and
benchmark its performance, a laboratory prototype shown in
Fig. 14 has been designed and built with the specifications listed
in Table I. A flowchart depicting the detailed design procedure
is shown in Fig. 15. The prototype has been designed to operate
as a tunable 3p-DABRIC from 40% to 100% of the rated output
power with variable switching frequency such that the switching
frequency varies from 35 kHz at 40% to 50 kHz at 100% of the
rated output power. The variation of fs and ¢ versus P, is plotted
in Fig. 16(a) by using (14). It can be seen from Fig. 16(a) that P,
varies from 40% to 100% of the rated output power as f; varies
from 35 to 50 kHz and ) varies from 160° to 90°. It is reminded
that under the proposed DFM modulation for the 3p-DABRIC,
fs and 1) are varied synchronously to maintain the immittance
condition (i.e., w, = ws). Below 40% of the rated output power
(i.e., Py < P, max/0), the converter is reconfigured to a tunable
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Port currents and voltages of a tunable 3p-DABSRC using the impedance modulation scheme for different voltage ratios G. (a) G < 1. (b) G = 1.
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Fig. 14.  Photograph of the constructed laboratory prototype of 1.5 kW.

3p-DABSRC. The output power for the tunable 3p-DABSRC
is controlled by the impedance modulation method, where the
impedance of the series LC' network is modulated by varying
1 from 90° to 160°. Regarding the selection of the multiplier
terms €, o, and &, they are selected to limit the voltage stress
across the SCC and keep a narrow range of frequency variation.
The voltage stress across the SCC for the selected converter
specifications is plotted using (35) and is shown in Fig. 16(b)

V2Ics B V2(2m — 24 + sin 2¢) I o
wCot B .

The derivation of this expression can be found in [29].

To characterize the performance of the proposed converter, the
constructed prototype has been extensively tested under both
configurations, and its power conversion efficiency has been
measured over a wide range of GG (i.e., 0.5<G'<1.5). Moreover,

VC2,peak = (35)

wr(Cy

TABLE I
DESIGN SPECIFICATIONS OF THE PROPOSED 3p-DAB CONVERTER

Input voltage Vi, 300 V
Nominal output voltage V, 150 V
Output voltage range 75-225V
Maximum output power P, iax 1500 W
Resonant inductor L; 73.9 nH
Resonant inductor Lo 184.4 uH
Resonant capacitor C 81.5 nF
Resonant capacitor Cs 73.5 nF
Switching frequency fs (3p-DABRIC) 35—-50 kHz
Switching frequency fs (3p-DABSRC) 46 kHz
Control angle of SCC o 90° — 160°
Transformer’s Turns ratio n 2
Core Type ETD-54 Core
Core Material N87 Ferrite
Power gain ¢ 2.5
Frequency gain o 1.4
Capacitance gain 56.7
MOSFETs UJC06505K
Controller TMS320F28379D

for better benchmarking its efficiency performance, the port
currents and efficiency of the proposed converter have been
compared to conventional 3p-DABRIC operating in UPF and
ZVS modes and 3p-DABSRC under SPS modulation.

A. Experimental Results for Tunable 3p-DABRIC
Under DFM Modulation

The prototype was operated as a tunable 3p-DABRIC from
40% to 100% of the rated output power with the proposed DFM
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Fig. 15.  Flowchart for design and operation of the proposed converter.

modulation, under which fs and 1) were modulated simulta-
neously to maintain the immittance condition (i.e., w, = ws)
throughout the entire power range. The corresponding experi-
mental results are shown in Fig. 17 for three different power
levels, i.e., 100%, 75%, and 50% of the rated output power. By
inspection of the experimental waveforms shown in Fig. 17, it
can be observed that vy ; and ¢1; at the input ports [cf. Fig. 17(a),
(c), and (e)] and vo; and iy, at the output ports [cf. Fig. 17(b),
(d), and (f)] maintain an in-phase relationship for all the three
output power levels. Moreover, it can also be observed that as the
immittance condition is maintained under switching frequency
variation, circulating current and reactive power are completely
eliminated. The in-phase relationship between the current and
voltage waveforms at all ports and the elimination of circulating
current have led to significantly reduced rms port currents ¢; ; and
i2; and conduction loss. Furthermore, judging from the direction
of 41; and 7; during the voltage transitions of vy; and vaj, it
can be observed that all switches undergo ZVS commutation,
leading to mitigation of switching loss. Overall, the elimination
of circulating current and achievement of ZVS operation in all
switches have contributed to the achievement of wide-range
high-efficiency performance.

B. Experimental Results for Tunable 3p-DABSRC
Under Impedance Modulation

Below 40% of the rated output power, the prototype was
operated as a tunable 3p-DABSRC with impedance modulation.
Under this modulation method, switching frequency fs and
phase shift # were kept constant, and the output power was con-
trolled by modulating the impedance of the series LC' resonant
network by means of varying the SCC control angle . The
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Fig. 16. (a) Variation of f5 and v versus P, for the 3p-DABRIC. (b) Variation
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corresponding experimental are shown in Fig. 18 corresponding
to three different output power levels, i.e., 40%, 25%, and 10%
of the rated output power. By inspection of Fig. 18, it can be
observed that unlike SPS modulation where circulating current
increases with the increase in 6, the proposed modulation method
constantly operates the converter at the minimum tank current
for the entire power range as 6 is kept constant at the optimal
value, as determined from (30), and v is used to modulate output
power. Moreover, it can be observed from Fig. 18 that ¢;; lags
v1; and leads vo; leading to the ZVS operation of all switches.
The waveforms depicting the ZV S operation of the primary-side
switches Sa; and Spo and secondary-side switches (51 and
(A2 are shown in Fig. 19(a) and (b), respectively, and the voltage
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waveforms of the SCC are shown in Fig. 19(c). Hence, it can be
concluded that under this operation mode, attenuation of the
circulating current in conjunction with ZVS operation of all
switches has contributed to the realization of high-efficiency
performance at low-to-medium output power levels.

C. Closed-Loop Voltage-Mode Control Transient Performance
Under Mode Switching

To demonstrate the transient performance of the proposed
converter under fast load transitions and mode switching, the
simulated closed-loop transient response of the proposed con-
verter with voltage-mode control under step load changes of
1 A—7.5 A—1 Ais shown in Fig. 20. The converter is designed
to operate as a tunable 3p-DABSRC for load current below
4 A and a tunable 3p-DABRIC for load current above 4 A, the

load current is sensed continuously, and mode transition occurs
seamlessly as the load current exceeds/fall below the threshold
value of 4 A. The block diagram representing the closed-loop
voltage-mode control strategy of the proposed converter is de-
picted in Fig. 21. The feedback loop comprises a mode selection
block, which selects between two different proportional—integral
(PD) controllers (designed for each operation mode) on the basis
of the load current and a compensation block that contains the
two PI controllers that generate the appropriate control signals
for output voltage regulation under each operation mode. A
hysteresis band is designed in the mode selection block to
reduce sensitivity at the threshold value of 4 A. Based on the
simplified small-signal model of the proposed converter, as
shown in Fig. 22, the PI controllers are designed with a crossover
frequency of 500 Hz and a phase margin of 70°. The expressions
for the small-signal value of the output current i, ode,ave O
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the 3p-DABRIC and the 3p-DABSRC can be obtained by taking
the partial derivative of (14) and (26) with respect to fs and 1),
respectively. The resulting expressions are given by

- 12V/3C1 Vi (472C1 Ly f2 + 1)

%o_3p—DABRIC,avg — o (4772C'1L1f2 — 1)2
S

~ 4805 Vin fssin(f) (cos(¥)? — 1) ~

iO 3p—DABSR avg 3 l 2 _ 2 +S 1 2
_op C’ n(27'('—4) CQ Zfs ¢ 1 ( 1p))

For tunable 3p-DABRIC, as fj is varied, the corresponding value
of ¢ required to maintain the immittance condition is taken from
a lookup table. The Bode plots of the compensated loop gain
for each operation mode are shown in Fig. 23. It can be seen
from Figs. 20 and 23 that with suitably designed PI controllers,
the converter’s output voltage is well regulated during fast load

fi (36)

7 ¢

transients, and the converter is able to operate stably during mode
transition.

D. Performance Comparison With Conventional 3p-DABRIC
and 3p-DABSRC

To demonstrate the merits of the proposed topology and
modulation schemes, the performance of the proposed converter
was evaluated and compared (in terms of rms port currents, ZVS
range, and power conversion efficiency) with the conventional
3p-DABRIC and 3p-DABSRC with fixed resonant networks.
The conventional 3p-DABRIC with a fixed immittance network
operating with UPF and full-range ZVS modes and 3p-DABSRC
operating with SPS modulation were included in the compari-
son. For a more comprehensive comparison, wide-range vari-
ations in GG (i.e., 0.5 <(G<1.5) are considered. The simulated
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rms port currents (i.e., In rms= (I1;+I2;)/2) of the proposed
converter, conventional 3p-DABRIC, and 3p-DABSRC for the
selected converter specifications are plotted in Fig. 24(a)—(c) for
G =0.5,G =1, and G = 1.5, respectively. By inspection of
Fig. 24(a)—(c), it can be observed that the proposed converter
offers significantly lower rms port currents under wide-range
variations in G as compared to the other two topologies. The
lower rms port currents of the proposed converter are attributed
to the achievement of wide-range zero circulating current, which
favorably leads to lower conduction loss. Moreover, as the
proposed converter is capable of achieving full-range ZVS
operation for all switches irrespective of variations in G, the
proposed converter incurs lower switching loss in comparison
to the other two topologies. The ZVS range comparison of the
proposed converter with the other two topologies is presented
in Fig. 25. It can be seen from Fig. 25 that unlike UPF oper-
ation of 3p-DABRIC (cf. Fig. 25(a), where switches S;3 and
S,4 are hard-switched) and SPS operation of 3p-DABSRC (cf.
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Fig. 20. Closed-loop transient response under step load changes of

1 A—7.5 A—1 A accompanied by mode transitions between the 3p-DABSRC
and the 3p-DABRIC.

Fig. 25(b), where switches ();1 and @) ;2 are hard-switched for
G < 1 and switches Sj1, S;o are hard-switched for G > 1), the
proposed converter achieves ZVS operation for all the switches
independent of output power level and input-to-output voltage
ratio [cf. Fig. 25(c)].

The measured power conversion efficiency of the proposed
converter, conventional 3p-DABRIC, and 3p-DABSRC are plot-
ted in Fig. 26(a)—(c) for G = 0.5, G = 1, and G = 1.5,
respectively. It can be observed from Fig. 26(a) and (c) that due to
reconfiguration flexibility, attenuation of circulating current, and
full-range ZVS operation, the proposed converter offers a wide-
range high-efficiency performance as compared to the other two
topologies. For the conventional 3p-DABSRC, it achieved a
better efficiency performance at low-to-medium output power
levels for G = 1 but suffered from high circulating current
and hard-switching under G' # 1 leading to a deterioration
of efficiency performance. For the conventional 3p-DABRIC
operating with UPF, 33% of the switches suffered from hard
switching and high circulating current prevails under light-load
condition. The worst efficiency performance resulted from the
conventional 3p-DABRIC operating with full-range ZVS mode
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due to excessive conduction loss caused by the high circulating
current needed to realize the ZVS operation. For the proposed
converter, switching loss is negligible due to full-range ZVS
operation of all switches, and the dominant loss mechanism is
conduction loss. The increase in conduction loss with increasing

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

load leads to a decrease in efficiency. However, due to wide-
range zero circulating current, UPF operation, and ZVS opera-
tion of all switches, the loss in efficiency with increasing load
is quite small, and the proposed converter offers relatively flat
(i.e., weak dependence on load) efficiency curves as compared
to the other two topologies.

E. Power Loss Model

The power loss breakdown of the proposed converter for both
operation modes over wide output voltage and power range
has been calculated by adopting and extending the power loss
models proposed in [31] and [32]. The developed power loss
model [cf. (38)] considers the following losses:

Pr, = Pcoond + Pscc + Poore + Psw- (38)

1) Conduction Loss: The conduction loss Pconq is calcu-
lated using (39) and is contributed by the ON-state resistances
Ron,p and Ron s of the MOSFETS in the primary and secondary
bridges, respectively, ac resistances Ry, and Ry9 of the reso-
nant inductors L; and Lo, respectively, and ac resistance R
(secondary-reflected) of the HF transformer windings

I ? I 2
Pcond =6 x (J:};) RON,p + <J,rrm) RON,S

V2
+3 X <(-Z'L1,rms)2 RLI + (-Z-L2,1rms)2 RL2 + (-Z-Zj,rms)2 RT)
(39)
2) Power Loss in SCC: The power loss in the SCC is cal-
culated using (40) and is contributed by the ON-state resistance
Ron,scc of the SCC MOSFETSs and the forward voltage drop V¢
of the SCC body diodes [29]

Psco =3 x ((Iscc,rms)2 Ron,sco + VfISCC,rmS) . (40)

3) Core Loss: The total core loss incurred in the resonant
inductors Ly and L, and HF transformers is calculated by
applying the modified Steinmetz equation as

Page =3 % (KjeAcn (ABL + ABJ, + ABJ,)) (D)

where K., A.lp,, and § are the loss coefficient, volume, and
loss exponent of the magnetic core, respectively, while ABrp,
ABy1, and ABys are the flux densities of the HF transformer,
resonant inductor L1, and resonant inductor L, respectively.

4) Switching Loss: The total switching loss is given by (42)
and is caused by the voltage and current overlap during the
switching transitions of MOSFETS

Psy = <6 X 1;(0)
n

+ (6 X |i2j(0)| sz (tris +tevs +ths + trvs) f@)
(42)
where | % | and |i5, ()] are the instantaneous current values at
the turn-ON instants of primary- and secondary-bridge MOSFETS;
trips trvps thip, and tryp are the rise and fall time of the current
and voltage of the primary-bridge MOSFETs, while tis, t1vs, ths,
and ¢, are the same for secondary-bridge MOSFETS.

’ Vl/] (trip + trvp + tﬁp + trvp) fs)



KHAN et al.: MULTISTRUCTURE MULTIMODE 3p-DAB CONVERTER TARGETING WIDE-RANGE HIGH-EFFICIENCY PERFORMANCE

14
—#-3p-DABSRC (SPS) ~-3p-DABSRC (SPS)
8| ~-3p-DABRIC (UPF) 7 ~-3p-DABRIC (UPF)
-A-3p-DABRIC (ZVS) 10 12| -A-3p-DABRIC (ZVS)

—>-Proposed 3p-DAB

~>-Proposed 3p-DAB

3095

= 6 _
o 2
£ £ 6
z 4
—
e 4* 4
~#-3p-DABSRC (SPS)
2 —%-3p-DABRIC (UPF)
2 ~£-3p-DABRIC (ZVS)
—>-Proposed 3p-DAB
150 300 450 600 750 300 600 900 1200 1500 450 900 1350 1800 2250
P (W) P (W) P (W)
(a) (b) (©)

Fig. 24.  Normalized simulated port currents I\ rms comparison between the proposed converter and the conventional 3p-DABRIC (UPF and ZVS modes) and

3p-DABSRC (SPS modulation) for (a) G = 0.5, (b) G = 1, and (¢) G = 1.5.

1.5 1.5 15

-
-

= =
2 0.7 2 0.
n;'. 0.75 Q? 0.75 zvs
05 S, S; 0.5
Hard Switched
0.25 0.25
0 0
0.5 0.75 1 1.25 1.5 0.5 0.75 1 1.25 1.5 0.5 0.75 1 1.25
G G
@ (b) (c)

Fig. 25. (a) ZVS range of 3p-DABRIC (UPF mode). (b) ZVS range of the SPS-controlled 3p-DABSRC. (c) ZVS range of the proposed converter.

100
-3
S S 8% I
> Z 7z
23 <9 2
g 5 £
2 Z 2
=
E = E 9
~#-3p-DABSRC(SPS) —*=3p-DABSRC(SPS) ~#-3p-DABSRC(SPS)
~%=3p-DABRIC(UPF) ~4—3p-DABRIC(UPF) —%=3p-DABRIC(UPF)
~4-3p-DABRIC(ZVS) ~A-3p-DABRIC(ZVS) ~/-3p-DABRIC(ZVS)
—>-Proposed 3p-DAB —>-Proposed 3p-DAB ~>-Proposed 3p-DAB
85 : 85 85
150 300 450 600 750 300 600 900 1200 1500 450 900 1350 1800 2250
P (W) P (W) P (W)
(@ (b) ©

Fig. 26.  Comparison of the measured power conversion efficiency between the proposed converter and the conventional 3p-DABRIC (UPF and ZVS modes)

and 3p-DABSRC (SPS modulation) for (a) G = 0.5, (b) G = 1, and (¢) G = 1.5.



3096 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021
80

-PCond

scc

T 2 Core

E E 60 HlPs. ' =
g 60 -
3
R
150 300 450 600 750 300 600 900 1200 1500 450 900 1350 1800 2250
P (W) P (W) P (W)
@ (b (©
Fig. 27. Power loss breakdown of the proposed converter for (a) G = 0.5, (b) G =1, and (¢) G = 1.5.
TABLE 11
COMPARISON BETWEEN THE PROPOSED AND EXISTING TOPOLOGIES
S. No. Ref No. of Additional Full-  Unity Power Zero Zero Minimum
Switches Resonant Range Factor Circulating Backflow Tank
Components ZVS Operation Current Power Current
1 [11]-[13] 24 0 v X X X X
2 [15], [16] 21 0 v X X X X
3 [19], [20] 12 9 v X X X X
4 [21] 18 12 X v X v X
5 [26] 21 12 v v X v X
6 Proposed 21 12 v v v v v
Topology

By using (38)—(42), the power loss breakdown of the proposed
converter is calculated and shown in Fig. 27(a)—(c) for G = 0.5,
G =1, and G = 1.5, respectively. Since ZVS operation is
achieved for the entire operating range, the switching loss Pgy, of
the MOSFETs in the primary and secondary bridges is negligible
and is not shown in Fig. 27. It can be seen from Fig. 27 that the
major source of power loss of the proposed converter is attributed
to conduction loss for the entire operating range.

Finally, a comprehensive comparison of the proposed 3p-
DAB topology with the existing 3p-DAB topologies is presented
in Table II to conclude this article.

VII. CONCLUSION

A flexible and reconfigurable topology of a three-phase DAB
converter utilizing an RTRN has been proposed in this arti-
cle. The proposed converter offers multiple DoFs in terms of
the availability of multiple control parameters and topological
variations to achieve wide-range high-efficiency performance.
The proposed converter has been designed to switch between
two different network configurations that are controlled with

two different modulation schemes to optimize its efficiency
performance in both low- and medium-to-high power opera-
tion. For medium-to-high output power levels, the converter
operates as a tunable 3p-DABRIC with DFM modulation. Un-
der this mode of operation, the converter’s output power is
modulated by synchronously varying the resonance frequency
of the immittance network and the switching frequency by
using an SCC. For low-to-medium output power levels, the
converter operates as a tunable 3p-DAB SRC with impedance
modulation. Under this mode of operation, the converter’s out-
put power is modulated by varying the impedance of a series
LC resonant network with the aid of SCC while keeping the
switching frequency and phase shift constant. The combination
of both operation modes has led to the realization of wide-
range zero circulating current and full-range ZVS operation
of all switches for a wide range of output power and input-
to-output voltage ratio. The presented theoretical analysis has
been validated by the experimental results obtained from a 1.5-
kW laboratory prototype yielding wide-range high-efficiency
performance.
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