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Abstract—Constant dc current distribution is preferred over
dc voltage distribution in under-sea power distribution networks
due to ruggedness over long distance cable impedance and faults.
DC-DC converters with constant current input have different de-
sign constraints from their constant voltage input counterparts.
Considering these constraints, an LCL-T resonant network based
isolated dc—dc converter is analyzed in this article to operate as
a load independent constant voltage source when supplied with
constant dc current at the input. It is shown that use of passive
rectification for this converter can limit converter operating load
range, which is overcome through use of an active rectifier. A
three-angle modulation strategy for a dual-active bridge (DAB)
based LCL-T resonant converter is presented to achieve minimum
VA rating for tank elements, transformer and the bridges. Detailed
analysis and design method are provided for a converter regulating
its output voltage at 150 V fed from a 1 A source, operating with
250 kHz switching frequency, over the load range of 50 to 500 W.
Experimental results from prototype hardware are presented to
show the accuracy of the analysis.

Index Terms—DC current distribution, LCL-T resonant
converter, dual active bridge (DAB), DAB-LCL, three angle
modulation, constant voltage characteristics.

1. INTRODUCTION

ESONANT power converters are a popular choice for

dc—dc power conversion at high switching frequency due
to their soft-switching capability, high efficiency, high power
density, and low EMI [1]. Because of these inherent advantages,
resonant converters are widely used in various applications such
as telecom [2], energy storage [3], undersea dc distribution net-
work [4]-[8], wireless power transfer system [9]-[12], battery
or capacitor charging [13]-[19], and LED drivers [20]-[22].

In long distance underwater ocean observatory systems
[4]-[8], [23]-[24], converters placed on the seabed are distant
from the source and a constant dc current based power dis-
tribution is preferred because of its robustness against cable
impedance and faults. A block diagram of such a distribution
network is shown in Fig. 1, where the onshore power source
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Fig.1. Underwater dc distribution network fed from onshore dc current source.

drives a constant current through the trunk cable to m series
connected, isolated dc—dc converter module(s) that are contained
in their respective hermetically sealed enclosures following IP68
standards and thus the components do not come in contact
with the sea-water. Utilizing the conductivity of saline water,
the cable current returns to the source through seawater. Each
dc—dc converter taps power from this constant current source to
regulate its output voltage or current.

With current source as input, converters in [25], [26] em-
ployed a current fed inverter (CFI) stage at front end that can
operate with zero current switching (ZCS). However, achieving
zero voltage switching (ZVS) is challenging in CFI, limiting
the switching frequency of operation. With resonant topologies,
switches in a CFI must be rated for a value higher than average
dc input voltage, which makes the CFI stage impractical for low-
current high-voltage systems as mentioned in [7], [8]. Hence, a
voltage fed inverter stage is used at the front end, where the dc
input voltage varies with the load.

For systems with constant dc current input, the authors in [5]
presented a series resonant converter (SRC) based topology to
achieve load independent output current. If this SRC is used
for output voltage regulation, the variation of control angle
will be large for wide load variation and thus will result in
high component stress and inferior power conversion efficiency.
Authors in [27] used a nonresonant converter based on isolated
push-pull converter followed by a boost stage to regulate the
output voltage with PWM feedback. And in [7], [8] used a
parallel resonant converter (PRC) based topology to achieve
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constant current input to constant output voltage. In this paper, an
LCL-T resonant network based dc—dc converter is analyzed and
it is shown that with suitable design, this converter can produce
a load independent, constant output voltage characteristic when
powered from a constant dc current source input. The isolation
transformer and secondary side devices in PRC presented in [7],
[8] have a peak voltage stress 1.6 times the dc output voltage
whereas, in LCL-T resonant converter, these components’ peak
voltage stress equals the dc output voltage (V). In addition,
PRC needs an inductor-capacitor filtering stage at its output
whereas, in the LCL-T resonant tank based topology, only
capacitive filter is needed at the output. These benefits of LCL-T
resonant converter lead to smaller sized passive components, as
compared to PRC.

Converters employing an LCL-T resonant tank are presented
in [13]-[22], [28]-[30], to achieve a current source behavior
from a dc voltage source input and authors in [31] have pre-
sented a DAB LCL-T resonant dc—dc converter with voltage
sources, both input and output. However, the source of power
in underwater dc distribution system is from a constant current
source. In [32], an LCL-T resonant tank based non-isolated,
dc—dc converter is presented for dc current source to dc voltage
source application, but, without a design method. Hence, a
detailed analysis and design methodology for an isolated LCL-T
resonant converter that converts a dc current source input to a
dc voltage source output is needed, which is presented in this
article.

The remainder of this article is organized as follows.
Steady state modeling and analysis of the converter with a
diode bridge rectifier on the secondary side is presented in
Section II. A detailed design procedure of an LCL-T resonant
tank and transformer turns ratio selection are presented in Sec-
tion III. The limitations of operation with a diode bridge sec-
ondary are shown in Section IV and compared with the solution
of a DAB LCL-T resonant converter. Section V contains the
details of the hardware prototype development and experimental
results, verifying the theoretical analysis.

II. STEADY STATE MODELING AND ANALYSIS

Fig. 2(a) shows an LCL-T resonant tank based topology that
converts constant dc input current to constant dc output voltage.
MOSFETSs Q; — Q4 form the primary side inverter that operates
with symmetrical phase shift modulation with leg A leading
leg B by an angle w4p, as shown in Fig. 2(b). This inverter
translates the dc bus voltage V;,, to a quasi-square wave v 4 p and
drives the LCL-T resonant tank network formed by inductors L,
L, and capacitor C,. The resonant tank is followed by an n:1
isolation transformer, output of which is rectified by secondary
side diode bridge rectifier consisting of diodes Dy — D. The final
dc outputis filtered through filter capacitor Cybefore going to the
load, which is represented as a resistor R;,,q. For the analysis
to follow, it is assumed that all the components are ideal and
lossless.

With fundamental harmonics approximation (FHA) [1], the
converter shown in Fig. 2(a) can be drawn as the equivalent
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Fig.2. (a) LCL-T resonant dc—dc converter topology and (b) its primary side
inverter modulation.
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Fig. 3. (a) Equivalent circuit of LCL-T resonant converter and (b) simplified

equivalent circuit for steady state analysis using FHA.

circuit shown in Fig. 3(a), where

21
Iy = (iin) = 775 sin (W%) cos (pin) (1)
4
VAB1 = —Vip sin (Wi) cos (wst) )
T 2
I (i) = 21, 3)
oad = \lo) = —
load = R
and the ac equivalent load resistance is given by
8 28
ng = pRloada R, = %Rloaw 4)

In (1) — (4), w is the angular switching frequency, the average
value of signal x is represented by (z), the amplitude of ac side
signal x,, is represented by X, and the signal or parameter x
reflected to the secondary side of the transformer are expressed
with a prime (2). In (1), @4, is the angle between fundamental
component of primary side inverter output voltage and current,
which is given as

Pin = LZin ®)
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where Z;, is input impedance of the loaded resonant tank,
seen from the primary inverter side, as depicted in Fig. 3(b).
Also, Fig. 3(b) shows the simplified ac equivalent circuit of the
converter, reflected to the primary side of the transformer.
From the circuit in Fig. 3(b), the output to input voltage
transfer function can be derived as
'Uo,l(s) — 1 - - (6)

vap.1(s) s s
t (1+9)Q Wo o+ Qu3

with the parameters are defined as,

L. R f
r _J :76 e
¢ Y7L, AN

\/L VL.C,
(7

where Z, is the characteristic impedance of the resonant tank,
Q is the quality factor of the loaded tank, f; is the switching
frequency of operation, f, is the resonant frequency of L, and
C,, and w, is the angular resonant frequency.

The amplitude of the ac voltages in Fig. 3(b) are given in terms
of dc input and output voltage as

Wo =

4 . 4n
= —Vip sin (&) ) |Uo 1| = —Vout- ®)
s 2 T

For systems with constant dc voltage source, the dc output
voltage can be found using (6) and (8), evaluating the magnitude
from (6) with s = jw, and is given as

oo ()

+[(1+g) F— gF?’}

Vout | DC_Vin —

%@2
©)

However, for systems with dc current source, V;,, is dependent
on load and expression of V,,; from (9) cannot be used as it is.
The output voltage for such system is derived from the equivalent
circuits shown in Fig. 3.

The ac active power drawn from the inverter, which equals the
dc input and output power of the lossless converter, are given as

2) o VIZB,I,rms Po—V.I
AC — W (05 (‘Pzn)y n — Vindg,
V2
P = ==t 10
L Rload ( )

where V4B 1 rms 1S the rms value of the fundamental component
of inverter output voltage v4p 1, as given in (2). With lossless
power conversion, from (10), the input voltage can be expressed
as
2
V _ ‘/out
wm

11
I Rload ( )

Equating the dc output power to the ac active power in (10) and
using expressions from (1)—(2) and (11), the dc output voltage
can be derived as

w2 Zoly | Zinl

Vout = =
81 gin (%) cos (in) Zo

(12)
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and the input impedance, whose derivation is provided in the
Appendix, is given by
Zo

(1= gF?)* + F?Q?]
where expression for Zr and Z; are presented in the Appendix.

The analysis presented in this section establishes the steady
state relations between dc input and output for an LCL-T res-
onant converter, with its dependence on tank parameters and

operating point, which is used in next section for design of the
converter.

[ZR+jZJ] (13)

in —

III. DESIGN OF LCL-T RESONANT CONVERTER

The dc output voltage of the converter, derived in (12), is
dependent on the resonant tank parameters, load, operating fre-
quency etc. In this section, it will be shown how the converter is
designed, with proper choice of operating point, to achieve load
independent output voltage from constant current input. With
further analysis, a design method to optimize tank components
and transformer turns ratio, is also presented in this section.

A. Operating Point Selection

From the expression of dc output voltage in (12), it can be
normalized to be expressed as

Vout?norm = L ‘Zinfnorm| (14)
COos (‘pin)
which is normalized with a base voltage defined as
2 Zoly
Vb(l,se = %W (15)
sin | ——
2
and the normalized Z;,, is defined as
7.
in (16)

Zin_nor'rn - .
Zo

The normalized dc output voltage (Vyut norm) from (14) is
plotted against normalized switching frequency (F) in Fig. 4(a)
for various loads (Q), with g = 1. It can be seen that V1 norm
becomes independent of Q if the switching frequency of opera-
tion is selected to be equal to the resonant frequency, i.e., with
F = 1. Under this operating condition, the expression of output
voltage from (12) is now given as

w2 Zol,
Vout|F:1 = 8715111(9013) (17)
2

From (17), it can be seen that with F = 1, V,,; is also
independent of g (L,), which is shown by V,u¢ norm versus
F plot in Fig. 4(b), for various Q, with an arbitrarily chosen
value of g = 0.3. A special case of g = 0 makes it a parallel
resonant converter, achieving load independent output voltage
from a constant current source input [7], [8].

From the plots in Fig. 4, it can be observed that the output
voltage is almost load independent within £10% of F' = 1. So,
it is possible to operate the converter with a small variation in
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Fig. 4. Steady state normalized dc output voltage (Vout norm) Versus nor-
malized switching frequency (F), for different load (Q), (a) with g = 1 and (b)
with g = 0.3.

F around 1, in addition to phase shift control. However, with a
small variation limit in F, the transient response can get limited,
depending on the magnitude of load transient, due to low margin
from steady state operating point to controller output limit.
Moreover, since the converters are part of a system of converters
with common source, if they are controlled though F variation
then different converters will operate at different switching fre-
quencies, depending on their individual loads, which will intro-
duce low frequency (difference in frequency among converters)
ripple component injected to the source which is challenging for
filter design. Hence all the converters are designed to operate at
fixed frequency and controlled through phase shift modulation.

With F = 1, the tank input impedance (Z;,,) from (13) can be

derived as
Z, (1=
e (50).
Q2+ (1—g)°

From this expression of Z;,, if g < 1, (;, is positive and thus
Z;, becomes inductive, which can help achieving ZVS for the
primary side inverter switches. However, a nonzero ¢, puts a
restriction on minimum power operation of the converter for
which its output can be regulated [4]-[6]. Hence, g is selected to
be equal to unity and with g = 1, Z;,, becomes resistive, making
the primary side inverter operate at unity power factor (UPF),
considering FHA. With F = 1 and g = 1, Z;,, from (18) can be

(18)

Zin‘F:l =
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Fig.5. (a) Equivalent circuit of the tank, at operating pointof F =1and g =1
and (b) phasor diagram for the AC signals from this equivalent circuit.

given as

Z2

Zinlpoa, 4o = F-40° (19)

B. Derivation of Tank Signals

With the selected operating point of F = 1 and g = 1, the tank
ac circuit in Fig. 3(b) can be simplified and redrawn as shown
in Fig. 5(a). This circuit is solved analytically to derive the ac
signals of the tank. The solutions are provided in this section.
The phasor diagram of the ac quantities from Fig. 5(a) is drawn
in Fig. 5(b), considering the fundamental component of v4 5 as
reference.

From the equivalent circuit in Fig. 3(a), the current (i;) in the
inductor L, can be found by balancing the dc input current and
rectified average current at the primary side inverter. Since the
inverter is operating at UPF, i; can be expressed as

. m 1
iWlt) = 5 —Gamy
sin (£52)

The resonant tank ac output voltage v, 1 can be found from
the fundamental component of ac input voltage to the secondary
side diode bridge rectifier, reflected to the transformer primary
side, and is given by

cos (wst). (20)

4n

T
— Viput COS (wst — 7) .
T

Vo,1 (t) = B)

2y

Similarly, the current (i) in the load side inductor L4, con-
nected to the secondary side diode bridge rectifier, can be given
by

ig(t) = llload cos (wst — g) . (22)

2n

The voltage across and current through the resonant capacitor

are given by
Vouty /1 + —5 cos (wst — tan™1Q) (23)
_dn Vout / {w ¢4 tan-! (1>}
S Q N

(24)

UCT

iCT(

The detailed derivation of the tank signals can be found in the
Appendix.
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C. RMS Values and VA of Tank Components

From (20)—(24) the rms values of tank signals can be found
out as

Tyme = Q%SIH({%AB) (25)

2
TRrms = ﬁlmd (26)
Vorrms = @VOM 1+ é @7)
I rms = Q‘f” ng Jis é. 28)

From (25)—(28), it can be observed that for a given operating
condition (14, Vous, ap), the rms current of the source side
resonant inductor (L,) is constant and independent of load
whereas, rms current in load side resonant inductor (L) is
directly proportional to load (/;544). RMS voltage and current
of the resonant capacitor is also dependent on the load (Q).

From these rms current(s), referring to the circuit in Fig. 5(a),
the VA for the resonant tank components can be determined.
The VA for L, can be evaluated as

VAL = It rsZo = QPout 29)
and the VA for L, is evaluated to be
Pou
VALg = I} ymsZo = ?t (30)

Details of (29) and (30) are provided in the Appendix. The
VA of the resonant capacitor can be found using (28) and is
expressed as

VAC’I‘ = I%T,rmsZO' (31)

Now, from the phasor diagram of Fig. 5(b), it can be seen that
i; and i g in quadrature and i ¢, is the phasor subtraction of i; and
ir. Hence, (28) can also be expressed as

ICT;TT'"LS = It2,'rms + 112%77‘7715 (32)

and using (32), (31) can be written as

1
VAc, = (It2,7"ms + 112%77”7”,3)20 - <Q + Q) Pout- (33)
It can be seen from (29), (30) and (33), that the VA of the tank
capacitor is the sum of VA of the tank inductors. The total VA
of the tank is calculated by summing up (29), (30) and (33), and
is given by

1
VAtank =2 <Q + ) Pout. (34)

Q

D. Design of Resonant Tank

To find the VA rating of the resonant tank, (34) needs to be
evaluated at maximum output power (FP,yt maz). The normal-
ized VA rating (V Atank_norm)s With respect to Pyt mmae canbe
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given from (34) as

VAtank?norm =2 (QPoutmax + (35)

1 >
QPout_ max

where Qpout_maz 15 the quality factor at maximum output
power. It can be seen that the minimum value of VAiuni norm
from (35) is attained at

1

=1
QPout_max

QPouL max — (36)
and the minimum value of total tank VA rating is found out using

(34) and (36) and it is given as

VAtank_min = 4Pout_maw- (37)

In order to design the tank elements, we need to start at (17)
where V,,; and I, are known, but, n, Z, and ¢ 4p are to be
decided on. From the expression of Q in (7) and P,,,,; from (10),
the characteristic impedance of the tank can be written as

8n2 V2
p = o out (38)
71—2 Poth

and substituting Z, from (38) into (17), the transformer turns
ratio can be expressed as

P,.:Q sin (%)

Ig Vout

In order to achieve minimum VA rating for the tank, the
optimum value of transformer turns ratio (#2,,,;,,-v4 ) can be found
by substituting @ = Q pout_maz = 1 from (36) into (39), and is
given by

(39)

n =

. YAB
Pout?maac S (7)

Ig Vout

The value of ¢ 4 p is selected to be 120° which produces least
harmonic content at the output of the inverter with no triplen
harmonics [31]. This also provides sufficient margin from the
maximum possible control angle of 180° to support transient
response. After determining the transformer turns ratio from
(40), Z, is evaluated from (38) as

Nmin_VA = (40)

8n2 . V2
min_V A out (41)

2
a P out_max

Zo =

and from (7), the tank element values can be calculated as

Z Z
L. =_-°2 — _=° 42
" onf, ol “2)
1 1
= = 4
G 2nfoZ,  2mfsZ, “3)
Zo
Ly,=1L, ot (44)

And, the ratings of the resonant tank elements are given in
(25)—(28). With these design equations, the resonant tank and
transformer turns ratio can be uniquely designed with minimum
VA rating. However, designing the tank with minimum VA rating
can result in discontinuous current in the secondary diodes,
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TABLE I
RESONANT TANK PARAMETERS

L, [uH] C, [pF] L, [pH] n
194.4 2085 194.4 29
30 1 ; ; T
g : —Qs—Qr—CQ0t
% |
i
=
F1t
= 1
c 1
0 - |
61 -

ot
T

1
1
1
1
1
1
1 MminV A
1

Normalized
Tank VA Rating

'S

1
L L 1

1 15 2 25 3 35 4 45 5 55 6
Transformer Turns Ratio, n

Fig. 6. Quality factor of the tank elements (top) and normalized VA rating of
the tank (bottom) with respect to transformer turns ratio.

which can possibly limit the range of load for which converter
output voltage can be regulated. This can be overcome by
replacing diode bridge with an active bridge on the secondary
side of the converter, which is presented in the next sections with
simulation and experimental results.

IV. DUAL-ACTIVE BRIDGE LCL-T RESONANT CONVERTER

With the design method from Section III-D, the converter is
designed for a system with 1 A input and 150 V output with a
load range of 50 to 500 W. The designed parameters are listed in
Table I. The plot of quality factor and normalized tank VA rating
for various transformer turns ratio is presented in Fig. 6, where
it can be seen that the tank VA is minimum at n = nin_va as
per (40). In Fig. 6, the quantities Qg, O, and Oy, are defined
as follows

Qs = Q, !

QL= a, Qiot = Qs + Q1. (45)

Details of (45) can be found in the Appendix.

A. Limitation With Diode-Bridge Rectifier

With the tank parameters listed in Table I, the converter of
Fig. 2(a) is simulated in MATLAB/PLECS and the steady state
dc output voltage over the load range is plotted in Fig. 7.

It can be seen from the blue plot in Fig. 7 that the output
voltage with secondary side diode bridge rectifier does not stay
constant, independent of load and increases in value as the load
reduces. Since the tank is designed for minimum VA, the diodes
operate in discontinuous conduction mode (DCM) due to low
quality factor. This increase in V,,,; at light load will demand the
control angle (¢ 4 ) to go towards its limit of 180°, to keep the
output voltage at its desired value. This can potentially hinder
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Fig. 8. (a) DAB LCL-T resonant dc—dc converter topology and (b) its modu-

lation waveforms.

the load range of operation for which the converter can regulate
its output. In order to keep the diodes in continuous conduction
mode (CCM) over a load range, the tank components have to
be designed with higher VA rating which will increase the size
of the converter. Alternately, the converter can be designed with
lower nominal value of ¢ 4p, considering the load range and
margin for component tolerances, but this will lead to higher
component stress (25)—(28) and losses.

B. Secondary Side Active Rectification

To operate the converter with wide range load regulation,
it is essential to keep the secondary bridge in CCM. This is
achieved by employing an active bridge on the secondary side,
as shown in Fig. 8(a). The modulation scheme for both primary
and secondary bridges is depicted in Fig. 8(b), where ¢ pg is the
control angle between legs D and E of secondary bridge, and
pAp is the angle between legs A and D.

With a secondary active bridge, the current in L, and in
the transformer secondary will be in CCM. To operate the
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Fig. 9. Steady state dc output voltage (V) versus load power (P ,); red:

result from analysis, blue: simulation result with diode-bridge, black: simulation
result with DAB.

secondary bridge at unity power factor (with FHA) and emulate
the behavior of diode rectifier, the secondary bridge modulation
angle ppg should be equal to 180°. From the phasor diagram
shown in Fig. 5(b), the relationship among the three modulation
angles [paB, ¥AD, ¢pE] can be given as

PAB ™ YDE

= — —_— 4
YAD 5 + 5 5 (46)
and with ¢ pg = 180°, (46) becomes
pap = —WQ‘B 47)

The DAB LCL-T converter is also simulated in MAT-
LAB/PLECS and the steady state dc output voltage at various
load is plotted in Fig. 9, with the tank parameters presented in
Table 1. This is also compared with the result achieved with a
diode-bridge on the secondary side and is shown in blue on the
same plot. From the black plot in Fig. 9, it can be seen that the
steady state dc output voltage remains constant, independent of
load, as derived in (17), matching the analytical reference plot
in red.

V. EXPERIMENTAL VERIFICATION

A prototype hardware has been built to verify the analysis
presented so far with the tank parameters mentioned in Table I
and additional details presented in Table II. The converter is
designed to operate at 250 kHz switching frequency, which is
the operating frequency of all the series connected converters
used in this underwater dc current distribution network. The
prototype is designed for operation up to 500 W with 150 V
dc output voltage and it is tested over 10:1 load range for
experimental verification. The photograph of the test setup is
shown in Fig. 10. With operation at F = 1 and g = 1, both the
primary and secondary inverter(s) operate with its fundamental
voltage and current in phase which means that all the switches
in the converter will not have ZVS by the tank current. On the
primary side inverter, leg B MOSFETs go through ZVS by tank
current and an active ZVS assisting circuit is used for leg A [33].
Since the secondary side bridge operates at unity power factor
with fixed dc output voltage, a fixed, passive inductor (L .y _sec)
is used for ZVS [34] of secondary side MOSFETs. Further details
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TABLE II
CONVERTER DETAILS
COMPONENT / PARAMETER VALUE
I, (A) 1
Vou (V) 150
s (kHz) 250
Pou (W) 50-500
Primary MOSFETs C2M1000170D
Cpc pri (UF) 0.23
Levs pri (WH) 50
Secondary Diode(s) FFSH2065B-F085
Secondary MOSFETSs IXFQ72N20X3
Cpc sec (LF) 6.4
Levs see (WH) 60

Resonant Tank &

Transformer
- szs _sec

CD C _sec

Secondary
H-Bridge

Secondary
FPGA

Prima

FPGA PWM-SYNC

Fig. 10. Photograph of the hardware test setup.

of the ZVS assisting circuit can be found in [35]. DC blocking
capacitors (Cpc pri and Cpc sec) are used in both primary
and secondary side H-bridges to block any dc component of
voltage arriving out of the H-bridges due to any component
mismatch. The value(s) of the dc blocking capacitor(s) is chosen
significantly higher than the resonant capacitor such that it does
not impact the overall capacitor seen from the resonant inductor
terminals and thus does not influence the resonant frequency of
the tank.

First, the converter is tested with a diode bridge rectifier and
the results are shown in Fig. 11 for 50 W and 500 W operation
with ¢ 4 5 = 120°. It can be seen from the vpg (purple) and ip
(green) plot in Fig. 11(a) that the diode operates in DCM mode.
Then the converter is tested with active rectifier (DAB) and the
steady state operating waveforms are shown in Fig. 12 for 50 W
and 500 W operation with ¢ 4 5 = 120°, keeping ¢ pg = 180°
and ¢4 p = 60°. In addition, the gate-source and drain-source
voltage across the bottom switch(es) of all the H-bridge legs of
DAB LCL-T are presented in Fig. 13 at minimum (50 W) and
maximum (500 W) load. From this results in Fig. 13, it can be
seen that the drain-source voltage of the switch(es) falls to zero,
before its gate-source voltage rises, confirming ZVS operation
over the entire load range. And, due to half wave symmetry in
operation, the top switches also go through ZVS turn on.

The steady state dc output voltage results, with both a
diode bridge and an active bridge secondary, are plotted in
Fig. 14, versus the load power, at fixed 4 p = 120°. In Fig. 14,
the red plot is the analytical reference (150 V) and the blue
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and black traces represent the results with a diode rectifier and
an active rectifier, respectively. It can be seen that the output
voltage is not load independent for a diode bridge, whereas,
with an active secondary bridge, the output voltage is relatively
constant over a 10:1 load range. The variation in V,,; with an
active secondary is between 149.1 and 144.8 V, which is only
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Fig. 13.  Gate-source and drain-source waveforms of bottom switch(es) of all
the legs of primary H-bridge at (a) 50 W and (b) 500 W, and secondary H-bridge
at (c) 50 W and (d) 500 W, operated with 45 = 120°, ppr = 180° and
pAD = 60°, showing ZVS operation.
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Fig. 14.  Steady state dc output voltage (V) versus load power (P q+) with

@wap = 120°. Red: result from analysis, blue: experimental result with diode-
bridge on the secondary, black: experimental result with active bridge on the
secondary.

about 2.9%. The variation is due to non-idealities such as ESR
of components. The results presented here are from 50 to 500 W
that is typical range of load seen by the converter. The converter
will ideally maintain its output voltage at the same level while
the load power falls further below 50 W. In practice, there
could be deviation in output voltage from its ideal value, due
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Fig. 15. Variation in control angle ¢ 4 g to regulate V¢ at a fixed value of

150 V, versus load power. Red: result from analysis, blue: experimental result
with diode-bridge on the secondary, black: experimental result with active bridge
on the secondary.
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Fig. 16. DAB LCL-T operation under load transient from 350 to 400 W and
back to 350 W with fixed ¢ 4 p = 115°. CHI (yellow): output current (I;o44),
CH2 (cyan): input voltage (V;;,) and CH4 (green): output voltage (Voqz)-

to component tolerance, temperature variation etc., which will
be taken care of by the controller for output voltage regulation.
From the hardware results, the variation of V,,; with a diode
bridge is lower than predicted by simulation, which is attributed
to the parasitic capacitance of the diodes. Once the diode turns
off, the diode capacitance resonates with L, which can be seen
from vpg (purple) and ip (green) plot in Fig. 11(a).

The variation of control angle (¢ 4p5) needed to keep the
output voltage regulated at 150 V is plotted in Fig. 15, where
again the red line shows the analytical prediction and the blue
and black traces represent the results with a diode rectifier and
an active rectifier, respectively. It can be seen from these plots
that variation in (4 p is quite large for operation with a diode
bridge, whereas the variation is only 5.4° with active bridge on
the secondary, over the 10:1 load range.

The DAB LCL-T resonant converter is also tested with load
transient at its output with a fixed control angle (p4p = 115°)
and the result is shown in Fig. 16. The output load is varied from
350 to 400 W and then back to 350 W. In Fig. 16, the input dc
voltage (V;,,) is captured by CH2 (cyan), output current (/;544)
is captured by CHI (yellow) and the output voltage (V) is
captured by CH4 (green). It can be observed from this result
that even under load transient the output voltage returns to the
same value at steady state.

The rms values of tank inductor current and capacitor voltages
are measured from the oscilloscope captures at different loads
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and are compared with the analytical values derived in (25)-
(27). The comparison is shown in Fig. 17, where analytical
values are plotted in solid lines and the measured values are
shown in corresponding circles of the same color. The top plot
in Fig. 17 compares the rms current in the tank inductors and the
bottom plot compares the resonant capacitor voltage. The result
depicts a good match between experimental result and analysis.

The analytically evaluated power loss in different components
of the DAB LCL-T converter is presented in Fig. 18, at full
load operating condition. These losses are used for components
and heat sink design with natural cooling. The efficiency of the
converter, operating at fixed control angle of ¢ 4 g = 120°, with
active and passive bridges on the secondary side, are shown
in Fig. 19 in red and blue, respectively. It can be seen that
the converter operates with a higher efficiency with an active
secondary bridge due to the lower conduction loss. The peak
efficiency is approximately 96%.

VI. CONCLUSION

In underwater dc distribution systems, a constant current
source is used to power multiple, series-connected converters
to achieve robustness against voltage drop over the cable length
and cable faults. However, powering from a current source brings
in various challenges in converter design. Addressing these
challenges, in this paper, it is shown that an LCL-T resonant
dc—dc converter can be designed to achieve a load-independent,
constant dc output voltage characteristic when powered from
a constant dc current source. Detailed modeling, analysis and
design are presented for this converter. With analysis, simulation
and hardware results, it is shown that diode bridge rectification
on the output side of the converter imposes a challenge on low Q
(VA rating) design and the use of active bridge overcomes this
limitation. A modulation scheme for the DAB LCL-T resonant
converter is presented for overall operation of the converter
with minimum VA rating for the tank components, the isolation
transformer, and the H-bridges. Finally, a hardware prototype is
developed and tested for a system with 1 A input current, 150 V
output voltage, operating at a switching frequency of 250 kHz,
over aload range of 50 to 500 W. Results obtained from hardware
experiments confirm the analysis with a good match between
analytical expressions and experimentally obtained values.

APPENDIX

A. Derivation of Tank Input Impedance

With reference to the ac equivalent circuit shown in Fig. 3(b),
the impedances of individual tank components are given by

Xy =2nf,L, = FZ,, Xp,=gFZ,
1 Z

Xop = — 2o Al

o= onfC,  F (A.D)

where Z, and F are as defined in (7). Now, the tank input
impedance can be derived as

7, .
—Jf“(Re + j9FZ,)
Zzn:]FZo+ 7

_;Z0° . igFZ,
i % + (Re +jgF Z,)

(A.2)
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which can be simplified to

Zo(Q + jgl)
(1= gF?) + jFQ
where Q is defined in (7). The expression of Z;,, from (A.3) can
further be expanded to be expressed in the form

Zo
(1= gF?)* + F2Q?)
where Zr and Z; are expressed as
Zr=Q(—gF?)(1 - F?)* + (1 + g)QF* — gQF"

Zr = (1+9)F(1-gF?)—gF*(1 - gF?) = FQ*(1 - F*)%.
(A.5)

Zin = jF 70+ (A3)

(Zr +jZ1) (A.4)

in —

When operating at resonance, i.e., at F = 1, Z;, from (A.4)
can be simplified to

Z, 1-
¢  /tan! (Qg> . (A.6)
Q?+(1-g)°
And, the power factor, cos(y;,), can be given as

@
Q2+ (1—g)°

Substituting (A.6) and (A.7) into (12), the dc output voltage
can be expressed as

Zin‘F:l =

cos (in)|py = (A.7)

w2 Zy1y
Vout‘le = %w- (A.8)
S1n —_—
2
Further, when g = 1, i.e., with L, = L, Z;;, and cos(;,,), are
given as

2

ZO
Zin|F:1,g:1 = o £0°%

Re COS (@in)‘F:l,g:l = 1 (A'9)

B. Derivation of Tank Quantities

In this section, the tank signals are derived from the equivalent
circuit shown in Fig. 3(a) and Fig. 5(a). The input current (i;) to
the resonant tank from the inverter is shown in Fig. 20 and its
rectified dc side current (i;,,) is shown on the right hand side of
the same figure. Since the average value of i;, comes from the
dc source (/,), the amplitude of i; can be found out through

2
Iy = (im) = ;It sin (W?B) ,

(B.1)
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where (z) denotes average of x over its period. Since the con-
verter is operating at F = 1 and g = 1, v4 p,1 and i, are in phase
and thus, using (B.1), the current in the resonant inductor L,. can
be expressed as

11 (t) = Iy cos (wst) = T L

cos (wst).

The amplitude of load side resonant inductor current (i) is
evaluated from the circuit in Fig. 5(a) with amplitude of v, ;
from (8) and is given as

y,
|’U01| = out T
Ip=——= = —Iioad- B.3
R R. 2 5y, Lioad (B.3)
?Rload

Now, from the circuit of Fig. 5(a), ir can be expressed in
terms of i; as

_jZO Zo .
¢ - - = — 1 (B4)
7]Z(J+Re +]Zo Re

which means that ip lags i; by 90° and thus, using (B.3), ir(?)
can be express as

IR =

—J

ir(t) = Igcos <wst — g) = %Iload cos (wst — %) )
(B.5)

The voltage across the resonant capacitor can be found from
Fig. 5(a) as well and is derived as

. ‘ an Vo, '
vor = ZR(Re +]Zo) = |:7TRt4(;r):| R, <]- + é)

4 I /(1
= ?nvou“/lJr @4 {g +tan! (Q)} .

Using trigonometric identity, it can be shown that

tan 1Q = % —tan! (é) .

Hence, from (B.6) the resonant capacitor voltage is given as

4 1
ver(t) = ?”Vm, [1+ @ cos (wst —tan™'Q).  (B.8)

The current through C,. is evaluated as

. Ver 4n Vout 1 -1 m
= =it i oz (- ).
or= T =\ T anQ g
(B.9)
With the identity shown in (B.7), current in the resonant

capacitor is expressed as

(B.6)

(B.7)

ior(t) = An Vour 1+ 1 cos |wst + tan~ ! 1
Cr - p Zo Q2 s Q .
(B.10)
The VA of L, is evaluated as
VAL, = (B.11)

) T 2 I2
I Ly = g Zo.
t,rms (2\/§> |:Sin <<;DAB):|2
2
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Using the expression of V,,,,; from (17), (B.11) can be written

as
8n? V2 R
VALT‘ - WRload Rlour; = 76 out — onut- (B12)

VA of L, is evaluated as
2 2 2
T T Vout
— ] oa Zo == 5 Zo
2\/§TL ! d) 8n? (Rload>

Zy V2, 1 P
= ) = Pout = .
8n Rload Re Q
2 Rload Zo

VALQ = II%{,rmsZC’: (

(B.13)

The quality factors presented in (45) are derived here from
their basic definition [36]. The quality factor of the load side
resonant inductor L, is derived as
ELg_pk f o

P, out

where Fr4 1 is the peak energy stored in L, and is given as

Qr =2n (B.14)

1
EL.‘]J)k = §Lg(\[2]R,7'ms)2 = LgI2 (BIS)

R,rms
and from the equivalent circuit of Fig. 5(a), P, can be given as
Pout =12, Re. (B.16)
Substituting (B.15) and (B.16) into (B.14) and using definition
of w,, Z, and Q from (7), Qy, can be expressed as
L Z 1
Or=2meR TR T Q
Similarly, the quality factor of the source side resonant induc-
tor L, can be derived as

(B.17)

ELr_pk fo
Pout

where 7, p is the peak energy stored in L, and is given as

Qs =27 (B.18)

(B.19)

t,rms

1
ELr_pk = iLr(\@It,rms)Q = Lrjz

Using the relationship between i, and i  from (B.4) and using
(B.19) and (7), (B.18) can be further expressed as

L. (R.\® R,

Qs =27f, R. (Zo> =7 Q. (B.20)

It can be observed from (B.17) and (B.20) that Qg and Qj,
are inverse of each other which means if source side inductor
current is more sinusoidal (less in harmonic content), the load
side inductor current will be more non-sinusoidal (more har-
monic content). This can be observed from the results shown
in Fig. 11(a), where at light load, the waveform of i; is more
sinusoidal than waveform of iz (transformer reflected i p) when
Qs =10and Q;, =0.1.

C. Tolerance Analysis

The variation of output voltage due to tolerances in tank
component values are shown in Fig. 21 using the analytical
expression of V,,; from (12) and Z;, from (13). In Fig. 21,
the analytical percentage variation in V,,,; is plotted in solid
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Fig. 21.  Percentage variation in dc output voltage (V) for variation in tank
elements. Blue: for variation in L., red: for variation in C,., black: for variation
in L. Solid lines are for analytical and dots are for simulation results.

lines for variation in L, (blue), C, (red) and L, (black), with
one of them varied at a time, keeping the remaining two fixed
at their nominal value(s). The tolerance results obtained from
MATLAB-PLECS simulation is also shown in the same plot,
using dots of corresponding color. It can be seen from this
plot in Fig. 21 that there is a little variation in output voltage
for variation in tank inductors. However, variation in resonant
capacitor has a dominant effect on variation in V. The results
plotted in Fig. 21 are for the lowest load of P,,,; = 50 W, where
the value of Q is maximum and has highest influence on V,,; due
to component tolerance. With use of a class I ceramic capacitor
(COG, NPO0), which is stable over temperature and voltage bias,
the capacitance tolerance is within 5% which translates to
variation in V,,,; within 6%, from the result plotted in Fig. 21.
This can be taken care of by margin in modulation angle of ¢ 4 s,
(120° to 180°). Further, since the tolerance is prominent at light
loads, active shunt current control circuit [37] can also be utilized
at the input source with slight drop of light load efficiency.
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