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Abstract—TIsolated bidirectional dc—dc converters (IBDCs) with
high efficiency and high power density demand for complete zero
voltage switching (ZVS) of all active devices for its entire operating
range. This paper presents a comprehensive analysis and optimiza-
tion problem formulation of a triple phase shift (TPS)-controlled
inductive link based voltage fed-dual active bridge (VF-DAB) con-
verter. Limitation on natural ZVS range for the TPS-controlled
inductive link based VF-DAB is presented. To extend the ZVS
range in a TPS-controlled VF-DAB converter, passive auxiliary in-
ductors are connected in parallel (LLL tank) to the primary and
secondary sides of the high-frequency transformer. Analysis and
subsequent numerical solutions for the TPS-controlled VF-DAB
with auxiliary inductors show complete ZVS of all the MOSFETs
for the entire operating range. Experimental results confirm com-
plete ZVS of all MOSFETs under various voltage gains and load
conditions. A comparative loss breakdown for the TPS-controlled
LLL tank VF-DAB and the conventional inductive link VF-DAB at
various operating conditions show the necessity of the additional
auxiliary inductors in the conventional design for increasing opti-
mal switching frequency of the IBDC.

Index Terms—High-frequency (HF) transformer, isolated bidi-
rectional dc—dc converter (IBDC), triple phase shift (TPS), voltage
fed-dual active bridge (VF-DAB), zero voltage switching (ZVS).

1. INTRODUCTION

HE research in the area of dual active bridge (DAB) based
T isolated bidirectional dc/dc converter (IBDC) has gained
momentum in recent years due to the advancements in the fields
of electrified transportation, integration of energy storage (ES)
elements due to the intermittent nature of the distributed renew-
able energy generation, and other applications. The main focus
of the research has been to achieve high power density, higher
efficiency, superior dynamic performance, and improved relia-
bility of the DAB converters [1]-[4]. Various forms of DABs
are presented in the literature and are mainly classified based on
the filter network, active switching network, and high-frequency
(HF) reactive network [1], [2].
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Fig. 1. Voltage fed-dual active bridge (VF-DAB) converter topology.

The dual active full bridge (DAFB) converter with an
inductive-type reactive tank as shown in Fig. 1 has now become
the most popular DAB-based IBDC for medium-voltage and
low-voltage applications due to its additional control freedom
and symmetric control on bidirectional power flow. The con-
trol strategy for the DAFB-based IBDC with the inductive-type
reactive tank to improve the soft switching range and reduce
the circulating current in the converter is one of the important
research directions for this topology. The full bridge configura-
tion can achieve three levels of pole voltages depending upon the
switching states. The dual full bridge configuration with 50%
duty on each switch and constant switching frequency offers
three degrees of freedom to control power transferred by the
converter as follows:

1) ¢, the phase shift between the pole voltages of the two

active bridges where —7 < ¢ <  in radians;

2) D, the duty ratio of the primary bridge pole voltage v 4'p

where 0 < Dy < 1;
3) D, the duty ratio of the secondary bridge pole voltage
vep Where 0 < Dy < 1.

Dy and D, represent intrabridge phase shift and can be varied
by controlling the phase shift between the two legs of its corre-
sponding active bridges. ¢ represents interbridge phase shift.

Single phase-shift (SPS) control based modulation which uses
only one degree of control freedom is the most conventional
modulation scheme for DAB [5]-[9]. The bidirectional power
transfer in the SPS control is achieved by adjusting the phase-
shift o between pole voltages of the active bridges while keeping
D; and D, as 1. However, SPS-controlled DAB suffers from
drawbacks due to loss of soft switching and high circulating
currents for wide variations in the terminal voltages and load.
The drawbacks of the SPS control are severe, especially when

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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the voltage conversion ratio is not close to the turns ratio of the
transformer [9].

An improved form of SPS is the extended phase-shift (EPS)
control which is discussed in [10]-[14]. EPS control adds an
extra degree of freedom to the SPS control by creating phase
shift between the legs of the same bridge in any one of the two
active bridges resulting in greater flexibility (two degrees of
freedom which is either Dy or Dy and (). Similar to the EPS
control, the dual phase shift (DPS) control [15]-[19] also has
two degrees of control freedom. In DPS control, the intraphase
shift within the active bridges D; and D is controlled and is
kept the same (D; = Ds). Compared to the SPS control, EPS-
and DPS-controlled DAFBs reduce the current stress, increase
the zero voltage switching (ZVS) range, and minimize the filter
capacitance.

Triple-phase-shift (TPS) control [3], [20]-[27] operates
with three degrees of freedom in control (D;, D5, and ¢). In
[20], TPS control based triangular and trapezoidal modulation
schemes have been discussed for obtaining the least transformer
rms current at various operating conditions of the converter.
But the modulation scheme suffers from losses incurred in
the active devices due to zero current switching (ZCS). In
[24], a composite scheme combining EPS and TPS control is
proposed, which provides ZVS even for light load conditions
with reduced rms current.

Even with TPS control, complete ZVS conditions for the
entire operating conditions cannot be achieved by the fixed fre-
quency modulation scheme in the DAB converter [3], [30]. The
ZVS limitations of a DAB are most generally defined for any
modulation strategy and ac link impedance network in [30].
Typically, partial or complete loss of ZVS occurs in a TPS DAB
under the following operating conditions:

1) atlight loads when the ratio of input dc voltage V;, to the
output voltage V, is almost the same as the transformer
primary to secondary turns ratio (1 : n);

2) atmid loads when the input to output voltage ratio deviates
away from the transformer turns ratio;

3) athigh load conditions as the difference between the input
to output voltage ratio and the turns ratio becomes very
high; and

4) during look-up-table based closed loop implementation
with off-line optimized control parameters which is an-
other key aspect of the TPS-controlled DAB converter.
The DAB is typically controlled using a look-up-table
followed by feed-back control for adjusting the errors in
the actual output power transfer and the desired output
power. Based on Vi,, V,, and power transfer (F,), the
corresponding optimal duty ratios are stored in the look-
up-table memory for discrete operating conditions and
new data points are constructed by interpolation for op-
erating conditions which are not available in the look-up-
table. Sensors are deployed for sensing the actual values
of some of the parameters from the actual converter and
quiescent values of the duty ratios are generated using the
sensed values and stored data in the look-up table. There
can be significant errors in the actual duty ratios fed to the
converter due to errors in the sensed parameters and this
can also lead to loss of ZVS in the converter.
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The above-mentioned phenomena are explained in details in
the subsequent sections. These drawbacks prevent the optimal
switching frequency of the TPS DAB converter to be very high,
typically restricting the switching frequency for such converters
to 200 kHz or less [1]-[3], [25]-[29].

In [31], a single commutation inductor derived from the mag-
netizing inductance of the HF transformer is used to achieve
complete ZVS of all the active devices. However, this requires
the converter to operate at modes where one of the two bridges
achieves ZVS by the main series inductor. This results in a
requirement of high peak currents through the magnetizing in-
ductor to achieve complete ZVS in the other active bridge. Also
either optimal control parameters or the tank currents during the
switching instances undergo an abrupt transition during mode
transfer resulting in unwanted dynamics in the converter. A TPS-
controlled single stage ac—dc DAB proposed in [32] and [33]
achieves complete ZVS of all the MOSFETs with the addition
of two parallel commutation inductors. However, the ratio of
output voltage to input voltage is less than the transformer turns
ratio (n) for the converter specifications chosen in [32] and [33],
ie., m(= nVi,/V,) < 1. It is a well-known fact that for most
DAB applications, operating around m = 1 is preferred since it
results in reduced peak currents [35].

It is a well-known fact that for most DAB applications, oper-
ating around m = 1 is preferred since it results in reduced peak
currents [35].

This paper addresses the major drawbacks of TPS-controlled
voltage fed (VF)-DAB with conventional inductive link based
HF tank by the addition of auxiliary inductors in the HF tank de-
sign. A detailed design and analysis of the TPS-controlled LLL
tank based DAB along with loss breakdown at various operating
conditions of the converter is also presented. The analysis has
been simulated and validated by experimental results.

This paper is organized as follows. The steady-state analysis
of the TPS DAB along with the various modes of operation
with respect to interbridge and intrabridge phase shifts is pre-
sented in Section II. An extensive optimization of a specific
TPS-controlled VF-DAB is presented in Section III followed by
some important generalized conclusions regarding the natural
ZVS range and limitations of TPS DAB. Based on these analy-
sis and conclusions, the design procedures for LLL tank based
TPS DAB are discussed to improve the performance of con-
ventional TPS DAB in Section IV. The experimental results of
the TPS-DAB with LLL tank are presented in Section V to vali-
date the claims. Comparative loss analysis of the TPS-controlled
conventional inductive tank and LLL tank at various modes of
operation is analyzed in Section VI. A brief performance com-
parison of the LLL tank based TPS-DAB with SPS, DPS, and
TPS modulations for the conventional inductive link based DAB
is presented in Section VII followed by the conclusion presented
in Section VIIL.

II. STEADY-STATE OPERATION AND ANALYSIS OF
TRIPLE-PHASE SHIFT CONTROLLED VF-DAB

The modes of operation of the converter for different in-
terbridge and intrabridge phase shifts are discussed in this
section. Mathematical equations for important instantaneous
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Fig.2. Gating pulses and high-frequency ac bridge voltages of TPS-controlled
DAB.

and rms values of currents and power transfer during each of
these modes of operation are presented in this section. For the
ease of analysis, the ripples in both the voltage ports are ne-
glected in the entire paper and the converter is assumed to be
lossless. The current in the lumped inductor Ly is positive when
it flows from nodes A and C. These mathematical equations are
also used for the optimization problem formulation presented in
the paper so as to reduce the circulating currents and maximize
the soft switching range.

In TPS modulation scheme, the phase shift is not just created
between the two active bridges, but also within the legs of both
the active bridges. This results in three possible levels for the HF
ac output voltages from the primary side bridge reflected on the
secondary side whichis v g (t)(= n X v4/p/(t)) and secondary
side bridge which is vcp (t) as shown in Fig. 1.

The three different voltage levels are possible for v 5 (t) and
vep (t) are as follows:

n- Vi,  whenSy, Sy on; Sy, S3 off;
B when S, S5 on; Sy, Sy off;

vas (M =9 0 whenS,, Syom: S, Syoft, (D
—n - Vi, whenSy, S3on; Sy, Sy off;

Vo  whenSs, Sg on; Sg, S7 off;
_ when S5, .57 on; Sg, Sy off;
vep () = 0  when Sg, Sgon; S5, S7 off; 2)
when S(,'7 S7 on; 55, Sg off.

Vo

The resulting voltage across the series inductor vy, () is given
by (1)

vy, (t) = UAB (t) — UCcD (t) . (3)

D corresponds to the duty ratio of primary side bridge volt-
age vy/p(t) and Dy corresponds to the duty of secondary side
bridge voltage v p (t) shown in Fig. 2.

Dy and D, can vary between O and 1 based on the inner
phase shifts between the two legs of the primary and secondary
bridges, respectively, and D37 indicates the duration between
the rising edges of the voltages v g (t) and vc p (), respectively,
as shown in Fig. 2 where T (= 2 x Tj,5) represents the time
period of the switching frequency.
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Based on the rising and falling edges of v4 5 (t) and vep (1),
the outer phase shift, which is the actual phase shift between the
two bridge voltages D, is defined by the following relation of
the duty ratios:

D@:E:Dg—k M )
m 2

Note that Dy and D, are the intrabridge duty ratios and D,
is the interbridge duty ratio.

In order to find the most optimal duties (D;, D>, and D,) of
operation for achieving least transformer rms current with ZVS
constraints on all the active devices based on input voltage Vi,
V,, and P, generalized sets of equations are required based on
the rising and falling edges of v4 5 (t) and ve p (t). The relative
occurrence of the rising and falling edges of v4 5 () and v p (1)
defines different modes of operation of the TPS DAB.

A. Modes of Operation

Based on different sequences of the rising and falling edges of
both the active bridge voltages, 12 different modes of operations
are possible for the power transfer from the low-voltage to high-
voltage side (positive power transfer) and high-voltage to low-
voltage side (negative power transfer) each. However, the modes
with outer phase shift (p) greater than 90° are ignored in the
analysis as they would result in higher circulating currents in
the converter. Hence, D,, is restricted between —0.5 and 0.5,
resulting in five possible modes of operation for positive and
five possible modes for negative power transfer operation. The
power transferred is positive when D,, is positive and the power
transferred is negative when D, is negative [2], [26]. D and
Dy can vary from O to 1. The ideal waveforms of voltages
vap(t), vop(t), and the current in Ly are shown in Fig. 3 for
different modes operation during power transfer from primary
side to secondary side. The constraints on the duty ratios are as
follows:

0<D; <10<Dy < land —05<D, < 0.5.

In the upcoming analysis and mathematical formulations,
only the positive power transfer (power transferred from the
input voltage port Vi, to the output voltage port V) is analyzed
as the results of the analysis would be similar in the reverse
power flow (power transferred from output voltage port V, to
input voltage port Vj, ) due to the symmetrical nature of the HF
tank. Fig. 3 shows the five possible modes of operation for pos-
itive power transfer based on the above duty constraints. Also
note that positive half of the voltage v (¢) is initiated by the
rising edge of gating pulse S; and ends with that of the gating
pulse of S, while the positive half of the voltage vep () is
initiated by the rising edge of gating pulse S5 and ends with that
of the gating pulse of Sg.

B. Mathematical Analysis of the Modes of Operation

The current 77, in the inductor Ly at four switching instances
ty, t1, to,orts determines whether the MOSFET achieves com-
plete ZVS or partial ZVS or hard switching during steady-state
operation. The equations for the currents during the switch-
ing instances and transmission power of each mode are shown
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Fig. 3. Basic modes of operation on TPS-controlled DAB converter.
TABLE I
EQUATIONS OF SWITCHING INSTANT CURRENTS AND TRANSMISSION POWER OF EACH MODE
Switching instant currents during rising and falling edges of v o and vep. Power Transferred (Pg )
Model i (to) = p=[n-Via(=D1) + V,(Ds + 2Dy)] Paoaet = et [D1.D, ]
ip (t1) = 42; [n-Vin(D1) + V,(=2D1 + Dy + 2D3)]
ir(t2) = qpi-ln - Via(D1) + Vi (=D))
ir(ts) = 5[ Via (D1) + Vo (=D2))
Mode2 iy (ty) = 4?[‘, [n-Vin(=D1) + Vo, (D2)] Priode 2 = %[Dz -D,]
i (t1) 41LSR [n-Vin(=D1 +2D3) + V, (D2)]
ir(ty) = 4}1? [n-Via (=D 4+ 2Dy +2D3) + V,(—=D3)]
ir(ts) = i Via (D1) + Vo (=D2)]
) Vi VT Do 2 2 2
Mode3 iy (ty) = f5[n - Via(=D1)+ Vo (D1)] Paiodes = 7l}21;LV1;,1> [014172 4 DaPe  DaDe D2 D Dy ]
ir(t1) = qrirln - Via(=D1 +2D3) + Vi (D2)]
ir(t2) = Vi (D1) + Vo (D2 = 2Dy + 2Dy))]
ir(ts) = i Vi (D1) + Vo (=D2)]
R Vi VoTs . 2 52 .
Mode 4 iz (ty) = Jq}? [n-Via(=D1) +V,(2 =Dy —2D3)] PMm]c4:"§“LiR[DTl+DTZ+D;7%7%7DV27£—]
ir(t1) = 1[0 Vin(2D2 = D1 +2D3 = 2) + Vo (D2)]
ir(t2) = 7% Via (2D5 = D1) + Vo (D2)]
ir(t3) = gr-[n-Via(D1) + Vo (=2D1 + Dy + 2D3)]
Mode 5  ir(ty) = 41;1? [n-Vin(=D1) + V,(D3)] Pyodes = % [[]12&]
ip (t1) = JSR [n-Vin(D1) + Vo (D2)]
i (ta) = &'} [n-Vin(D1) + V,(D2)]
ip(ts) = 77 [n-Via(D1) + Vo (=D3)]

|
bl
=
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TABLE Il
EQUATIONS OF TRANSFORMER RMS CURRENT REFERRED TO THE SECONDARY SIDE OF EACH MODE
D1(Ts/2) WV Vo 2 , (Dot D3)(Ts/2) Y _ 2
R B P O R [in (t2) + SHeliaBaTel2) gy
Mode 1 Y PulTs/2)
(1+D3)(Ts/2) ; (Ts/2) v 2
+T27,§ : [iL(f,z)]zdt + 7_27; . {iL(t;;)-&-( Vo) (t (1;:3)(15/2))] dt
(Do +D3)(Ts/2) (14+D3)(Ts/2)
D3(Tg;9) . 9 (Do +D3)(Ts)9) (nVin —Vo)(t=D5(T.,2)) ]2
I R A O R / [iL(t1)+ e ] dt
0 D3(Tyy)
Mode2 (DT yy) > (Ty/2)
9 1A s /2 ) (nVin)(t=(D3+D2)(Ty/9)) 2 /2 . 2
+ 75 i (t2)+ Ih dt + ars i [ZL (t;;)] dt
(Da+D3)(Tg/9) (D1)(Tg9)
D3(Ts/2) nVio 12 (Dy)(Ts/2) WVi Vo) (t—Da(Ts 2
R R (AR S oo [in (t2) + ClnVeloDa el 2) 17 gy
Mode 3 ' s .
L, (Dy+Dy)(Ts/2) D (T 2 12 (Ts/2) , :
+% {’il‘ (t2) + (=Vo)(t (LUR1>(15/2))] dt + 7"27; liL (tg)]zdt
(D1)(Ts/2) (Dy+D3)(Ts/2)
(Dy+Dy-1)(Ts/2) . 2 . (D3)(Ts/2) nv - o ./ 2
ﬁ [iL(to)Jr (M,EJrh,)r] dt + % [iL (t1)+ (nViy)(t (DZLJFDJ 1)(7,5/1))} dt
0 " (Dy+D3-1)(Ts/2) "
Mode 4 (D1)(T5/2) 2 (Ts/2) )
2 [iL (t2) + <nm—vn><rL—<Dg><Tﬁ/2>>} dt+ = [iL (ts) + (—xr/o)<t—<Lul)<Ts/z>>] at
(D3)(Ts/2) " (D1)(Ts/2) "
L Di(Ts/2) v 1012 L (Dg)(Ts/2) ‘
A 0 i)+ Sl e A T i (b))t
Mode 3 (14D8)(Ta/2) n (Ts/2)
) +D3)(Ts VoV (t—(D+ 2 ) Ts /2
+ I [in (t2) + SPRABOEIIN Vg 4 22 [ir, (ts)] dt
(Dy+D3)(Ts/2) " (1+D3)(Ts/2)
in Table I. The equations of the switching instant currents at problem to ensure complete ZVS is
steady-state conditions are solved by taking I(7},s) = —I(to). 0.5 x L , 2 05 % C
The power transfer by the converter is derived for each mode 5 x Lp xir(ts)” > 0.5 x Cq
of operation as Pyrode = vap(t) X ir(t) = vep(t) x ir(t). x Viy? for primary side bridge MOSFETs 3)
If the current i; at a certain switching instance is negative )
during the rising edge of v4 5 (t) and positive during the falling 0.5x Lg xir(t,)” > 0.5 x Cq
edge of v4p (1) during its positive half cycle, the primary side . .
& ap(1) g1sp yele, P Y X Vo2 for secondary side bridge MOSFETSs (6)

MOSFETs achieve complete or partial ZVS based on the energy
stored in the reactive HF tank elements. Similarly, if the current
17 at a certain switching instance current is positive during
the rising edge of v p (t) and negative during the falling edge
of vep (t) during the positive half cycle, the high-voltage side
secondary side MOSFETs achieve complete or partial ZVS based
on the energy stored in the reactive HF tank elements.

C. Constraint for Complete ZVS Operation

It is well known that the parasitic output capacitance Cogg
of MOSFET is known to exhibit a nonlinear dependence on the
drain—source voltage Vpg. This results in the charge stored
in parasitic capacitances also being a nonlinear function of
the applied voltage. A charge equivalent output capacitance
Co. eq(Vpg) introduced in [34] which exhibits the same amount
of stored charge as the nonlinear capacitance at a certain value
of drain—source voltage Vpg is used to determine the energy-
related condition for achieving complete ZVS in the MOSFETS.

The energy condition for achieving complete ZVS is that
the energy Ey in the series inductor Ly should be greater
than the energy E¢ stored in the charge equivalent output
capacitance Cg oq(Vpg) of the MOSFET during its off state
[34]. Neglecting the HF transformer parasitic capacitances, the
capacitor energy is just confined to the MOSFETs charge based
capacitance. Hence, the constraint taken in the optimization

where ¢, is the switching time instant which can be ¢y, t1, to,
orts,and iy, (¢, ) is the inductor current during the switching in-
stant and is defined for different modes in Table I. Similarly Cg
is (2 x Cg, eq(Vng) ) if the duty of the corresponding bridge
is less than 1 and (4 x Cg, eq(Vbs) ) if the duty of the cor-
responding bridge is equal to 1 where C «q(Vbs) indicates
the charge equivalent output capacitance of the primary or sec-
ondary side MOSFET based on the device being switched at that
instant.

Equations of rms currents for each mode can be derived from
the switching instant currents as shown in Table II. RMS current
is an indicator of the circulating current associated with the
corresponding operating condition for a certain set of duties.
The lower the rms current for a particular power transfer, the
lower the circulating current.

Based on the equations and constraints of each mode shown
in this section, the optimal operating conditions of a TPS DAB
converter are derived in the next section. Also some important
conclusions regarding the natural ZVS range have been dis-
cussed in Section III.

III. OPTIMIZATION OF TPS-CONTROLLED DAB

The optimization problem has a three-dimensional solution
space with various combinations of Dy, D, and D,, for a certain
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Run the set of Input Voltage (Vi,), Output Voltage (V,) and Power to
be transferred by the converter (P) in W to the optimization algorithm.
= Pass input set (Vin, Vo, P)

Determine the sets of D), D, and ¢ on all modes for which P, can be
achieved based on Vi, and V,, from the equations in Table [ and
eliminate the sets which do not satisfy the complete ZVS constrains
from equation (5) and (6).
=~ Determine possible solution set (Dy, D,, 9)

Store the result of (Vi, V, Po) set
as unachievable ZVS region in the
memory

minimum one solution
Set exist for complete

Determine the set which gives the least RMS
current based on the equations i Table II
= Determine the optimal solution set of (D, Dy, @)

Store the corresponding mode and the
corresponding (Dy, D,, @) set for the corresponding
(Vin, Vo, Po) set in memory

End

Fig. 4.
range.

Procedures to determine the optimal control parameters and ZVS

value of Vi, V,, and for a particular power transfer (P in watts)
by the converter. Constraints of each mode are defined based on

1) the mutual constraints of the inter- and intrabridge duty

ratios as shown in Fig. 3 and

2) the magnitude and direction of the link inductor currents

during the switching instances necessary to achieve com-
plete ZVS of all the MOSFETs.

The optimization function is defined to achieve the least HF
reactive tank rms current. It should be noted that in most of the
literature, the natural ZVS behavior of TPS DAB is determined
simply in terms of the current direction of the link inductor and
not the actual energy available in the HF tank for discharging
the device output capacitance. This is why most optimization
results may not be able to precisely predict the natural ZVS
range of the TPS DAB converter and herein lay the importance
of the optimization of the TPS DAB converter presented in the
following sections. The equations of the transformer rms cur-
rent referred to the secondary side at steady-state conditions for
each mode are also shown in Table II. Different solutions of
duty ratios result for a particular power transfer at a fixed input
and output voltages. However, the circulating current and hence
the reactive HF tank current vary for each solution [7]. Increase
in circulating current leads to increased conduction loss in the
MOSFETs and also copper loss in the HF transformer and Printed
Circuit Board (PCB). Fig. 4 summarizes the optimization proce-
dure to determine the optimal control parameters and ZVS range
for the entire operating region of the conventional converter.

A. Specifications of the Hardware Prototype

The above optimization function is evaluated for the speci-
fications of a 1 kW DAB hardware prototype. The specifica-
tions are given in Table III. The MOSFETs used in the secondary
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TABLE III
DC-DC CONVERTER SPECIFICATIONS

Parameter Value
1 Primary side nominal voltage Vin 30-38V
2 Secondary side voltage Ve 270V
3 Switching frequency Is 100 kHz
4 Primary side capacitance Cin 30 x 10 pF/ 63 V/IXTR(MLCC) in parallel
5 Secondary side capacitance c, 12 x 2.2 pF/ 450 V/X6S (MLCC) in parallel
6 Maximum power transferred Py, ,« 1 kW
7 Series inductance Lg 74 nH
8 Turns ratio n 8
9 Primary side MOSFET Sy, S, S3, Sy IPBO19NO8N3
10 Secondary side MOSFET S5, S, S7, Ss C3M0065090D

Region 3: '
MODE 4

Power Transferred P (p.u.)
=

0.1 Region 4: gl
0.05; Partial ZVS Region Region 2:
- e ‘ ‘ ) MODE 1
Rclglon 0.9 092 094 09 098 1 102 104 106 108 11
MOI;E 2 Voltage conversion ratio — m = n V"‘/V
— o
Fig. 5. Optimal operating modes for the converter operating conditions.

side bridge are C3MO0065090D and the primary side bridge
are IPBOI9NOSN3 and charge equivalent output capacitance
Co. eq(Vbs) of these MOSFETs are taken as constrains to ensure
complete ZVS condition. The basic design and choice of these
parameters for the example of the TPS DAB converter can be
found in [26]. According to the design procedures given in [9]
and [35], the maximum phase shift in steady state for the DAB
is generally limited close to 45° at the nominal input voltage in
order to avoid high circulating current at high loads. Hence, the
value of the effective series inductance (L) associated with the
transformer is designed as 74 pH for the analysis of the 1 kW
converter. The series inductor Ly at the HF tank shown in Fig.
1 includes both the leakage inductance of the transformer re-
ferred to the secondary side (11.5 H) and the external inductor
(62.5 pH). The primary side voltage varies due to the terminal
voltage variations of the ES element with respect to its state of
charge.

The nominal voltage of the ES is 33.75 V where the converter
operates most of the time. Hence, the turns ratio of the trans-
former is designed to have better converter performance around
the nominal operating voltage of the ES element.

B. Inference on Controlled DAB Optimized Results of TPS

The optimization function to achieve reduced transformer
rms current along with the constraints to achieve complete ZVS
condition on all MOSFETS is evaluated on the converter specifica-
tions. The optimal operating modes for the operating conditions
at mid light loads of the converter are shown in Fig. 5. The
operating conditions above 0.7 p.u. of power transferred for the
above converter specifications are not considered for analysis
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Fig. 6. Optimal operating conditions of TPS-controlled DAB.

in the subsequent sections as the DAB converters inherently
achieve full range ZVS with higher values of D, operating at
mode 4 [9], [26].

Based on the optimization results shown in Fig. 5, the various
modes of operation and shapes of I, (¢) for nVi, <V, as the
power transfer increases are shown in Fig. 6(a)—(c). Note that
the waveforms in Fig. 6 are the optimal versions of those shown
in Fig. 3. Fig. 6(a) indicates mode 2 operation where both the
intrabridge duty ratios (D; and D) are less than unity and
they increase as power transferred by the converter increases.
Fig. 6(b) indicates triangular modulation marking the boundary
between modes 2 and 4, where Dy becomes unity and D is still
less than unity. Fig. 6(c) indicates mode 4 operation where D;
increases as the power transferred by the converter increases.
The optimization results suggest that the boundary between
modes 2 and 4 is marked with the HF tank current operating in
the boundary conduction mode wherein the current waveform

is triangular and three legs of the DAB operate in ZCS. The loss
associated with the energy stored in the MOSFET capacitance
being operated at ZCS is

ECJOSS = 0.5 x CQ eq (V;w) X ‘/;\\72 X fs @)

where Vj,, can be either V;,, or V,, based on the MOSFET being
switched to its corresponding bridge voltage.

Also in the region close to modes 2—4 boundary, the MOS-
FETs achieve partial ZVS as the energy in the inductor is not
sufficient enough as per (5) and (6) to discharge the capaci-
tances of the MOSFETs (low values of I, during switching in-
stances). When nVi, < V,,the converter operates in mode 2 [see
Fig. 6(a)] during the light load conditions and as the power trans-
ferred by the converter increases, the converter operates in mode
4 [see Fig. 6(c)] after transition through the boundary between
the two modes marked by the triangular shaped HF tank cur-
rent [see Fig. 6(b)]. Similarly when nV;, > V,, the converter
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operates in mode 1 [see Fig. 6(g)] at the light load conditions
and as the power transferred by the converter increases, the con-
verter operates in mode 4 [see Fig. 6(i)] after transition through
the boundary between the two modes marked by the triangular
shaped HF tank current [see Fig. 6(h)].

The variations of the bridge duty cycles are similar to nV;, <
V, except that D; reaches unity even before D, as the power
transferred by the converter increases. But when nVi,, = V,,, the
optimal duties of the bridges D; and D, are always equal to
unity as shown in Fig. 6(d)—(f). In all three cases, the optimal
interphase shift D, increases as the power transferred by the
converter increases.

The modes 4, 2, and 1 regions in Fig. 5 indicate the regions
where the modulation scheme achieves complete ZVS of all
the four MOSFET legs. The partial ZVS region shown in Fig. 5
includes the operating conditions where even one of the four
MOSFET legs does not achieve complete ZVS. This partial ZVS
region is of a concern as the optimal switching frequency of
the converter is limited to lower values even if one of the four
MOSFET legs does not achieve complete ZVS.

The partial ZVS and ZCS operation of MOSFETSs results in
hard turn-ON of the converter. Moreover, the error in voltage
sensing elements and variations in practical circuit parameters
from the parameters used in optimization to find the optimal
duties can result in switching operation of the MOSFETs where
there will be current in the body diode of the device after the bulk
device is turned OFF. While the body diode is conducting and
the complimentary device in the same leg is turned-ON there can
be catastrophic consequences especially at high switching fre-
quency operation due to cross conduction arising from turn-OFF
of slow body diode of MOSFETs. The above-mentioned draw-
backs limit very high switching frequency operation (typically
more than 250 kHz [2]) of the VF-DAB converter. In order to
ensure complete ZVS of all the MOSFETs in TPS-DAB with an
accepted level of error in the sensing elements and practical
variations in the circuit parameters that are not considered in the
model used for optimization, a variation in the HF tank with pas-
sive auxiliary inductors connected in parallel (LLL tank) to the
primary and secondary sides of the HF transformer is discussed
in the next section.

IV. LLL TANK BASED DAB CONVERTER

From the optimization results of TPS-based DAB obtained
for conventional inductive link, the partial ZVS region in the
converter operating conditions always occur at higher values
of intrabridge duty ratios D; and D,. However, at operating
conditions where the values of D; and D, are low, complete
ZVS of all the MOSFETs are achieved by the modulation itself
rather than the assistance of the external auxiliary inductor.

Hence, an LLL tank based DAB is analyzed in this section
which is shown in Fig. 7 where a primary side auxiliary inductor
(Lp) is connected in parallel to the bridge voltage source of the
primary side and the secondary side auxiliary inductor (Lg) is
connected in parallel to the bridge voltage source of the sec-
ondary side drawing additional circulating current proportional
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Fig. 7. Dual active bridge (DAB) converter topology with the LLL tank.
Start
Run nested FOR loops to vary
Lp and Ls.
= Pass input set (Lp, Lg)

Record the Lp and Lg
solution set as complete
ZVS unachievable
solution
= Solution set = NA

l

Choose the sets of Lp and Lg
which are in the boundary of
achievable and non
achievable solution set
= Determination of possible
optimal solution sets of (Lp,Ls)

heck if complete
VS is achieved in entire
operating range with
(10) and (12)

NO

Record the Lp and Lg
solution set as complete
ZVS achievable solution

= Solution set = A

End

Fig. 8. Procedure to determine the values of the auxiliary inductor.

to the value of intrabridge duty ratios to achieve complete ZVS
in the partial ZVS range of the conventional inductive link.

Both Lp and Lg draw inductive currents ip ., (t) and
is_aux (1), respectively, with the peak value of the currents which
can be derived as

‘/in D Ts
IP,aux,peak = m X IT 3
Vo Dy -Ti
IS,aux,Peak = ﬁ X 24 . )

Note that (8) and (9) give the peak current referred to the sec-
ondary side in the auxiliary inductors. The primary side bridge
current (¢ p ) is the sum of the series inductor current (i, ) referred
to the primary side and the primary auxiliary inductor current
(1p_aux)- Similarly the secondary side bridge current (Ig) is
the difference between the series inductor current (i7,) and the
secondary side auxiliary inductor current (ig _,,.x ). However, the
auxiliary inductor currents do not contribute to the power trans-
ferred by the converter.

Again neglecting the HF transformer parasitic capacitances,
the capacitor energy is just confined to the MOSFETS charge based
capacitance. Hence, the constraint taken in the optimization
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Simulated waveforms (a) of traditional TPS-based DAB converter in the boundary of modes 2 and 4, (b) illustrating ZVS operation of MOSFETS in modes

2-4 boundary with triangular shaped series inductor (L ) current for TPS-based LLL tank DAB.

problem to ensure complete ZVS is
|:05 X Ly,Aux X Iy,AuxJ’eak2 + 0.5 x LR X iL (tL)2:|

> 0.5 x Cg X Vi (10)

where Ly Aux, Iy aux_Peak indicate primary or secondary aux-
iliary inductor and its peak current based on the device being
switched. V,,, can be either V;, or V,, based on the MOSFET
being switched to its corresponding bridge voltage. Similarly
Co is twice of Cg eq(Vpg) if the duty of the corresponding
bridge is less than 1 and four times Cg, o (Vps) if the duty of
the corresponding bridge is equal to 1 where C, oq(Vps) in-
dicates the charge equivalent output capacitance of the primary
or secondary side MOSFET based on the device being switched
at that instant.

In order to achieve complete ZVS, the dead time provided
between the two MOSFETs in a leg should be sufficiently high
for the MOSFETSs output capacitances to charge and discharge de-
pending on the magnitude currents ip (t) or ig(t). The change
in tank currents is negligible during the switching transition be-
cause of the higher tank inductances and hence can be assumed
as a current source.

The transition time is

‘/;W X CQ
I(t,)

where I(t,) indicates the magnitude of switching instant cur-
rents and V4, indicates V;, or V, based on the device being

Ttran ~ (11)

switched. Hence the minimum value of the current during a
switching instance should be greater than the minimum value
of current to ensure ZVS of the MOSFETs for a predefined dead
time (I(t;),,;,) based on (11).

In order to ensure complete ZVS with an accepted level of
error in the sensing elements and practical variations in the
circuit parameters that are not considered in the model used
for optimization, the minimum value of the required switching
instant current magnitude is further increased by a value of I or
as

lir (tz) + Iy auxpear| > (I(t2) iy + Lerror) - (12)

The sign of these switching instant currents should be positive
during the rising edge of wvep (t) and falling edge of v4 (1),
and negative during the rising edge of v4(t) and falling edge
of vep(t) to aid for achieving ZVS in the MOSFETSs.

The values of the auxiliary inductors are designed to satisfy
both (10) and (12) in the entire operating range of the converter.
Higher values of the auxiliary inductor are preferred since they
result in lower peak currents. However, the constraints in (10)
and (12) set a limitation to a maximum values for the auxiliary
inductances. The optimal solution sets of L and L, obtained by
the algorithm shown in Fig .8 are necessary to ensure complete
ZVS of entire operating condition. The solution set where Lp
referred to the secondary side and L are of equal value is chosen
to have balanced ac-link currents on both sides of the tank
and to avoid abrupt transition in the switching instant currents.
The optimization for the specifications of the DAB shown in
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Fig. 10.  Optimal operating modes for TPS-controlled LLL tank VF-DAB.

Table III results in optimal primary auxiliary inductance Lp as
15.5 p4H and secondary auxiliary inductance Lg as 950 pH.

Fig. 9(a) shows an operating condition wherein ZVS is lost in
conventional inductive link TPS DAB when the series inductor
current (i) is triangular in shape at voltage conversion ratio
m = 0.889 and the normalized power transfer 0.21 p.u. During
such operation, the triangular shape series inductor current 7y, (t)
indicates the boundary between modes 2 and 4 where six of the
eight MOSFETs operate at ZCS. Fig. 9(b) illustrates the same ideal
operating condition as in Fig. 9(a) but the inclusion of auxiliary
current. Fig. 9(b) indicates ZVS operation of MOSFETs with the
help of the two auxiliary inductors. Note that the switching
instant currents of ¢p and ¢g indicate complete ZVS of all the
MOSFETS.

The optimal operating modes for the entire operating range
obtained with the primary auxiliary inductance Lp = 15.5 uH
and secondary auxiliary inductance Lg as 950 pH are shown in
Fig. 10. These high values of Lp and Lg result in very low
circulating currents drawn by these inductors, resulting in low
conduction and copper losses of the converter. Fig. 10 shows that
the TPS-controlled LLL tank based VF-DAB ensures complete
ZVS in all MOSFETs. The auxiliary inductor energy helps charge
and discharge the MOSFET capacitance in the partial ZV'S region
shown in Fig. 5. Based on the optimization results in Fig. 10, the
following discussion on the soft-switching range by the TPS-
controlled LLL tank is presented.

A. ZVSin LLL TPS DAB for nV;, <V,

Fig. 11 shows optimal duty cycle variations to achieve the
least transformer rms current and complete ZVS of all MOSFETS
with respect to power transferred by the TPS-controlled LLL
tank based VF-DAB for m = 0.889 ( nVi, < V,). The partial
ZVS region occurs around the boundary of modes 2 and 4 where
D; reaches unity and D5 is almost close to 0.9. This region
is generally pronounced with higher values of intrabridge duty
cycles. It is in this vicinity of the boundary of modes 2 and 4 that
the energy in the auxiliary inductors is imperative for ZVS of
the MOSFET devices. Hence, the energy in the auxiliary inductor
which is directly proportional to the duty cycle of the bridges
should be sufficient to achieve complete ZVS. However, at low
power transfer conditions where the duty cycle is low and so is
the energy in the auxiliary inductors, complete ZVS of MOSFETS
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m=1landn=8.

is achieved by the energy stored in the series inductor. At high-
power conditions, both the series inductor and the auxiliary
inductors contribute to achieve ZVS. It should be noted that the
value of auxiliary inductors is much higher compared to the
series inductor and hence do not contribute to large circulating
currents even at full load conditions where the intrabridge duty
cycles are very high.

B. ZVSin LLL TPS DAB for nVi, =V,

Fig. 12 shows optimal duty cycle variations to achieve the
least transformer rms current and complete ZVS of all MOSFETS
with respect to power transferred by the TPS-controlled LLL
tank based VF-DAB for m = 1 ( nVi, = V,). The converter al-
ways operates in mode 4 with D, and D, equal to 1 from no load
operation to full load. Partial ZVS region in a TPS-controlled
normal L-DAB occurs at no load and light load conditions where
the phase shift between the two bridge voltages is very low and
the energy in the series inductor tank during switching instant
is not sufficient enough. However, the auxiliary inductor in the
LLL tank assists complete ZVS at light load conditions as D;
and Dy are high.

C. ZVSin LLL TPS DAB for nVi, >V,

Fig. 13 shows optimal duty cycle variations to achieve the
least transformer rms current and complete ZVS of all MOSFETS
with respect to power transferred by the TPS-controlled LLL
tank based VF-DAB for m = 1.11 ( nVj, > V,). Around the
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boundary of modes 1 and 4 when D, reaches 1, D; is almost
close to 0.9. Similar to the condition where nV;,, < V,, complete
ZVS of the MOSFETS can be achieved with the inductive current
of auxiliary inductors, and at the boundary between the two
modes, same can be done only with the energy stored in the
series inductor.

Fig. 14 shows the operating waveforms of TPS-controlled
LLL tank based VF-DAB at the boundary condition of modes 2
and 4, for m < 1. The dead time provided between the MOSFETS
of the same leg is represented by intervals ¢; — t3 (both the
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primary legs and one of the secondary legs) and ¢5 — ¢7 (one of
the secondary legs) for the first half-cycle in Fig. 14.

The equivalent circuits corresponding to each timing interval
is shown in Fig. 15. Fig. 15(a) shows that at time instant ¢,
i1, (t1) =~ 0 and the energy in the auxiliary inductors is respon-
sible for charging and discharging the outgoing and incoming
MOSFETs output capacitances, respectively, thereby achieving
complete ZVS. Fig. 15(b) shows that during interval ¢, — ¢35,
the body diodes of the incoming MOSFETs conduct after their
output capacitances are completely discharged thereby assist-
ing for ZVS. The gating pulses of the incoming MOSFETs are
turned ON at instant ¢3 while the currents are flowing through
their body diodes resulting in lossless turn ON.

The HF tank currents transfer to the MOSFET channels from
the body diodes during interval t3 — ¢4 as shown in Fig. 15(c)
thereby avoiding increased conduction losses due to prolonged
body diode conduction. Since the voltage across both auxiliary
inductor and leakage inductor tends to increase their respective
currents in positive direction, 7, becomes zero at instant ¢4 and
then continues to increase in positive direction through MOS-
FET channels of S; and S, till the time instant {5 as shown in
Fig. 15(d). Secondary side MOSFET S; is turned OFF at t5, the
current polarities in leakage inductor and secondary auxiliary
inductor aid in charging the device capacitance of S; and dis-
charging the device capacitance of Sj, this continues till time
instant ¢ as shown Fig. 15(e). Fig. 15(f) shows interval t5 — t7.
At time ¢, device capacitance of Ss is fully discharged and its
body diode gets forward biased due to the current polarity of
auxiliary inductor current and the main leakage inductor cur-
rent. Body diode of S5 and MOSFET channel of Sg carries the
secondary bridge current during interval tg — t7. The device
S5 is turned ON at instant ¢; while its body diode is conduct-
ing, resulting in its complete ZVS turn ON. The current through
body diode of S5 is now transferred to its MOSFET channel.
The interval t; — tg is shown in Fig. 15(g). The primary and
secondary auxiliary inductor currents reach zero at instant g
and tg, respectively, and continues to rise in a positive direction
owing to the polarity of voltage applied across them. The equiv-
alent circuit during the intervals ts — t9 and t9 — t1( is shown
in Fig. 15(h) and (i), respectively. The polarity of the secondary
side bridge current reverses at instant ¢;pand hence the MOSFET
channels of S5 and Sg conduct current in positive direction until
the device Sg is turned OFF at instant ¢;;. The corresponding
equivalent circuit during this interval ¢,y — ¢;; is shown in Fig.
15(j).

The optimized results for the LLL tank based VF-DAB dis-
cussed in this section provide complete ZVS for the entire
operating range of the converter. The modified tank design is
evaluated experimentally in the next section.

V. EXPERIMENTAL RESULTS

The specifications of the 1 kW VF-DAB laboratory pro-
totype are shown in Table III. The designed HF transformer
uses interleaved winding arrangement resulting in low leak-
age inductance and ac resistance. The measured primary leak-
age inductance Ly _p,i is 70 nH, secondary leakage inductance
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Fig. 16.  Equivalent circuit model of the reactive HF tank.

L1 sec 18 7.1 pH, and the magnetizing inductance L,,, is 45 pH.
Fig. 16 shows a more accurate model of the hardware re-
active tank being simplified into an LLL-based tank. Since
Lixpyi < L, the primary leakage inductance is shifted to
the right side of L,,. The required primary auxiliary induc-
tance (Lp) can be achieved either by L,, alone or by a parallel
combination of an external primary auxiliary inductance
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for a half-cycle operating at modes 2—4 boundary shown in Fig. 10 with during
between ty — 5, (e) between t5 — tg, (f) between tg — t7, (g) between t7 — tg,

(LP,Ext) and Lm:
LP = LP,Ext || Lm (]3)
Lr =n® x Ly, + Like., + Lry,, (14)

where Ly 5yt 1S the external series inductor which is 62.5 pH.
Lg is the externally connected secondary side auxiliary inductor
which is designed to be 1 mH. In order to achieve Lp close to
16 uH, Lp gy is designed to be 23 pH. The simplified model of
the designed prototype thus has Lp (referred to the secondary
side) ~ 960 yH, Lg =950 uH, and Lp = 74 pH.
The technical data on the magnetics of the hardware prototype
are
1) Transformer: Turns ratio n = 8, two ETD 49/25/16
half-cores (3C95 core material), primary winding—4200
strands of AWG 42 litz wire in parallel, and secondary
winding—o660 strands of AWG 42 litz wire in parallel.
2) External series inductor (Lp_pxt): Two PQ 32/30 half-
cores (3C95 core material), 660 strands of AWG 42 litz
wire in parallel.
3) Externally  connected primary side  auxiliary
inductor (Lp pyi): Two PQ 20/16 half-cores (3C95
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Experimental waveforms for Vi, =30V, V,, =270V, and n = 8. (a) Mode 2, P = 26 W. (b) Boundary between modes 2 and 4, P =

178 W. (c) Mode

Gate{to Source Voltage of S; (15 V/div) i ;f R e o) Gate to Source Voltage of S; (15 Y/di Ly Emm
1 | | no miller Plategu lwﬁiﬁ,ﬁﬁimiww o miller Plateau
\fﬁw Sourc(e Voltage of Sy (15-VIdiy) T Gate toi Source Voltage of S5 (15 V/div)
5 -
Drain tg Source|Vdltage of S; (300 V/div) Drain to Source Voltage of S> (40 V/div)
is(t) (3 Aldiv) —
i 1) (20 A/
PN I R B s S ; . =1
i (3 Aldiv) i1 (3 Adiv)
50 nS/div 50 nS/div

() (b)

Fig. 18.

Switching transition waveforms at the boundary condition between modes 2 and 4 for Vi, =30V, V,, =270V, and n = 8. (a) ZVS switching transition

for secondary side MOSFET. (b) ZVS switching transition for primary side MOSFET.

core material), 270 strands of AWG 42 litz wire in
parallel.

4) Secondary side auxiliary inductor (Lg): Two PQ 20/16
half-cores (3C95 core material), 40 strands of AWG 42
litz wire in parallel.

The TPS control is implemented by using a TMS320F28335
DSP from Texas Instruments. Fig. 17 shows the experimen-
tal waveforms for Vi, = 30V from light loads to heavy load
conditions. The experimental waveforms indicate the values of
switching instant currents aiding to achieve ZVS for all the MOS-
FETs at various load conditions. ZVS is achieved even at less than
5% load conditions. Fig. 17(a) shows the operating waveform
at light load condition where the converter operates at mode 2
As the power transfer increases, the converter is driven toward
the boundary between modes 2 and 4 as shown in Fig. 17(b) and
then enters mode 4 operation as the power transferred by the
converter increases further as shown in Fig. 17(c) and (d). Fig.
17(d) shows the SPS operation of DAB at high power transfer
region where D; and D are equal to unity.

Fig. 18(a) indicates the ZVS transition of secondary side
MOSFET leg for Vi, = 30V at the boundary condition between
modes 2 and 4 with the series inductor switching instant current
being zero for six MOSFET transitions. However, the secondary
side bridge current has a negative value sufficient enough to
achieve complete ZVS due to the addition of secondary side
auxiliary inductor current. Hence, the drain to source voltage of
device 57 falls to zero before the gate to source voltage of S7 is
turned ON. The gate to source voltage of .S7 has no miller plateau
indicating complete ZVS of S7. Similarly, Fig. 18(b) indicates
ZVS transition for primary side MOSFET leg for Vi, = 30V.
The drain to source voltage of S becomes 30 V and that of S}
becomes almost zero before the gate to source voltage of S is
applied indicating complete ZVS of 5.

Fig. 19 shows the experimental results of the LLL tank based
VF-DAB operated with Vi, = 33.75VandV, = 270V at vari-
able load conditions. It can be seen that the mode of operation
remains the same for all possible load conditions since m = 1.
From Fig. 19(a), it can be observed that at light load conditions
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4,P =481 W. (d) Mode 4, P = 731 W.

the switching instant current in series inductor is not sufficient
enough to provide complete ZVS for all active devices. How-
ever, the auxiliary inductor current ensures complete ZVS as
the intrabridge duties Dy and D- are equal to 1. Fig. 19(b)—(d)
shows that the switching instant current of the series inductor is
sufficient to achieve complete ZVS of all the MOSFETs. Hence
circulating current generated by auxiliary inductors is undesir-
able at these operating conditions.

Fig. 20 shows the experimental results of LLL tank based VF-
DAB operated with Vi;, =37.5V and V, = 270V at variable
load conditions. It can be observed from Fig. 20(a) that at low

(®)
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e
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Experimental waveforms for Vi, = 37.5V,V, =270V, and n = 8. (a) Mode 1, P = 49 W. (b) Boundary between modes 1 and 4, P = 253 W. (c) Mode

power region, both auxiliary inductor current and series inductor
current contribute to the ZVS of the MOSFETS.

Fig. 20(b) shows that when the output power for the given in-
put voltage condition is 253 W, the converter operates at bound-
ary condition of modes 1-4. It can be seen that series inductor
current during switching instant ¢3 is zero. Under this condi-
tion, complete ZVS for the all MOSFETs is achieved entirely
by the current through the auxiliary inductors. The operating
mode changes from 1 to 4 as the load is progressively increased.
Fig. 20(c) and (d) shows the mode 4 operation of the converter
at output power of 481 and 731 W, respectively. It is observed
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Fig. 21. Power loss analysis for various load and voltage gain.

from these results that the switching instant current in the series
inductor alone can satisfactorily achieve complete ZVS of all
the MOSFETS.

The experimental results suggest that the combined effect
of auxiliary inductor and series inductor energies is helpful
in achieving complete ZVS for the entire operating range of
the converter. The experimental results of the LLL tank based
VF-DAB are in accordance with the analysis presented in

Section IV. A performance comparison of the LLL tank with
the conventional inductive tank based DAB is presented in the
next section.

VI. STEADY-STATE ANALYSIS: LOSS BREAKDOWN

Based on the previous analysis of ZVS and rms currents of the
TPS-controlled DAB for both the conventional tank and the LLL
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tank design due to the value of the auxiliary inductance
tank, loss analysis at various operating conditions is performed being higher compared to the series inductors. However,
and analyzed. Fig. 19 provides the detailed loss breakdown for the LLL tank based design incurs additional auxiliary in-
both the tank designs based on [2]. ductor core losses compared to the conventional inductive
Significant remarks deduced from the loss analysis results are tank design. The losses related to summation of the con-
as follows. duction and the copper losses in the magnetics remain
1) Operation at regions of modes 2 and 1 - TPS shown in almost the same due to the same amount of circulating
Fig. 5: Both the TPS-controlled conventional inductive currents. Fig. 21(a) and (g) shows the loss breakdown for
tank and the LLL tank based VF-DAB achieve complete both the LLL tank and the conventional tank based design
ZVS of all the active devices in this region. However, it for mode 2 —TPS (m < 1) and mode 1 —TPS (m > 1), re-
is to be noted that the energy required to discharge the spectively. Hence, the overall efficiencies at these regions
output capacitances of the MOSFETs comes from both the remain almost the same for both the tank designs.
auxiliary inductors and the external series inductor in the 2) Operation at Partial ZVS region shown in Fig. 5: The LLL

LLL tank based DAB, while only the external series in-
ductor aids for ZVS in the conventional inductive tank
based DAB. Hence, lower values of intrabridge duties can
generate the required circulating current to assist ZVS for
the LLL tank compared to the conventional inductive tank
based DAB for the same operating condition (P and m)
due to the additional auxiliary inductor currents which are
functions of the corresponding intrabridge duties. This
results in reduced transformer core loss in the LLL tank
based design. Also, the minimum current required during
switching instance for the conventional inductive tank to
achieve ZVS is higher compared to the LLL tank based

tank based DAB achieves complete ZVS due to the cur-
rent in the additional auxiliary inductor, while the energy
in the series inductor of the conventional tank design is
not sufficient enough to discharge the capacitance of the
MOSFETs. Hence the switching losses of the conventional
inductive tank tend to get higher as the operating region
moves towards modes 2—4 boundary for m < 1, modes 1-
4 boundary for m > 1 and at no load condition form = 1.
These mode boundaries are clearly shown in Fig. 10.
Fig. 21(b), (h), and (d) shows the loss breakdown for both
the LLL tank and the conventional inductive tank based
design for modes 2— 4 boundary, modes 1-4 boundary,
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TABLE IV
COMPARISON OF DIFFERENT MODULATION STRATEGIES

HF Reactive Modulation Soft-switching range Circulating current Power density
link Technique Soft-switching range characteristics
Traditional SPS modulation Limited ZVS range. Devices are hard-switched at Higher circulating current for wide range voltage Low due to limitations in switching

Inductive tank [51-[91

certain operating conditions

Traditional EPS and DPS Increased ZVS range than SPS control of inductive

Inductive tank modulation tank. Devices are still hard-switched at certain
[10]-[19] operating conditions

Traditional TPS modulation Complete or partial ZVS for wide voltage

Inductive tank [31, [20]-[27] variations and load conditions

LLL tank Proposed TPS Complete ZVS for wide voltage variations and load

modulation conditions

variations frequency and poor efficiency at
certain operating regions
Slightly higher power density
compared to SPS control of inductive
tank due to increased efficiency
Slightly higher power density
compared to EPS and DPS control of
inductive tank

Higher compared to TPS control of

Reduced circulating current compared to SPS
control of Inductive tank

Reduced circulating current compared to DPS
control of inductive tank

Very slightly increased circulating current

compared to TPS control of traditional Inductive Inductive tank due to complete ZVS

tank at certain operating conditions especially at achievement

higher loads

and at very light load condition for m = 1, respectively.
During the modes 2—4 boundary, all the primary side MOS-
FETs undergo ZCS and two of the four MOSFETS in the sec-
ondary side bridge undergo ZCS. Also during modes 1-4
boundary, all the secondary side MOSFETs undergo ZCS
and two of the four MOSFETSs in the primary side bridge
undergo ZCS. When m = 1 at no load, all the MOSFETS
on both the bridges undergo ZCS. These regions limit the
optimal switching frequency of the conventional inductive
tank based design to a lower value due to complete loss
of ZVS.
Operation at regions of mode 4 - shown in Fig. 5: Both the
TPS-controlled conventional inductive tank and the LLL
tank based VF-DABs achieve complete ZVS of all the
active devices in this region. During this region, the current
through the series inductor during switching instances is
sufficient to achieve complete ZVS of all the MOSFETs
and the circulating current through the auxiliary inductors
creates additional conduction loss along with its core loss
in the LLL tank based design. Also the turn-OFF loss in the
devices of the LLL tank based design is slightly higher
compared to the conventional tank based design due to
the additional current during switching instances resulting
from the circulating energy in the tank. Fig. 21(c), (e), and
(f) shows the loss breakdown for both the LLL tank and
the conventional tank based TPS-controlled VF-DABs for
mode 4 — SPS and Fig. 21(i) shows the comparative loss
breakdown analysis for mode 4 — DPS. During this region,
the conventional inductive tank based design is slightly
more efficient compared to the LLL tank based design.
Fig. 22 shows the efficiency comparison of the TPS-
controlled LLL tank based DAB and TPS-controlled conven-
tional inductive link based DAB. Fig. 22(a) shows the efficiency
curve for voltage conversion ratio m = 0.889 ( nVi, < V),
Fig. 22(b) for m = 1 ( nVi, = V,), and Fig. 22(c) for m
1.111 ( nViy > V,). The regions marked by the green ellipse
show where the LLL tank based DAB has significantly better
efficiencies over the conventional inductive tank based DAB
where it is in the partial ZVS regions shown in Fig. 5. The
conventional inductive tank based DAB has slightly better ef-
ficiencies than the LLL tank based DAB in the region where
the converter is operated at mode 4 due to the additional losses

3)

because of the auxiliary inductor. But it should be noted that
the addition of parallel auxiliary inductors in the tank ensure
complete ZVS in the entire operating range of the converter
which will help to push the converters optimal switching fre-
quency to higher values. Moreover, the difference between the
two efficiency curves at the region enclosed by the green el-
lipse becomes significantly large as the switching frequency of
the converter is pushed higher. However, the region outside the
ellipse remains almost the same as the additional losses in the
auxiliary inductor can be controlled by proper design consider-
ations.

It should be noted that although there are some additional
losses at some operating conditions in the LLL tank based DAB
converter compared to the conventional DAB, the LLL tank
enables complete ZVS operation of the conventional DAB for
all operating conditions irrespective of the load and the voltage
gain. This is critical for increasing switching frequencies in a
DAB converter typically above 250 kHz.

The performance comparison of some widely used modula-
tion strategies of VF-DAB converters is presented in the next
section.

VII. PERFORMANCE COMPARISON

This section provides the performance comparison of TPS-
controlled LLL tank based VF-DAB to the other modulation
techniques for the conventional inductive tank based VF-DAB.
Fig. 23 shows the comparative analysis of the circulating current
of SPS-controlled conventional tank based VF-DAB and TPS-
controlled LLL tank based VF-DAB.

TPS control significantly reduces the circulating current when
operated under modes 1 and 2 thereby reducing the rms current
through the magnetics and active devices. However, as the con-
verter operation moves toward mode 4 operation in TPS control,
the rms currents for both SPS and TPS control remain almost
the same.

Fig. 24 shows the soft-switching range of SPS-controlled VF-
DAB for an ideal switch. The active devices are hard-switched
especially at light loads where the transformer turns ratio does
not match the output to input voltage ratio (n # Vi, /V,). How-
ever, the LLL tank based DAB with TPS control provides com-
plete ZVS in the entire operating region of the converter.
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The comparative analysis of the LLL tank based TPS-DAB
with SPS, DPS, and TPS modulations for the conventional in-
ductive link based DAB is presented in Table I'V.

The TPS modulation scheme in the conventional inductive
link provides reduced circulating currents compared to SPS,
DPS, and EPS modulation schemes. However, all the fixed fre-
quency modulation techniques for the conventional inductive
link tank fail to achieve complete ZVS of the active devices
for the entire operating conditions, while the TPS-controlled
LLL tank based design provides full range ZVS for the entire
operating conditions with reduced circulating currents.

VIII. CONCLUSION

This paper discusses the limitations of the conventional TPS-
controlled inductive HF tank based VF-DAB converter in terms
of soft switching performance, and analyses the region where
complete ZVS is lost for various converter gains. A detailed
design procedure for a modified HF tank that incorporates ad-
ditional passive auxiliary inductors connected in parallel (LLL
tank) to the primary and the secondary active bridges to achieve
complete ZVS in the entire operating region of the converter is
presented. The modification in the tank design ensures complete
ZVS in the entire operating range of the converter which is in-
strumental in operating VF-DAB converters at higher optimal
switching frequencies. The performance of the TPS-controlled
LLL tank is experimentally evaluated with a 1 kW VF-DAB
prototype. The experimental results show complete ZVS for
various load conditions and voltage gains of the converter. A
comparative loss breakdown analysis is provided for the TPS-
controlled LLL tank VF-DAB and the conventional inductive
link VE-DAB followed by efficiency results. A significant im-
provement in efficiencies of the TPS-controlled LLL tank based
design is observed over the conventional inductive tank based
VF-DAB due to the elimination of partial ZVS region. The
LLL tank based design has slightly better efficiencies com-
pared to the conventional inductive tank based VF-DAB when
operated at mode 2 (m < 1) and mode 1 (m > 1) region. How-
ever, the conventional inductive HF tank has slightly better effi-
ciency over the LLL tank based DAB when operated at mode 4
due to the additional losses incurred by the auxiliary inductors.
Efficiency results and comparison with some widely used mod-
ulation strategies of DAB converters are also presented to em-
phasize the effectiveness of the TPS-controlled LLL tank based
VF-DAB.
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