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Frede Blaabjergkellow, IEEE.

Abstract—Three-phase dual-active-bridge (3p-DAB) converter
is an attractive topology for bidirectional power converson in
high-power applications. However, conduction loss and swihing
loss are two main loss mechanisms that severely affect its
efficiency performance, and adoption of any single modulatin

scheme or topology cannot minimize these losses over a wide

operating range. For this purpose, a reconfigurable topolog of
3p-DAB converter is proposed in this paper that utilizes a reon-
figurable and tunable resonant network to offer multiple degees-
of-freedom (DoF) in minimizing conduction and switching lasses
over a wide range of operating conditions. The converter is
designed such that for 40% to 100 % of the rated output power,
it operates as a tunable 3p-DAB resonant immittance conveer
with its output power controlled by varying switching frequ ency
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 controled
by varying the impedance of a series resonant network while
keeping the switching frequency and phase-shift constantThe
combination of both operation modes jointly leads to wide-ange
zero circulating current and soft-switching of all the switches,
and hence a wide-range high-efficiency performance as vakded
by the experimental results.

Index Terms—DC-DC power conversion; immittance convert-
ers (ICs); resonant power conversion; series resonant netwk;

unity power factor; zero-voltage switching (ZVS)

NOMENCLATURE

3p Three-phase

DAB Dual-active-bridge

ZNS Zero voltage switching

SPS Single phase-shift

DoF Degree-of-freedom

RMS Root-mean-square

DABRIC Dual-active-bridge resonant immittance con-

verter

DABSRC Dual-active-bridge series resonant converter

RTRN Reconfigurable and tunable resonant network

TRIN Tunable resonant immittance network

TSRN Tunable series resonant network

SCC Switch-Controlled Capacitor
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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 SCC

Phase angle of port currents

Switching frequency

Maximum switching frequency

Minimum switching frequency

Capacitive impedance comprisidg and C}
Inductive impedance comprising, and Cs
Angular series-resonance frequencylaf and
Cq

Angular series-resonance frequencylof and
Cs

Angular switching frequency

Angular resonance frequency & and Xg
Maximum angular resonance frequencyXok
and Xg

Minimum angular resonance frequencyXfy
and Xg

Switches Sn1, Sn2, and Sys in branchX
used for transformation of network
SwitchesStia, Stoa, andStsa in branchX g
used for tuningCsqy

SwitchesSt1g, Stor, andStsg in branchX g
used for tuningCsqy

Complimentary switches in the primary-bridge
where j = A, B, and C is used for phase-
designation

Complimentary switches in the secondary-
bridge wherg = A, B, and C is used for phase-
designation

Tunable capacitors comprising base capacitors
Cs and switchesSt,4 and St.p

Maximum output power of 3p-DABRIC
Minimum output power of 3p-DABRIC
Maximum impedance oK andXg

Minimum impedance oX o andXg
Transformer’s turn ratio

Dc input voltage of the converter

Dc output voltage of the converter

\oltage rationV,/V;,
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€ Ratio of P, max 10 Py min multiple control variablesp, ) and high circulating current
o Ratio of f max tO fs min under heavy-load conditions are some of the drawbacks of
K Ratio of maximumCy; to minimum Cy; this modulation scheme. Another 2-DoF modulation scheme

was reported in [6], [7] that utilized phase-shift) (and
| INTRODUCTION switching frequency f;) as control variables to achjeve a
narrow frequency range for output power modulation and
HREE-phase dual-active-bridge (3p-DAB) converter hagmplify close-loop implementation. However, the optimal
been widely researched over the past few decades dfficiency performance of this modulation scheme remains
to its superiority over other bidirectional power convertehighly sensitive to the input-to-output voltage ratio. Tother
topologies in terms of modularity, lower component stresenhance control flexibility, 3-DoF modulation schemes were
higher power density, smaller input and output currentléipp proposed in [8], [9] that utilized three control variablés,,
smaller size of filter elements, galvanic isolation and rehé D, and¢, where D,, # D, simultaneously for power flow
soft-switching operation [1]. Due to these advantages, 3gentrol. These 3-DoF modulation schemes were reported to
DAB converter has been successfully applied in many emetgehieve better performances in terms of reduced conduction
ing high-power applications such as solid-state transéwsm loss and extended ZVS range [10]; however, they produce
(SSTs), vehicle-to-grid (V2G) operation, uninterrupgipower asymmetrical voltage waveforms that lead to increasediveac
supplies (UPS) and dc microgrids. current flow. In addition, the extensive computational &ffo
The conventional 3p-DAB converter comprises of two threéavolved in the optimization of three control variablgs,, D
phase half bridges interfaced by a three-phase high-freyueand 6 for different input-to-output voltage ratios render their
isolation transformer. The simplest modulation scheme&fsr implementation challenging.
DAB converter is the single phase-shift (SPS) modulation In conjunction with the design of modulation schemes, an-
where two phase-shifted high-frequency ac-voltages are apher approach that has been widely researched for enltancin
plied across transformer’s leakage inductances for power flthe efficiency of 3p-DAB converter is based on topological
control. The power flows from the leading to lagging acvariations. In this context, multi-level 3p-DAB converdrave
voltage with the phase-shift being used as a control vaiatideen widely investigated that offer the advantages of syimmme
to control the output power. However, SPS modulation ssfferical voltage waveforms containing more voltage levelst tha
from the drawbacks of high circulating current and narroWelps to reduce reactive current flow as well as to lower @evic
zero-voltage switching (ZVS) range which is sensitive tetresses. For exampleTatype three-level 3p-DAB converter
input-to-output voltage ratio and load conditions. Thiskem was proposed in [11]-[13] that was capable of producing a
it extremely challenging to maintain a high-efficiency aper three-level ¢Vpc/2, 0, —Vpc/2) symmetrical voltage wave-
tion of an SPS-controlled 3p-DAB converter for applicaionform. The ability to control the duration of the zero-voléag
where the input-to-output voltage ratio is prone to widege state with this topology favors the minimization of reaetiv
variations. power flow and extension of ZVS range as compared to
To overcome the drawbacks of SPS modulation, variotso-level 4-Vpc/2, —Vpc/2) operation of 3p-DAB converter.
modulation schemes have been proposed for 3p-DAB cddewever, the issue of circulating current remains unsolved
verter that make use of additional degree-of-freedom (DoB$ the phase-current continues to circulate in the converte
for more efficient power flow control at the expense afluring the zero-voltage state. For reducing the circudptin
increased control complexity. The control variables aldé current, ar-type four-level 3p-DAB converter was proposed
for modulating 3p-DAB converter are the duty cycleB,( in [14]. This topology was capable of producing a four-level
D) of the complimentary switches in the primary and se¢+Vpc/2, +Vpcl6, —Vbc/2, —Vpbc/6 ) symmetrical voltage
ondary bridge, phase-shift) between the primary-bridge andwaveform leading to a more flexible output power control
secondary-bridge ac voltages, and the switching frequeranyd wide-range zero circulating current. However, incedas
(fs)- Simultaneous control of two control variables gives tse complexity and higher component count are some of the
a two degree-of-freedom (2-DoF) modulation scheme for 3disadvantages of this topology. Another modified topolofly o
DAB converter. The most popular 2-DoF modulation schen8p-DAB converter was proposed in [15]-[17] that comprisies o
reported for 3p-DAB converter is the duty-cycle plus phaséhree parallel 120phase-shifted H-bridges at the primary side.
shift modulation where the complimentary switches in bothhis topology offers the freedom to utilize the internal p&a
active bridges are modulated simultaneously with the sargkift between the two legs of the same H-bridge to generate
duty cycle (i.e.D, = Dy = D) in conjunction with the a three-level {Vpc, 0, —Vpc) symmetrical ac voltage with
modulation of phase-shiff [2]-[5]. The advantages of this adjustable duty ratio. This topology was also proposechit li
modulation scheme stem from its ability to generate amdactive power flow and reduce conduction loss; however, it
control the pulse-width of the zero voltage levels in thegghastill failed to achieve wide-range ZVS operation. The cguice
voltages (for the duty cycle range<®<1/3) that can help to of a modified auxiliary-resonant commutated pole was agdplie
minimize reactive power flow due to the zero voltage levete 3p-DAB converter in [18] to achieve wide-range ZVS
and improve light-load efficiency. However, with reduceddo operation; however, conduction loss cannot be minimized
(i.e. smaller values ab), the inductor current and energy flowusing this approach.
through the converter becomes increasingly discontinuousin addition to the different modulation schemes and multi-
Moreover, difficulty in the selection of optimal values oflevel topologies, resonant-variants of 3p-DAB convertaven



IEEE TRANSACTIONS ON POWER ELECTRONICS 3

also been investigated extensively with the objective te eoonduction loss and full-range ZVS operation is achieved
hance its efficiency performance. The insertion of différefor all switches leading to enhanced efficiency performance
resonant networks to the high-frequency ac-link of 3p-DABr low-to-medium output power levels. The combination of

converter offers another DoF in achieving additional dgd both operation modes, therefore, leads to a wide-range high
characteristics such as dc-bias blocking capability, loRIS  efficiency performance of the proposed converter by minimiz

phase current, extended ZVS range, and unity-power-fachog both the switching and conduction losses simultangousl

operation [19]-[26]. For example, the series-capacit@ 8p- The paper is organized as follows. Section Il introduces the
DAB series resonant converter (3p-DABSRC) helps to remopeoposed three-phase reconfigurable and tunable resoe@nt n
the dc-bias in the phase-current [27], [28]. Moreover, thgork. The proposed 3p-DAB topology is discussed in Section
sinusoidal current in 3p-DABSRC gives rise to lower RM3Il. The modeling and analysis of the two operating modes of
value as compared to the piecewise linear current in nae proposed 3p-DAB topology, namely, 3p-DABRIC and 3p-

resonant 3p-DAB converter, thus leading to a lower conduactiDABSRC, are discussed in Sections IV and V, respectively.
loss. However, the conduction loss and ZVS operation @he prototype design and experimental results are disdusse
3p-DABSRC are still sensitive to the input-to-output vgka in Section VI. Finally, the concluding remarks are presdnte

ratio. To achieve ZVS operation independent of input-t¢pati  in section VII.

voltage ratio, a 3p-DAB resonant immittance converter (3p-

DABR|C) was proposed in [21] which enables a precisq|_ PROPOSED THREE-PHASE RECONFIGURABLE
control of the phase current phasor and thus, leads to full-  AND TUNABLE RESONANT NETWORK

range ZVS operation independently of input-to-outputagé ,
ratio. However, it suffers from severe circulating currantler The proposed three-phase reconfigurable and tunable reso-

light-load conditions leading to poor light-load efficign@ nant network (3p-RTRN) is a delta-connected network con-

second mode of operation was proposed for 3p-DABRIC #Sting of two types of impedances labeledXg andXp as
[21] to achieve in-phase relationship between the voltages SHOWN in Fig. 1.X 4 consists of switctby,, inductorL; and,
currents at all ports of the immittance network which |ea0c§:1pa0|t0r0_1, whereasXp consists of inductots, capacrgor
to the elimination of reactive power and minimum conductiofi and.swnchesSTIA, Stop (Wherez = 1,2, and 3)X4 is
loss. However, 33% of the switches undergo hard-switchingconStra'”ed to ope(ate below the series resonance fregluenc
in this mode of operation. Wa of__Ll :_;md C1, i.e. wy, > ws, tO constltute an_overaII
From the extensive literature review conducted, it can f&Pacitive impedance. On the contrals is constrained to
concluded that it is very challenging if not impossible t@Perate above the series resonance frequencyf L, and
achieve full-range ZVS operation and wide-range zero eirc{r2: ©-¢- @b < ws, t0 constitute an overall inductive impedance.
lating current simultaneously with any one modulation scae The switchesSy;, in X are used to connect or isolate the
or topology of 3p-DAB converter. This has motivated us to
propose the idea of a reconfigurable topology and modulation
scheme that can dynamically adapt to varying operating con-
ditions while ensuring that conduction loss and switchiogs|
are minimized simultaneously over the whole operating eang
To meet this objective, a reconfigurable topology of 3p-DAB
converter is proposed in this paper that utilizes a reconfig-
urable and tunable resonant network for achieving a maltipl
DoF control of the 3p-DAB converter with the objective
of maximizing its efficiency under widely varying operating
conditions. 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 ef th
immittance network by means of a switch-controlled cajmacit
(SCC). This gives rise to a unity-power-factor operatioatth
eliminates all circulating current and reactive power flow.
Moreover, all switches undergo ZVS independently of the
input-to-output voltage ratio under this operation modieisT
allows boosting the efficiency performance for medium-to-
high output power levels. Below 4% of the rated output

C _rvm , I

power, the converter transforms to a tunable 3p-DABSRC Sne Ly J
with its output power controlled by varying the impedance L, G
of a series resonant network using SCC while keeping the ..

switching frequency and phase-shift at the optimal values a Capacitive Inductive

determined by the input-to-output voltage ratio. This @gpien
mode ensures minimum-tank-current operation that miresnizFig. 1. Proposed reconfigurable and tunable resonant rietwor
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S, Turned-on at the input ports of the network, whereas the subscripts 2
(wherej = 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 switchés,, St.a and

St.B, 3p-RTRN can transform between three different net-
work configurations. The configuration of Fig. 2(a) is obéain
when Sy, are turned on. This action connects the capacitive
impedanceX 5 to the network and thus transforms the network
to a three-phase tunable resonant immittance network (3p-
TRIN). To simpify the drawingSx, are not shown in Fig. 2(a)
whereasSrt,a, St.g and Cy are represented by a tunable
capacitorCs;. The configuration of Fig. 2(b) is obtained when
SNz are turned off. This action isolaté§, 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 turningy, off and turning
Stzal/ST.8 ON. This action isolateX o from the network and

S~y Turned-off bypasseg’; in Xg. In doing so, the network transforms to a

L, G conventional three-phase series inductor network.

Lia A The reconfigurability of the proposed network highlights
1o > °3 the flexibility that it offers to the power control of 3p-DAB
L, Gy converter. Since 3p-TRIN and 3p-TSRN offer the desirable

20 ILB aasa! 06 characteristics of dc-bias blocking capability, lower RMS
L fo phase current, full-range ZVS, and unity-power-factorrepe

Lic 2 2‘/‘, ation, the scope of present work is confined to the tunable

3o > A0 o4 resonant networks. The subsequent sections will discuss in
(b) detail the application of 3p-TRIN and 3p-TSRN in the 3p-

DAB converter for improving its efficiency performance.

Snx Turned-off and, Stya, Stxg Turned-On
L, Ill. PROPOSED 3P-DAB CONVERTER WITH
1o0 T AARS o5 3P-RTRN

The schematic diagram of the proposed converter is shown

Iig rvlﬁﬁ in Fig. 3. The proposed converter comprises of two three-
20 > 06 phase half-bridges interfaced by thr&Y connected high-
I frequency isolation transformers and the 3p-RTRN. The com-
3 Iic (\m}\q 4 plimentary _switch p_airsS‘jl/SjQ and Q;1/Qj2 (yvherej = A,
o > ° B, and C) in the primary and secondary bridge are operated
(©) with a fixed duty-cycle of 0.5 and variable switching freqogn
cmin < fs < Fsome i i
Fig. 2. (a) Three-phase tunable resonant immittance nkfoy Three-phase fé’.mm. < f= f;’ max- Moreover, the comphmentary switch
tunable series resonant network; and (c) Three-phasesdadactors. pairs in the adjacem phase Iegs of primary and Secondary

bridge are phase-shifted by 12@e.g., S41/S42 andSg1/Sp2

have a phase-shift of 12)) In addition, there exists an external
capacitive impedancK 5 from the network, thus enabling thephase-shify between the complimentary switch pairs of the
transformation of the network into different configuratot corresponding phase legs in the primary and secondaryéridg
should be noted thaK, can be fully isolated using only a(e.g., Sa1/Sa2 andQa1/Q a2 are phase-shifted bg). In this
two-quadrant switch as the body diode 8f. is kept in a way, the primary bridge generates three two-levelVy/2,
reverse biased stated by the voltage ac@ssvhen Sy, are  —Vi,/2) high-frequency square-wave ac voltagégt) (where
turned off. j = A, B, and C) having a fixed 120phase-shift between the

The switchesSt.a and St in Xg are used to elec- adjacent phase voltages. Similarly, a second set of thnese

tronically control the capacitance d@fs, thus enabling the two-level (+V,/2, —V,/2) square-wave ac voltages;(t)
control of the series impedance and tuning of the resonar(eéhere j = A, B, and C) are generated by the secondary
frequencyw,, of L, and Cs. Regarding the labeling of the bridge. Moreovery);(t) and vy;(t) are phase-shifted by
network terminals shown in Fig. 1, the following convensonwith ¢ defined as positive wheu;(t) leadsv; (t).
are adopted: terminals 1, 2, and 3 represent the input pbrts oFor ease of analysis, the primary side voltagggt) and
the network, whereas terminals 4, 5, and 6 represent theibutpurrentsi’ ; (¢) are reflected to the secondary side:.( vy;(?)
ports of the network. Furthermore, subscripigWherej = A, andi;(t)) to obtain an equivalent circuit without transformers.
B, and C) are used to denote the parametegs,(ine currents) The three-phase square wave ac voltage&) andwy; (t) are
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1,
Sa | St | Sai Oci -
o 4 a4 o
V'IA
Vin + +
= Vi e
V'ic Vac
I - - ”i‘l lc,
6T g1 i *@% 1T
SAZ SBZ SCZ VZA QA2 QBZ QCZ

Fig. 3. Proposed 3p-DAB converter with 3p-RTRN.

subsequently represented by their Fourier series exp@a® network and the converter transforms to a tunable 3p-DABRIC
given by (1) and (2). that can be represented by the equivalent circuit as shown in
Fig. 4. The magnitude of the impedancKs, and Xg are
given by (5) whereas the angular series-resonance fregasenc

Wi = 1. N2 .
v1;(t) = — 7 Sin </€wst + f(J)?W) (1) w, andw, of X, andXg are given by (6).
k=1,3,...
2V, = 1 27 1
(= o 1y _ N2 Xal = X = |wily = —|
v (t) p. k_;; 7 sin (kwst kO + f(J) 3 ) (2 XAl A= |wsl1 wCh
where f(j) = (0,41,—1) whenj = (A, B, C), w,=2 7 f, and 1
n= R is the transformer’s turns ratio. Xp| = Xp = |wsl2 — 0Ot ®)
It is assumed that higher-order voltage and current har-
monics are attenuated by the resonant network. By applying . — 1
fundamental component analysis (FCA), the fundamentalcom ¢ L1Cy )
ponents ofvy; (¢) andwg; (t) can be represented in phasor form 1
as Vi, and V; respectively. HenceV,; and V,; can be Wb = VL2Cq
written as (3) and (4). Recall thatX 4 is constrained to operate below, (i.e.,
wa > wg) tO constitute an overall capacitive impedance to the
Vi = VleO + f(j)2_”) network. On the contranXg is constrained to operate above
3 wp, (i.e., wp < ws) to constitute an overall inductive impedance
V2Vi, 2T
=—— [0+ 10U)7) 3)
Snx Turned-on (3p-DABRIC)
_ 5 27 \% | s \4
Vaj = Voj =0+ f(7)5) MO AT
VA«
V2V, 27 N, =
= —(0 j)— 4 o
2 0+ FG)T) @ vty N S Ty s
Depending upon the state of switch8g, in the 3p-RTRN, C v -
the proposed converter can transform between a tunable VY e
DABRIC and a tunable 3p-DABSRC. The detailed discussiol |y, I A 3/HZ%MJ_\' I \Y%
on the modeling and analysis for each of the two netwo ‘IC@:;—;C t‘l L, ‘ §C2t L, i 6 2C
configurations are presented in the following sections.
IV. MODELING AND ANALYSIS OF TUNABLE / \
:_BP-DABRIC X, X;
A. Power Flow Analysis (Capactive) (Inductive)

Considering the case when the switct¥gg, in branchX o
are turned on, the impedancés, enter into the resonantFig. 4. Equivalent circuit of the proposed converter with T3RIN.
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to the network. There exists a specific frequency at which the v, Vag
impedanceX o andXg are equal in magnitude and opposite

in phase such that they resonate with each other. The resenan  Iig Ly
frequency at whiclX s =- Xg can be found by solvingXa |

= |Xg| and the resulting expression is given by (7).
VlA VZA

IlC IZC

(Cr + C) 7 Vie Vac

TN CiCa (L + L)
When operated at, (i.e., w, = ws), the resonant network (a)

exhibits immittance characteristics, and the line cusdnf

at the input ports become linearly dependent on the phas Ve

voltagesV; at the output ports. Similarly, the line currents " Lip Ig

I,; at the output ports become linearly dependent on the )

phase voltage¥;; at the input ports. In other words, source

transformation occurs at, = w, and the voltage sourcéé ;

at the input ports are transformed into current soulgeat the

output ports. Under immittance conditiofa | = | Xg| = X,

the expressions for the line curreiis, I; at input and output (b)

ports can be found by applying nodal analysis at different

nodes of the resonant network and the results are given Yy s (a) Phasor relationship betwesh ., Iy, and betweerV;, I, for

(8) and (9). The detailed derivation of these expressiomls an= 0; (b) Phasor relationship betwed ;, I;; and betweerV;, Io; for

a detailed analysis of the effects of component tolerances 7 ©-

the immittance network’s characteristics has been predent

b

previously in [21] and will not be repeated here due to spa Sas Sis Se1 | Sgs Sci Scs
constraint. Co 4”% 4”1" Hﬂ 4”% HI‘
" T HET TRRT MRT TWRT HRT
2
L =I;/=(0+ f(j)?w) Vil 4
T
6V, £ 2
=% 412 ®) T
co= BAT A RET MR
o Sa2 q%lgm qﬂm q%gm q%slgcz q%'got
Iy; :IszO‘Ff(J)?) k 4 X A4k A
| I |
+120° a-120°
Vi o ) )
- nr X AO + f(j)?) ©) Fig. 6. Three-phase full-bridge structure proposed in,[22§].
1
whereX = |w, L1 — = |wr Lo — . 4
! Wy 1‘ 2 wy Coy — m cos(0) (20)

nm2X
By inspecting (3), (4), (8) and (9), it can be seen that there g0 tion of (10) reveals that one of the control variables

exists a phase difference equal to the phase-shiietween , qjjape for modulating output power of 3p-DABRIC is the

Vlljgllj hﬁ}”d. betweenVs;, 12? . By settingd = 0, 'géPhane phase-shiftd. However, sinced is constrained to be zero
relationship (i.e., unity power factor operation) can bei@eed ¢, o hieving unity power factor operation, it is necessary

.betvx{eenvlj » 1i; and betwe_enVQj_, L; at all ports of the t, utilize other control variables for controlling the outp
|rr_1m|ttance network as depicted in the phasor diagrams ;%wer. The authors have previously proposed an application
Fig. 5. of three-phase full-bridge in 3p-DABRIC with which the
Considering the converter as being lossless, the expressigternal phase-shifi: between the two legs of the same full-
for the converter’s output power, can be derived by finding bridge is used as a control variable for modulating output
the output power expression for a single phaseg.{phase A) power (cf. Fig. 6) [21], [26]. By utilizing an internal phase
and multiplying the resulting expression by three, as givgn shift betweenS;;/S;> and S;3/S;4 in the range &a <180,
equation (10). three-phase three-level-{4,, 0, —V;,) pulse-width modulated
symmetrical ac voltage¥; with variable duty ratio can be
generated by this bridge structure. In this way, the coevert
Po =3 xR[Vialia] = 3 x R[Vaalz,] output power can be controlled by modulating the pulse-
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Fig. 7. (a) Port currents and port voltages for unity powetda operation; (b) Port currents and port voltages for-falige ZVS operation; and (c) Port
currents and port voltages for proposed DFM modulation.

STxA STxB 8
i I 56.75C,
C2t C2 CZt 60 /
(@) Co
40
ic. G
2t
20+
¢ v N vSTxA
G
v > 0 '
Y > St.n 100 120 140 160 180
1) (degree)
Lt_—;/l 7}'?%//\ vCZty\ Fig. 9. Effective SCC capacitandgy; versus control angle).
/ \/ \ width of the input port voltagedV;; as a function of the
y-(n-y) internal phase shifte while maintaining a unity power factor
at all ports of the immittance network. Under this control
1 2n 3n 47 schemeV;, I;;, and similarly forVy;, I,;, are constantly in-
(b) phase with each other (cf. Fig. 7(a)) which leads to minimum

RMS port currents and conduction loss. However, the major
Fig. 8. (a) Schematic diagram of switch-controlled capadi8CC); (b) Tim- dra.'WbaCk of this Con.trOI methoq is that the complimentary
ing diagram of switch-controlled capacitor (SCC). switches S;3 and Sj4 in the lagging leg of each phase are
hard switched (cf. Fig. 7(a)) leading to increased switghin
loss.
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In order to mitigate switching loss and achieve ZVS condiode of St,p. At wt =9, St,a is turned off andic,, flows
mutation for all switches, a 2-DoF control scheme has beéom A to B throughCs,, thus charging it for a duration of
proposed previously that utilizes bothandé simultaneously % At the positive to negative transition of,, (i.e., wt
(i.e., a = @) for controlling output power. By introducing = 7), St.p is turned onjc,, (¢) starts flowing in the opposite
6 betweenV,; and Vy;, Vi, leadsI;; at the input ports direction from B to A throughCs, thus discharging it to zero.
by # and V,; lagsI,; at the output ports by leading to During the next zero voltage state @fsos, ic,, flows from B
ZVS turn-on of all the switches (cf. Fig. 5(b) and Fig. 7(b))to A throughSt,p and the body diode oft,s until St.p
However, the major drawback of this control method is tha turned off atwt = (7 + ) followed by the charging of’;
high circulating current and reactive power prevails undéy the negative flowingc,, .
light-load conditions (cf. highlighted by the shaded areas |t can be inferred from Fig. 8(b) that the control angl@ro-
in Fig. 7(b)) which leads to increased conduction loss. {ides a means to control the charging/discharging time, (
can be safely inferred that the existing approaches canlﬁm%ﬁ) of C; and consequently determines the magnitude of
concurrently minimize conduction loss and switching losgie fundamental component o, for a givenic,, [29]. By
in 3p-DABRIC, therefore, it is necessary to devise a negonsidering the fundamental componentef, , an expression
approach that can overcome this restriction for achievingf@r the effective capacitana@,; can be derived as a function
wide-range high-efficiency performance. of control angley as given by (11). The derivation of this

expression can be found in [30]. Moreover, it should also be

B. Proposed Modulation Scheme for Tunable 3p-DABRIC noted thatSr,4 andSr,s turn on and off at zero voltage and
thus incur negligible commutation loss.

By inspection of (10), it can be observed that the switching c
frequencyws can be used to control the output power of 3p- Coi () = T2 .
DABRIC. However, sinceus, must be tuned to match with 2m — 29 +sin 2¢
ws to meet the immittance conditions.{., |[Xa| = |Xg| =
X), itis necessary to modulaig in synchronism witho,. For
modulatingw,, switch-controlled capacitors (SCC) are used tg- Design Considerations for Tunable 3p-DABRIC under
realize electronically tunable capacitafs, in the immittance DFM Modulation

Egav(\:/z:lr(er\:\gth(tun?jblre::%i;l't];\rues,ul;?/lcm(r)::tlsgi?]g”s( D?hj);; Based on (11)(5; can be varied theoretically in the range
y t.e., ay q Y 9 O < Oy < oo corresponding to 90< ¢ < 18(C°. A plot of

can be varied and the 3p-DABRIC’s output power can b@

. v v 2+/Co versusy is depicted in Fig. 9 where it can be seen that
controlled according to (10). The port voltages;, V; and Co¢ increases non-linearly with increasingand tends tax

port currentsly;, Iy under the proposed DFM modulatlon S1p 180°. To have a reasonable range(, with good
are shown in Fig. 7(c)). It can be seen from Fig. 7(c) tha i .
/ controllability, the values of’s, andvy should be restricted, for
the proposed modulation method enables a control of output :
: o . . example,Cy < Co < kCy and 90 < ¢ < 160 respectively
power while achieving unity power factor operation and zero. — :
. . . with k = 56.75 (cf. Fig. 9). It should be noted that the value
circulating current. Moreover, as the zero crossings gfand . .
ir. are always aligned with the rising edges:af, and v of k is dependent on the maximum value ®fand can be
2o & ys alg g edgeswa 2z:  obtained from (11). Furthermore, by substituting (11) it
all switches inherently undergo ZVS commutation. Due to the . . ;
Lo . X . - an expression fow, can be obtained as a function of control
elimination of circulating current, unity power factor apéon

and ZVS commutation of all switches, the proposed DFI\ﬂnglew as given by (12).
modulation scheme is anticipated to yield a wide-range high

efficiency performance as will be validated by experimental 0 \/27T01 + 7Cy — 2011 + C1sin(29)

(11)

results in section VI. wr(Y) = 7C1Ca (L + L) (12)
To derive the expression for the output power under DFM

modulation and define the controllable range ®f X and By inspection of (12), it can be observed that can be

ws, it is necessary to describe the operating principle of SCined to match withus, by means of varying) in the range of

Recall that the switche$T,a, St.5, and capacitotC, in 160> > ¢ > 90° t0 giVew; min < Wy < Wy max- AN €XPression

branchXg constitute the SCC which acts as an electronicalf@r w: min and wy max can be obtained by substituting the

controllable capacitof,; as shown in Fig. 8(a). The operatingextreme values of (i.e., v = 16Q° andwy = 90° respectively)

principle of SCC can be explained by referring to the timingnto (12). The resulting expressions of min andwy max are

diagram for SCC as shown in Fig. 8(b) wheig,, is the given by (13).

sinusoidal current flowing througb'sy, ve,, is the voltage

across, ¢ is the control angle ob6r, A, St.B, andT is the \/

Wy, min

(C1 + kC5)

period ofic,,. The gating signals fo6r, are applied for a _\l T2
OlK/CQ(Ll + LQ)

duration of% at the negative to positive zero-crossing instant
of ic,,, While the gating signals with the same pulse-width
are applied taSt,p at the positive to negative zero-crossing (Cr + Cs)

instant ofic,,. At wt = 7-1¢, the voltagevc,, acrossCy is Wr,max = L B T OWr,min (13)
zero andic,, flows from A to B throughSt, and the body C1Ca(La + Lo)
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By settingd = 0° in (10), an expression for the output power

as a function of) can be obtained as given by (14). o o — o2 1)
P (1[)) - 3\/ﬁVinVO (14) ? "QAXVmin(-"Jr.,max(’ia’E - 1)
° nm2X (1) By inspection of (18)-(21), it can be observed that while
1 selecting the values of the multiplier termise(, ¢, o and k)

= erQ_

where X (¢)) = |w, Ly —

wIC ‘ for a given P, max andw, max, the constraints > o, o >
rl 1, ke > 1llo, andx > o2 must be adhered to. Furthermore,

By dividing (14) with V;, the expression for the outputby substituting (18)(21) into (6), the new expressions for,

current of 3p-DABRIC can be obtained as given by (15). andwy, can be obtained in terms af, o and x as given by

wrCQt

. (22).
() = 212 (1)
nm? X (¢) wﬁmax(oe -1
The expressions faP, i, and P, 1ax corresponding ta, min Wa = ole —0)
and w, max respectively can be obtained by substituting (13)
into (14). The results are given by (16) and (17). wa,max(UE _)
w () = Ao(ek — o) (22)
Fomin = 3\/12_2# (18)  \iherea = T
M A max 27 — 20 + 28in(20)’
where . . . wa wb (1)
1 1 By dividing (22) with (12), the ratios and can
Xmax = wr,minLl - 7‘ = Wr,minLQ - 7‘ A i Wy ) wr(’l/))_
Wr,minC1 Wr,minkCo be obtained as given by (23). These ratios are important
3BV, design parameters as they determine the voltage stresssacro
Pymax = % = €Pymin (17) the passive components in the immittance network and the
N7 Xmin shape of the network’s current waveforms. Moreover, these
where ratios describe how far the branch impedan¥es and Xg
Xonin = |Wrmax D1 — 1 ‘ = |wr max L — 1 ‘ are operating from their series-resonance frequengieand
' Wr,maxC1 ' Wr,maxC2 wp. A value closer to unity for these ratios implies stronger

By inspection of (16) and (17), it can be observed th&gSonance, higher voltage stress and more sinusoidainturre
there is a certain range of output powy (i.c., medium-to- Waveforms, and vice-versa.

high output power levels) that can be attained by the prapose w \/ Ac%w? (e —1)(k — 1)
ow.

DFM modulation. MoreoverP, is directly proportional to =
w, and to reduce output poweg, needs to be reduced by wi ()
increasingty. Nevertheless, below?, .,i, the output power

r2,max(a - 5) (IQ + Ao? — 02K — AIQ)

cannot be reduced further by DFM modulationaseaches  wy, (1) Ao?kw? pax(oe —1)(k — 1)
its maximum value. Therefore, belaf, .,i, corresponding to or(® “\ Aoz _ (0 — ke) (k + Ao? — 02k — Ar)
wr min, it iS proposed to reconfigure the converter to a tunable e (23)

3p-DABSRC for operation in low power range. The detailed o

analysis and the proposed modulation scheme for the tunaBle Utilizing (18)—(23), the range of controllable output
3p-DABSRC is presented in the next section. As the desirB@Wer, switching frequency, and control angle for the DFM-
ranges ofP, andw, (cf. (12)-(17)) depend on the selectionModulated 3p-DABRIC can be selected appropriately to have
of passive component values, the key design equations fslequate voltage stress across the SCC, good sinusoidal cur
L1, Lo, C1, andC» as a function of the multiplier terms,( "ent waveforms and a narrow switching frequency range.

o, and k) can be obtained by simultaneously solving (16)

and (17). The results are given by (18) - (21). V. MODELING AND ANALYSIS OF TUNABLE
3P-DABSRC
I — Xmino(e — o) (18) Recall that the proposed DFM modulation scheme should
b Wr,max (02 — 1) not be used for modulating output power belo# yin.

Although the DFM modulation scheme completely eliminates

circulating current and achieves full-range ZVS operation

Ly = Xmino (k€ — 0) (19) its implementation is constrained by the minimum allowable

Wrmax (K — 02) switching frequency. Therefore, belol®, i, Which is asso-

ciated withw, min, it is proposed to reconfigure the converter
) to a tunable 3p-DABSRC and use impedance modulation for

Cy = o -1 (20) modulating output power while keeping the switching fre-

Xminwr,max(c€ — 1) guency constant. In addition, the phase-shiff kept constant
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as determined by the input-to-output voltage ratio to aahie
full-range ZVS operation and maintain minimum-tank-catre
operation simultaneously for minimizing switching lossdan
conduction loss respectively [29]. As a result, the progose
reconfiguration will enable high-efficiency performance fo

light-load operation as well.

VZB

4 (®)

A

Fig. 10. Voltage distribution across branfa .

3V
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Fig. 11. \oltage waveforms across capacitéy and switch.Sn; for 3p-

DABSRC.
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Fig. 12. Equivalent circuit of the proposed converter witit BSRN.

A. Power Flow Analysis

For reconfiguration to a tunable 3p-DABSRC, the switches
Sne in branchX s are turned off (cf. Fig. 10). This action
isolates the impedancésa from the resonant network and
only impedanceXg are active. Referring to Fig. 10, when
Sn1 (the same argument applies$&, and.Sys) is turned off,
the capacitorC; in X4 is charged to the maximum voltage
(Yiz+Xe) by the voltage difference;s—vac (cf. Fig. 11).

As a result, the voltage seen 8, i.€. v1A—v2c—Vcapis

will vary between 0 and-2(¥iz+Y) which will always keep

the body diode ofSy; in a reverse biased state. Therefore,
Xa can be fully isolated by using only a two-quadrant
switch. Furthermore, to operate the converter as a tungble 3
DABSRC, phase transposition must be applied at the output
ports of the network.e., Vo, are to be phase-shifted by 120

so that the voltages at the input and output ports of the n&two
correspond with each other. The effects of these two opersti
(i.e., Sx; are turned off and phase transposition is applied at
the output ports), are to transform the converter to a tunabl
3p-DABSRC as depicted by the equivalent circuit shown in
Fig. 12. Considering the case where power is transfered from
Vi; to Vy; (i.e., Vy; leadsVy;), the port currentd;; can be
obtained by applying Ohm’s law as given by (24). By using (3)
and (24), an expression for the output power of 3p-DABSRC
can be obtained as given by (25). By dividing (25) with,

the expression for the output current of 3p-DABSRC can be
obtained as given by (26).

Vi — Voo
Ilj = 71]}(]3 2 = Iljt(¢+ f(])?)
V2 Vin /T =2 Geos(f) + G 2
Ilj =
nrtXg
B _1,1—Gcos(h)
¢ = (tan (GTn(H)) (24)

whereG = nV,/Vi,.
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P,=3x %[VIAI;A] d COS_l(G) A4 Gl
—9 (INlj) =0=60= 1 (30)
d cos™! ( — ) v G>1
6VinVo . 0 (25) G
= Sin
nm? Xp The conditions given by (30).., § = cos™'(G) for G < 1
6V andf = cos~}(1/G) for G > 1) form the criteria for minimum-
I, = 2;‘; sin(6) (26) tank-current operation of 3p-DABSRC. To determine the pha-
nm B

sor relationship betweeN;;, Vy; andI;; under minimum-
By inspection of (24), it can be observed that unlikéank-current operation, the values #bfis determined by (30)
3p-DABRIC, the phase angle of I,; of 3p-DABSRC is are substituted in (24) to obtaip for different values ofG.
dependent on the voltage rati®. For ZVS operation of 3p- The resulting expression is given by (31).
DABSRC, the value ofp should be in the range & ¢ <
0 so thatl,; lags Vi; and leadsV,;. This implies that the 0 v Gl & 6=cos! (G)
instantaneous current should be negative at the turn-temitss
of the primary-side switches;; (and positive forS;;) and b = Q V G=1& 0=0,,, (31)
positive at the turn-on instants of the secondary-sideche# 2
Q1 (and negative forQ ;) (cf. Fig. 3) so that the switches 0
parasitic capacitances are discharged and their body sliode
conduct before the gate signals are applied. Based on (24)According to (31), under minimum-tank-current-operation
whenG is unity, the value ofp will be 6/2 and 3p-DABSRC 1,; should be in phase witlV,; for G < 1 (cf. Fig. 13 (a),
will achieve ZVS operation independent of output powe(d)), and in phase wittV,; for G > 1 (cf. Fig. 13 (c), (f)).
However, deviation oiG from unity causesp to violate the Thus, it can be concluded that by selectthgorresponding to
constraint 0< ¢ < 6 resulting in hard switching and increased30) for different values of7, full-range ZVS and minimum-
circulating current. Therefore, it is proposed to calailédt tank-current operation can be achieved for 3p-DABSRC to
based on the value @F such thatp resides in the range € minimize switching loss and conduction loss simultanepusl
¢ < 6 and modulate output power by varyidgs (cf. 25).

1
v G>1&9:cos’1(a)

C. Impedance Modulation and Design Considerations for
B. Criteria for ZVS and Minimum-Tank-Current Operation Tunable 3p-DABSRC

After determiningd for a givenG, the output power of 3p-
DABSRC can be controlled by modulating impedan€g as
a function ofy. By substituting (30) into (25), the expression
f% the output power of 3p-DABSRC can be obtained as given
by (32).

Recall that for ZVS operation of all switches, should
reside between 0 and i.e., 0 < ¢ < 6. Therefore, by
evaluatingy > 0 and¢ < 6, the ZVS conditions for the
primary-side and secondary-side switches can be derived
terms of G and . The results are given by (27) and (28).

6Vin V.
0>cos ' (G) f G<1 27 = 7% Gn(cos~!
> cos ( ) or (27) anXB(z/J)Sm(COb (G)) V G<1
6VinVo
P,(y) =< = —5 o~ S (Omin) v G=1
1 nm2 Xg(¢)
6 > cos* ( — ) for G>1 (28) 6Vin Vs 1
G :wsin(cos_l( 5)) vV G>1
Thus, # can be selected as a function @f according to A (32)

(27)—(28) to ensure ZVS operation of the 3p-DABSRC.  gjnce the maximum output power for 3p-DABSRC is equal
To determine the criteria for minimum-tank-current operao the minimum output power for 3p-DABRIC, the minimum

tion of 3p-DABSRC, the port currents; given by (24) are series impedanc&g,,,,,,, can be obtained from (16) and

divided by the output current given by (26) to obtain a loag32). The result is given by (33). By using (16) and (33), the

independent and normalized expression for port currentishaswitching frequency for 3p-DABSRC can be obtained as given
independent of{s. The resulting expression is given by (29)py (34).

66‘/;)‘/311 Sin(emin)
ooy V2 /T=2 Geos(0) + G 2 - B e — T (33)
N T, T 6 sin(0) (29)
By inspection of (29), it can be seen that the normalized \/(CQXB )2 £ ALaCh + Co X
port currents/yy; are function ofG and @ only. To achieve  , — SROGmin) SRC (min) (34)
minimum-tank-current operation, the minimum value/gf 2L5C

is found by taking its first derivative (with respect & and Thus, for a tunable 3p-DABSRC, the converter is operated
setting it to zero [29]. The results are given by (30). with a constant switching frequency as given by (34) and the
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Fig. 13. Port currents and voltages of a tunable 3p-DABSRi@gusnpedance modulation scheme for different voltageosafi (a) G < 1 ; (b) G =
1; (c) G > 1 (d) Phasor relationship betwedn;;, Vo; andI; for G < 1; (e) Phasor relationship betwedfy;, Vo; andIy; for G = 1; and (f) Phasor
relationship betweeVy;, Vy; andI,; for G > 1.

output power is varied by modulating impedan&g as a

function of «.

TABLE |

DESIGN SPECIFICATIONS OF PROPOSERP-DAB CONVERTER

DCBlocking  Gate Dri Gate D Input voltageVi, 300 V
i ate Drivers ate Drivers H
Gate Drivers  Capacitors for Switches  for Switches Nominal output voltagéd/, 150 v
for Switches S Stea Output voltage range 75-225V
S;i,Sp — Primary Bridge . Maximum output power, . 1500 W
o=~ Gate Dri Resonant inductof,, 73.9uH
ate vrivers .
G for Switches Resonant mduct_oLz 184.4yH
St Resonant capacitar 81.5nF
Resonant capacitars 73.5nF
Resonant Switching frequencyfs (3p-DABRIC) 35-50 kHz
Inductors L,  OWitching frequencyf; (3p-DABSRC) 46 kHz
vill Control angle of SCG) 90° — 160°
G Resonant Transformer’s Turns ratia, 2
i Inductors L, Core Type ETD-54 Core
Secondary Bridge ' Resonant Network Core Material N87 Ferrite
Gate Drivers for High-Frequency Power gaine 2.5
Switches Q;1, 0 Transformers Frequency ga"m— 1.4
) Capacitance gainr 56.7
Fig. 14. Photo of constructed laboratory prototype of 1.5 kW MOSFETs UJC06505K
Controller TMS320F28379D

VI. PROTOTYPE DESIGN AND THE
EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed converter asach that the switching frequency varies from 35 kHz al40
benchmark its performance, a laboratory prototype showntm 50 kHz at 100 of the rated output power. The variation
Fig. 14 has been designed and built with the specification f; and ) versusP, is plotted in Fig. 16a by using (14).
listed in Table I. A flowchart depicting the detailed desigfit can be seen from Fig. 16a th&t, varies from 40% to
procedure is shown in Fig. 15. The prototype has bed&®0 % of the rated output power af varies from 35 kHz
designed to operate as a tunable 3p-DABRIC fron¥4® 100 to 50 kHz andi varies from 160 to 90 °. It is reminded
% of the rated output power with variable switching frequendpat under the proposed DFM modulation for 3p-DABRI(,
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Start; given: — : 50
CVina Vo P soee. D 6 05 x.) —#— Variation of PO versus
150 —»— Variation of PO versus £
y
Calculate Ly, L,, C; and
C, using (18) - (21). - 145
Q ~~
® 130 N
&0 us
P0>P0 min false "8 :E’
true L 140
A 110+
3p-DABRIC 3p-DABSRC
(Sny are turned on) (Snx are turned off)
Y Y
Calculate o, from (12)- Calculate ¥ from (30)- 90 40 6l0 8‘ 0 1 035
(14) to achieve the (34) to achieve the "
required Py, required P, P0 (% of rated output power)
Y v (a)
(' Stop ) (" Stop ) 500 ' ‘
—%-3p-DABRIC
Fig. 15. Flowchart for design and operation of proposed edav. +3p-DABSRC
400 | 1
and ¢ are varied synchronously to maintain the immittanc
condition §.e., w, = ws). Below 40 % of the rated output 300!
power G.e., P, < P, max/0), the converter is reconfigured >
to a tunable 3p-DABSRC. The output power for the tunab :
3p-DABSRC is controlled by impedance modulation methc + 200
where the impedance of the serie€’ network is modulated
by varyingvy from 90° to 160°. Regarding the selection of
the multiplier terms, o, andx they are selected to limit the |
voltage stress across the SCC and keep a narrow range 100
frequency variation. The voltage stress across the SCtéor-
selected converter specifications is plotted using (35) iand

shown in Fig. 16b. The derivation of this expression can t 100 120 140 160

found in [29]. bldegree)
V2Ica  V2(2m — 2 + sin 2¢) I -
wCy wrCy (35) (b)

To characterize the performance of the prpposed Converr_ﬁr! 16. (a) Variation offs and versusP, for 3p-DABRIC; (b) Variation
the constructed prototype has been extensively testedru 5 versusy for 3p-DABRIC and 3p-DABSRC.
both configurations and its power conversion efficiency has
been measured over a wide range®f(i.e., 0.5<G<1.5).
Moreover, for better benchmarking its efficiency perforien _ _ o
the port currents and efficiency of the proposed converter H&Ponding experimental results are shown in Fig. 17 for three
been compared to conventional 3p-DABRIC operating in UFtfferent power levels.e., 100%, 75% and 50% of the rated

and ZVS modes and 3p-DABSRC under SPS modulation. output power. By inspection of the experimental waveforms
shown in Fig. 17, it can be observed that;, i1; at the

_ input ports (cf. Fig. 17 (a), (c) and (e)) and;, iy; at the
A. Expe_nmental Results for Tunable 3p-DABRIC under DFMutput ports (cf. Fig. 17 (b), (d) and (f)) maintain an in-pha
Modulation relationship for all the three output power levels. Morapve
The prototype was operated as a tunable 3p-DABRIC froincan also be observed that as the immittance condition is
40 % to 100% of the rated output power with the proposednaintained under switching frequency variation, cirdalgt
DFM modulation, under whichfs; and ¢» were modulated current and reactive power are completely eliminated. The i
simultaneously to maintain the immittance conditione( phase relationship between the current and voltage wawesfor
wy = ws) through-out the entire power range. The corret all ports and the elimination of circulating current have

VCQ,peak =
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Fig. 17. Measured port voltageél]., vg; and currentsiy;, io; for 3p-DABRIC under DFM at (a)(b) 100% of the rated output power withfs = 50 kHz,
andvy = 9C°; (c)—(d) 75% of the rated output power withfs = 45 kHz, andy> = 104.7; (e)—(f) 50% of the rated output power wittfs = 40 kHz, and
Y = 123.9.

led to significantly reduced RMS port currents, i,; and and phase-shift were kept constant and the output power
conduction loss. Furthermore, judging from the directidn avas controlled by modulating the impedance of the series
i15, 42; during the voltage transitions afi;, vs;, it can be LC resonant network by means of varying the SCC control
observed that all switches undergo ZVS commutation leadiaggley. The corresponding experimental are shown in Fig. 18
to mitigation of switching loss. Overall, the eliminatiorf o corresponding to three different output power levets, 40
circulating current and achievement of ZVS operation in alb, 25 %, and 10% of the rated output power. By inspection
switches have contributed to the achievement of wide-range Fig. 18, it can be observed that unlike SPS modulation
high-efficiency performance. where circulating current increases with the increase, dfie
proposed modulation method constantly operates the cemver

B. Experimental Results for Tunable 3p-DABSRC Und@F_the minimum tank current_for the entire power range as
Impedance Modulation 0 is kept constant at the optimal value as determined from
%30), andy is used to modulate output power. Moreover, it

Below 40% of the rated output power, the prototype wa an be observed from Fig. 18 thag lagsvy; and leadsys,

qperated as a tunable 3P'DABSRC W'th |m_pedance modu géding to the ZVS operation of all switches. The waveforms
tion. Under this modulation method, switching frequengy
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Fig. 18. Measured port voltagegj, vg; and currents;, io; for 3p-DABSRC under impedance modulation at(é)) 40% of the rated output power with
1 = 90°; (c)—(d) 25% of the rated output power with = 95.8; (e)—(f) 10% of the rated output power witp = 105.7.

depicting the ZVS operation of the primary-side switclsgs, of 1A—7.5A—1A are shown in Fig. 20. The converter is
Sa2 and secondary-side switch&3s;, Qa2 are shown in designed to operate as a tunable 3p-DABSRC for load current
Fig. 19(a)-(b) respectively, and the voltage waveforms ofelow 4 A and a tunable 3p-DABRIC for load current above
SCC are shown in Fig. 19(c). Hence, it can be concluddd, the load current is sensed continuously and mode transi-
that under this operation mode, attenuation of the ciriwgat tion occurs seamlessly as the load current exceeds/falirbel
current in conjunction with ZVS operation of all switchesba the threshold value of 4A. The block diagram representing
contributed to the realization of high-efficiency performa the closed-loop voltage-mode control strategy of the psedo
at low-to-medium output power levels. converter is depicted in Fig. 21. The feedback loop comprise
of a mode selection block which selects between two differen
C. Closed-Loop Voltage-Mode Control Transient Performeand®roportional-integral (P1) controllers (designed for eapera-
Under Mode Switching tion modg) on the t_)aS|s of the load current, and a compemsatio
To demonstrate the transient performance of the proposbe|8Ck which contains the two P1 controllers that generate th
i . appropriate control signals for output voltage regulatioder
converter under fast load transitions and mode switchin . . . : .
ach operation mode. A hysteresis band is designed in the

the simulated closed-loop transient response of the pEImIDO?node selection block to reduce sensitivity at the threshold

converter with voltage-mode control under step load change
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Fig. 19. (a) ZVS operation af a1, Sa2; (b) ZVS operation 0fQ a1, Qas;
(c) Measured waveforms afaci(a), v2ct(®) andvacy(cy aty = 115.3.
. - . — P St f
value of 4 A. Based on the simplified small-signal model ¢ OV;‘:_ngeo Ve i -
the proposed converter as shown in Fig. 22, the Pl contsoll¢ . _
are designed with a crossover frequency of 500 Hz and - o | |imoad @
phase margin of 70 The expressions for the small-signa | ** S | | & E
value of the output current, ,,qe 4,y for 3p-DABRIC and |— T | | g
3p-DABSRC can be obtained by taking the partial derivativ £ [Frcme — - —
of (14) and (26) with respect t¢, and ), respectively. The | £ | e &) Yo
resulting expressions are given by (36) and (37). For tunat i Vret
3p-DABRIC, as f, is varied, the corresponding value o¢f | BN P Coutroter |
required to maintain the immitance condition is taken from L SpDABSRC)
look-up-table. The Bode plots of the compensated loop ge Compensator

for each operation mode are shown in Fig. 23. It can be

seen from Fig. 20 and Fig. 23 that with suitably designagy. 21. Block diagram of the closed-loop implementationtte proposed
PI controllers, the converter’s output voltage is well redged converter.

during fast load transients and the converter is able toadper
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v modulation were included in the comparison. For a more
> > © comprehensive comparison, wide-range variation& ifi.e.,
}.v 'lv 0.5 <G<1.5) are considered. The simulated RMS port cur-
Yl o

~ rents ¢.e., Inrms= (I1;+I2;)/2) of the proposed converter,
Lo_mode, avg conventional 3p-DABRIC and 3p-DABSRC for the selected
<T> m— R, converter specifications are plotted in Fig. 24{(&) for
G = 0.5,G =1 andG = 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 widegan
variations inG as compared to the other two topologies. The
lower RMS port currents of the proposed converter is atteihu
to the achievement of wide-range zero circulating current
which favorably leads to lower conduction loss. Moreover, a
the proposed converter is capable of achieving full-rang8 Z
: operation for all switches irrespective of variationsGn the
Compensated Loop | proposed converter incurs lower switching loss in comparis
Gain 3p-DABSRC) |  to the other two topologies. The ZVS range comparison of the
Compensated Loop | Proposed converter with the other two topologies is present
Gain 3p-DABRIC) | in Fig. 25. It can be seen from Fig. 25 that unlike UPF
A operation of 3p-DABRIC (cf. Fig. 25(a) where switch8s;,
Crindii \\ S_j4 are hard-switche.d) and SPS operation of Sp-DABSRC (cf.
Frequency = 500 Hz Fig. 25(b) where switche® 1, Q2 are hard-switched fo€
< 1 and switchesS;;, S;2 are hard-switched foz > 1), the

Fig. 22. Simplified small-signal model of the proposed cotere

Bode Diagram

Pm = 70° (at 500 Hz)
100 :

N
=]

Magnitude (dB)
N

/

-100 s s proposed converter achieves ZVS operation for all the fiwitc
0r ' ' 1 independent of output power level and input-to-outputagdt
. e ratio (cf. Fig. 25(c)).
g 360 - The measured power conversion efficiency of the proposed
2 converter, conventional 3p-DABRIC and 3p-DABSRC are
“é Phase Margin = 70° plotted in Figs. 26(a}(c) for G = 0.5,G = 1 andG = 1.5
= =720+ 1 respectively. It can be observed from Figs. 26(@&) that due
P to reconfiguration flexibility, attenuation of circulatimgirrent
and full-range ZVS operation, the proposed converter sffer
-1080 . . o
10° 102 104 10 a wide-range high-efficiency performance as compared to the

other two topologies. For the conventional 3p-DABSRC, it
Frequency (Hz) achieved a better efficiency performance at low-to-medium

output power levels foiG = 1 but suffered from high cir-

Fig. 23. Bode plots of the compensated loop gain for eachatipermode. culating current and hard-switching undér=£ 1 leading to
a deterioration of efficiency performance. For the conven-

tional 3p-DABRIC operating with unity power factor, %3

stably during mode transition. of the switches suffered from hard-switching and high circu

~ 124/3C1 Vi (47r201L1fs2 + 1) ~ lating current prevails under light-load condition. Thersto
to_3p—DABRIC,avg = n (47201 Ly f2 — 1)2 fs (36) efficiency performance resulted from the conventional 3p-
s DABRIC operating with full-range ZVS mode due to excessive
B 48C Vi . sin(6) (Cos(w)g _ 1) _ conduction loss caused by the high circulating current eded

. 5% to realize the ZVS operation. For the proposed converter,
n(2m —4r3Cy Ly f2 — 2 +sin(2¢))”  gwitching loss is negligible due to full-range ZVS operatif
(37) " all switches and the dominant loss mechanism is conduction
loss. The increase in conduction loss with increasing load
D. Performance Comparison with Conventional 3p-DABRIfeads to a decrease in efficiency. However due to wide-range
and 3p-DABSRC zero circulating current, unity power factor operation and
To demonstrate the merits of the proposed topology a@®¥/S operation of all switches, the loss in efficiency with
modulation schemes, the performance of the proposed carsreasing load is quite small and the proposed convertersof
verter was evaluated and compared (in terms of RMS paoelatively flat (i.e; weak dependence on load) efficiencyear
currents, ZVS range and power conversion efficiency) withis compared to the other two topologies.
the conventional 3p-DABRIC and 3p-DABSRC with fixed
resonant networks. The conventional 3p-DABRIC with a fixel- Power Loss Model
immittance network operating with unity power factor and The power loss breakdown of the proposed converter for
full-range ZVS modes, and 3p-DABSRC operating with SPBoth operation modes over wide output voltage and power

%o_3p—DABSRC,avg —
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Fig. 24. Normalized simulated port current§ ,,s comparison between the proposed converter and convehB8prBABRIC (UPF and ZVS modes) and

3p-DABSRC (SPS modulation) for (& = 0.5; (b)G = 1; (c) G = 1.5.
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Fig. 27. Power loss breakdown of the proposed converter &rG(= 0.5; (b)G = 1; (¢) G = 1.5.

range has been calculated by adopting and extending ther posigitching transitions of MOSFETS.
loss models proposed in [31], [32]. The developed power loss i1:(0)
model (cf. (38)) considers the following losses: Psy = <6 X Un

‘ Vl/j (trip + trvp + tﬁp + trvp) fs)

Pr, = Pcond + Pscc + Poore + Pow (38) + (6 x |i2;(0)] Vaj (tris + trvs + this + tevs) fs()42)

1) Conduction Loss:The conduction 10S$co,q is calcu- Where‘”f—vfo)l, li2j(0)| are the instantaneous current values at
lated using (39) and is contributed by the on-state resistarthe turn-on instants of primary and secondary-bridge MOS-
Rox.p» Ron s of the MOSFETSs in the primary and secondarf ETS, trip, trvp, tp, andi.p, are the rise and fall time of the
bridges respectively, AC resistancéy,;, R.. of the reso- current and voltage of the primary-bridge MOSFETs while
nant inductorsL,, L, respectively, and AC resistancBy lis, tivs, las, and . are the same for secondary-bridge
(secondary-reflected) of the HF transformers windings. ~ MOSFETs.

By using (38)-(42), the power loss breakdown of the pro-

Iy rms 2 I i rms 2 : . .
Poond = 6 % << 1j, ) Roxp + ( 2j, ) RON7s> posed converter is calculated and shown in Figs. 27(@)for

V2 V2 G =0.5,G =1, andG = 1.5, respectively. Since ZVS operation

I 2 p I 2 p I 2 p is achieved for the entire operating range, the switchirgg lo
+3 X (( Lisms)” Bt + (TL2,ms)” Brz + (T2j,rms) T) Pg,, of the MOSFETSs in the primary and secondary bridges
(39) s negligible and is not shown in Fig. 27. It can be seen

from Fig. 27 that the major source of power loss of the
2) Power Loss in SCCThe power loss in SCC is calcu-proposed converter is attributed to conduction loss for the
lated using (40) and is contributed by the on-state resistarentire operating range.
Ron,scc of the SCC MOSFETSs and the forward voltage drop Finally, a comprehensive comparison of the proposed 3p-
V¢ of the SCC body diodes [29]. DAB topology with the existing 3p-DAB topologies is pre-

9 sented in Table Il to conclude the paper.
Psce = 3 x ((ISCC,rms) Ron,scc + VfISCC,rms) (40

VIl. CONCLUSION
3) Core Loss:The total core loss incurred in the resonant

inductorsL,, Ly and HF transformers is calculated by apply- A flexible _a_n_d reconfigurgble topology of three-phase DAB
ing the modified Steinmetz equation as given by (41). converter utilizing a recor_1f|gu_rable and tunable resonaftt n
work has been proposed in this paper. The proposed converter

Preore = 3 % (KfeAclm (AB@ +ABY + ABf2)) (41) offers multiple degrees-of-freedom in terms of the avalilgb
o of multiple control parameters and topological variatidos
whereKye, Aclm, andj3 are the loss coefficient, volume, andychieve wide-range high efficiency performance. The pregos
loss exponent of the magnetic core respectively, WhilBr,  converter has been designed to switch between two different
ABp1, andABp, are the flux densities of the HF transformeretwork configurations that are controlled with two diffiere
resonant inductoL;, and resonant inductdts, respectively. modulation schemes to optimize its efficiency performance i
both low and medium-to-high power operation. For medium-
4) Switching LossThe total switching loss is given by (42)to-high output power levels, the converter operates asabten
and is caused by the voltage and current overlap during tBe-DABRIC with dynamic frequency matching modulation.
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TABLE Il
COMPARISON BETWEEN THE PROPOSED TOPOLOGY AND EXISTING TOPOGIES.

S. No. Ref No. of Additional Full- Unity Power Zero Zero Minimum
Switches  Resonant Range Factor Circulating Backflow Tank

Components ZNS Operation Current Power Current

1 [11]-[13] 24 0 O X X X X

2 [15], [16] 21 0 O X X X X

3 [19], [20] 12 9 O X X X X

4 [21] 18 12 X O X O X

5 [26] 21 12 O O X O X

6 Proposed 21 12 O O O O O

Topology

Under this mode of operation, the converter’s output power ij5] H.-J. Choi, H.-P. Park, M.-A. Kim, C. Sang-Gyu, C.-U. Leand

modulated by synchronously varying the resonance frequenc J-H- Jung, “Modulation Strategy of Three-Phase Duals&eBridge
Converter Using SiC-MOSFET for Improving Light Load Corwiit,”

of_the immittance network and_ the switching frequency by 5519 |EEE Workshop on Wide Bandgap Power Devices and Afiplisa
using an SCC. For low-to-medium output power levels, the in Asia (WiPDA Asia)pp. 1-5, 2019.

converter operates as a tunable 3p-DABSRC with impedand@ N. A. Dung, H. J. Chiu, J. Y. Lin, Y. C. Hsieh, H. T. Chen, afd X.

. . . ) Zeng, “Novel Modulation of Isolated Bidirectional DC-DC Geerter
modulation. Under this mode of operation, the converters {, " cio o Siorage SystemsiEEE Trans. Power Electronvol. 34,

output power is modulated by varying the impedance of no. 2, pp. 1266-1275, 20109.
a seriesLC resonant network with the aid of SCC while [7] J. Hiltunen and V. Vesa, “Variable-Frequency Phaset3¥ddulation of

; Hahi _chi a Dual Active Bridge Converter/EEE Trans. Power Electronvol. 30,
keeping the switching frequency and phase-shift constant. - 12, pp. 7138-7148, 2015,

The_ co_mbination of both operati_on m(_)des have led to thg) z Li, v. wang, L. Shi, J. Huang, and W. Lei, “Optimized mae-
realization of wide-range zero circulating current andl-ful tion strategy for three-phase dual-active-bridge DC-D@vedters to

; ; ia. minimize RMS inductor current in the whole load rang2016 IEEE
range ZVS operation of all switches for a wide range of 8th International Power Electronics and Motion Control Gerence,

output power and input-to-output voltage ratio. The présgn IPEMC-ECCE Asia 2016pp. 2787-2791, 2016.
theoretical analysis has been validated by the experirhenta] J. Hu, N. Soltau, and R. W. A. A. De Doncker, “Asymmetridalty-

results obtained from a 1.5 kW laboratory prototype yieydin ~ Cycle Control of Three-Phase Dual-Active Bridge Conveftr Soft-
Switching Range ExtensionEnergy Conversion Congress and Exposi-

wide-range high-efficiency performance. tion (ECCE) 2016.
[10] J. Huang, Z. Li, L. Shi, Y. Wang, and J. Zhu, “Optimized Mdation
ACKNOWLEDGMENT and Dynamic Control of a Three-Phase Dual Active Bridge @oev

. . with Variable Duty Cycles,1EEE Trans. Power Electronvol. 34, no. 3,
This work was supported by The Hong Kong Polytechnic  pp. 2856-2873, 2019.
University Central Research under Grant G-YBXL. [11] N. H. Baars, C. G. Wijnands, and J. Everts, “A Three-lleM&ree-Phase
Dual Active Bridge DC-DC Converter with a Star-Delta Conteec
Transformer,”2016 IEEE Vehicle Power and Propulsion Conference,
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