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ABSTRACT

Soft-switched Resonant DC-DC Converter in Underwater DC Power Distribution Network

by

Tarak Saha, Doctor of Philosophy

Utah State University, 2020

Major Professor: Regan Zane, Ph.D.
Department: Electrical and Computer Engineering

Power distribution with DC source is advantageous over its AC counterpart in long
distance distribution network due to the absence of effects of reactive components. Long
distance power distribution with traditional voltage source suffers from drop in voltage over
the length of the cable due to its impedance and forces the converters in the network to
be over-designed with higher power rating than needed. In underwater power distribution
network such as ocean observatory, marine sensors on the sea-bed etc., power conversion
modules are situated at a distance far away from the shore, ranging from tens of kilometers
to hundreds of kilometers. DC current distribution offers ruggedness against voltage drop
over the length of the trunk cable and thus eliminates the need of converter over-design,
making it the preferred choice in underwater long distance power distribution network.
Moreover, distribution with DC current source improves the overall system reliability with
robustness under cable fault scenarios.

Converters used in underwater system require operation with high reliability with little
to no maintenance due to their geographical locations. Resonant converters offer quiet and
efficient operation with low EMI due to low di/dt and dv/dt owing to sinusoidal current
and/or voltage and soft-switching. This makes resonant converters an excellent choice

for reliable, long term operation in underwater distribution system. However, designing



iv
resonant converters with constant current input imposes certain challenges as compared
voltage source input, which are analyzed in this work. Addressing these challenges it is
shown how different resonant power conversion topologies can be suitably selected and
designed to meet the end goal of regulating its output current or voltage for wide range of
loads. Soft switching requirements of these topologies are also investigated with appropriate
solutions to ensure devices used in these converters switch with low loss and dv/dt. Some
of the critical loads in the system demand bidirectional power transfer capability which is
also presented in this work with befitting topology. Detailed modeling, analysis, design and
experimental results from hardware prototypes are presented for all the converters in the
system operating with 250 kHz switching frequency, regulating its output voltage or current

from 1 A DC current source, up to a power level of 1 kW.

(237 pages)



PUBLIC ABSTRACT

Soft-switched Resonant DC-DC Converter in Underwater DC Power Distribution Network

Tarak Saha

Power distribution with DC source is advantageous over its AC counterpart in long
distance distribution network due to the absence of effects of reactive components. Long
distance power distribution with traditional voltage source suffers from drop in voltage over
the length of the cable due to its impedance and forces the converters in the network to
be over-designed with higher power rating than needed. In underwater power distribution
network such as ocean observatory, marine sensors on the sea-bed etc., power conversion
modules are situated at a distance far away from the shore, ranging from tens of kilometers
to hundreds of kilometers. DC current distribution offers ruggedness against voltage drop
over the length of the trunk cable and thus eliminates the need of converter over-design,
making it the preferred choice in underwater long distance power distribution network.
Moreover, distribution with DC current source improves the overall system reliability with
robustness under cable fault scenarios.

Converters used in underwater system require operation with high reliability with little
to no maintenance due to their geographical locations. Resonant converters offer quiet and
efficient operation with low EMI due to low di/dt and dv/dt owing to sinusoidal current
and/or voltage and soft-switching. This makes resonant converters an excellent choice
for reliable, long term operation in underwater distribution system. However, designing
resonant converters with constant current input imposes certain challenges as compared
voltage source input, which are analyzed in this work. Addressing these challenges it is
shown how different resonant power conversion topologies can be suitably selected and
designed to meet the end goal of regulating its output current or voltage for wide range of

loads. Soft switching requirements of these topologies are also investigated with appropriate



vi
solutions to ensure devices used in these converters switch with low loss and dv/dt. Some
of the critical loads in the system demand bidirectional power transfer capability which is
also presented in this work with befitting topology. Detailed modeling, analysis, design and
experimental results from hardware prototypes are presented for all the converters in the
system operating with 250 kHz switching frequency, regulating its output voltage or current

from 1 A DC current source, up to a power level of 1 kW.
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CHAPTER 1
INTRODUCTION

Electricity is distributed in two forms — alternating current (AC) and direct current
(DC). The electricity received at the household is AC and it comes from the generating
station, transmitted at high voltage (up to hundreds of kV) over long distance and then
stepped down by distribution transformer to lower voltage e.g. 120V, 240V etc. suitable
for household appliances. The AC power system has the advantage of easy step up or step
down through use of power transformer. Being alternating in nature, AC voltage/current
goes through zero in every cycle which makes design of circuit breaker for protection easy
and thus enables reliable power system operation. However, AC distribution is susceptible
to the voltage drop on the line due to cable impedance (resistance, inductance and capaci-
tance). Whereas, with DC distribution voltage drop on the line happens only due to cable
resistance. This is advantageous for power distribution over long distance and thus DC or
high voltage DC (HVDC) transmission [3,4] is used in the power system where generation
and distributions load are geographically apart. Transmission at HVDC has the added
advantage of lower transmission loss owing to lower current in the line.

DC distribution is widely used in renewable solar energy harvesting through photo-
voltaic cells [5-7], data centers [8-10], telecommunication [11,12], aircraft [13] etc. and
in many more applications. A typical structure of DC distribution with multiple loads
and converters connected to it is shown in Fig. 1.1. The loads connected to the main
DC distribution bus (Vpe1) typically are DC-DC converters feeding their local loads or
can create another isolated or non-isolated DC bus (Vpc2) where again set of loads get
connected, as shown by blue in Fig. 1.1.

The DC distribution architecture with voltage source shown in Fig. 1.1 works well when
the converters/loads are in close proximity to the source. However, if the converters/loads

are distributed over long distance from the source then the source voltage drops across the
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Fig. 1.2: DC voltage distribution architecture over long distance.

length of the distribution cable, due to cable resistance. This is shown in Fig. 1.2 where
the input voltage at the each of the load(s) is of reduced magnitude than the preceding
converters i.e. Vpom < -+ < Vpes < Vpee < Vpe1 due to voltage drop across the
distribution line resistance (r). As an example, if all the load converters are of 1kW
with DC source voltage 100V, ideally all the converter would draw 10 A with 100V at
its input. Now, if due to the line resistance, voltage at the last module drops to 80V
then for the same load, the first converter will be operating at 100V, 10 A and the last
one at 80V, 12.5 A. If identical converters were used in this distribution network, all the
converters need to be designed for the worst case voltage and current (100 V, 12.5 A) which
means the converters have to rated for handling 1.25 kW, even though they are delivering
only 1kW. The situation can be worse if the distance (resistance) between source and
farthest load/converter becomes very high.

DC current source is immune to any series non-idealities of the distribution line such
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Fig. 1.3: DC current distribution architecture over long distance.

as resistance. This provides robustness against cable voltage drop by driving a constant
current into the distribution line from which each of the load converters draw power for
their respective load(s) which is shown in Fig. 1.3. As it can be seen from Fig. 1.3, all the
load converters now operate from same input current of Ig, irrespective of their distance
from the source. The input DC voltage for each of the converter(s) is now dependent on
their individual load and if all the converters cater to same amount of load power, their
input DC voltage will be same i.e. Vi1 = Vo = Vi3 = --- = V.. And hence, all the
converters in the distribution network will see same maximum DC voltage and current and

thus need not be over-designed.

1.1 Underwater Power Distribution

In recent times there is an increased interest in ocean exploration and underwater
sensing for observation, marine resource development, earthquake and tsunami monitoring,
etc. [1,2,14-24]. Power converter used in these applications are located deep into the sea
and far from the shore. Because of long distance between the source and loads and among
the loads, constant DC current distribution is used in this type of networks. The converters
used in this system taps power from the constant current feed and provide power to their
respective loads. The load can be a stationary local load or could be autonomous under-
water vehicle (AUV) which can get charged through wireless power transfer (WPT) [25] or
can be remote load demanding a sub-network of local constant current drive, as shown in

Fig. 1.4(a) [1] and Fig. 1.4(b) [2].
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A simplified block diagram of the underwater constant current distribution network is
shown in Fig. 1.5 where the shore based source drives constant current (I7) through the
trunk cable which runs on the ocean floor to drive multiple converters connected in series.
These converters are hermetically sealed within its enclosure(s) and the components of the
converter do not come in contact with the sea water. Using the benefits of conductivity
of saline water, the current in the trunk cable returns back to the source through the sea
water. Some of these converters drive their local load with a constant voltage output, some
of them drive another sub-network with constant current (I¢) drive for regional distributed
loads, and in some cases converters drive WPT coils for wireless charging of AUVs.

For underwater power converter fed from current source an obvious choice for the
topology is current fed converters which is presented in [26,27] for sub sea oil and gas

exploration application where it is operated at high current and low switching frequency for
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limiting switching loss. In [2], current fed topology is used in constant current to constant
voltage application, but shown only for low voltages. However, due to lack of ZVS for the
switches, current fed topologies will be limited in switching frequency. Moreover, there is a
need of input filter to smoothen the fluctuating input voltage which if not filtered adequately,
can create instability through interaction with the inductance(s) and capacitance(s) of the
submarine cable. These can potentially increase the converter size and reduce efficiency of
power conversion.

Voltage fed PWM push-pull topologies are presented in [1,28,29] where the source is
constant current source, suitable of underwater power distribution. Voltage fed topologies
can achieve ZVS and can thus be operated at higher switching frequency that can reduce the
size of the converter. However, typical PWM based topologies operate with hard switching
of main active switches causing high dv/dt and rectifier diodes chop off current with high
di/dt. These high dv/dt and di/dt, along with diode reverse recovery cause high frequency
ringing due to the circuit parasitic components which increases EMI and loss in the system.
Converters used in long distance underwater distributions are preferred to be operated
with low EMI for long term, reliable operation due to challenges and cost of maintenance.
Resonant converters, operating with sinusoidal voltage and/or current with soft switching
reduce the dv/dt and di/dt in the circuit that reduce EMI emission and improves efficiency
even at high switching frequencies. In addition, various circuit parasitic components such
as leakage inductance of transformer, can be part of the resonant tank network which makes
them very attractive in transformer isolated converters. Due to these advantages, resonant
power conversion topologies are widely used in LED driver [30-32], energy storage [33,34],
telecommunication [35], DC microgrids [36,37], wireless power transfer [38,39] and numerous
other applications. The resonant converters available in literature is operated and designed
with voltage source input whereas, converters used in underwater system is supplied with
DC current source which brings in new challenges. This forms the basis of this dissertation
to investigate these limitations and come up with design of resonant converters to overcome

such challenges in power conversion from DC current source which is a new and emerging



research field of interest and have not been explored with great details.

1.2 Resonant Converters in Constant Current Distribution

Due to the nature of the source, resonant converters in underwater distribution face
certain challenges in design space which are highlighted in chapter 2. The basic structure of
resonant converter with choice and modeling of different sections of the converter is discussed
in chapter 2. Differences in power transfer capability with voltage and current sources are
analyzed in this chapter as well. The modeling techniques presented in this chapter is used

for designing different resonant converters in underwater distribution system.

1.2.1 Soft Switching Requirements

Generally resonant converters are controlled through switching frequency variation,
above its resonant frequency, which gives advantage of ZVS through reactive power circu-
lation in the tank. However, when multiple converters tap power from a common input bus
(voltage or current), operating the individual converters at different switching frequencies
can result in very low frequency AC signals injected into the bus that is very hard to fil-
ter out. So, the converters in the distribution network are operated at a fixed switching
frequency and control of output is done through phase shift modulation. This brings in
limitation on achieving ZVS for the active switches through tank current itself and thus
ZVS assisting circuits are needed in conjunction with the main devices. The requirements
for ZVS turn on of all the MOSFETS in a resonant converter are analyzed in chapter 3. It
is shown how different types of ZVS assisting circuits can be used for different application
needs with different resonant topologies. The advantage and need of voltage fed topologies
over current fed ones are also highlighted in the chapter 3 with difference in losses between
ZVS and ZCS, operating at high frequency and high voltage in underwater distribution

system.

1.2.2 Series Resonant Converter

As presented in Fig. 1.5, some of the converters in the distribution network drive a
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sub-network of loads with DC current. This type of converters need to regulate its output
current from an input current source. In chapter 4, it is shown how a series resonant
converter (SRC) fits aptly in this application. SRC design with output current regulation is
used in LED drive [40], capacitor charging [41,42] and battery charging in constant current
mode [43]. However, these applications are driven from voltage sources as opposed to current
source in underwater distribution. With detailed analysis and modeling in chapter 4, it is
shown how an SRC can be designed for constant current input to constant current output

conversion over a wide load range, up to 1kW.

1.2.3 Parallel Resonant Converter

For majority of the loads in the underwater distribution network need a voltage source
at its input. Converters supplying power to these loads need to provide regulated voltage
at its output from current source input. Parallel resonant converter (PRC) is a well suited
topology for conversion of DC current source to DC voltage source that is presented in
chapter 5. PRC is designed for constant current drive in [44-46], storage battery charger
from solar power in [47], all with a voltage source at the input. Hence, analysis and design
methodology in needed for use of PRC with constant current source at the input, which is
presented in chapter 5, with steady state modeling, ZVS requirements, output filter design,
etc. Designing a converter for regulated output voltage over wide range imposes a significant
challenge in minimizing component stress and optimizing efficiency. A converter architec-
ture involving a PRC with a multi-winding transformer and an output switch network that
together minimize component stress and improve efficiency over the wide range of required

operating conditions is also presented in chapter 5.

1.2.4 LCL-T Resonant Converter

Similar to PRC, LCL-T resonant converter can also be used for conversion of DC cur-
rent source to DC voltage source. While PRC is simple and cost effective solution with
low component count, LCL-T provides opportunity for optimizing the converter size and

component ratings. Converters employing an LCL-T resonant tank are presented in [48-59]
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to achieve a current source behavior from a DC voltage source input and authors in [60]
have presented a DAB LCL-T resonant DC-DC converter with voltage sources, both input
and output. However, since the source of power in underwater DC distribution system is
from a constant current source these designs cannot be used as it is. In [61], 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. The design optimization for
the transformer in isolated LCL-T resonant converters is also absent in the existing litera-
ture. Hence, a detailed design methodology for an isolated LCL-T resonant converter that
converts a DC current source input to a DC voltage source output is presented in chap-
ter 6. Comparison between passive and active rectification in LCL-T resonant converters
for designing the converter with minimum VA rating is presented with detailed analysis,

simulation and experimental results.

1.2.5 Bidirectional DAB LCL-T Resonant Converter

Under regular circumstances, the series connected isolated DC-DC converters deliver
power from the constant current feed to their respective loads, regulating its output voltage.
However, some of the loads on the sea-bed are critical in operation needing uninterrupted
power delivery. In the event of any cable fault, these critical loads lose power and for these
critical loads, a bidirectional converter with local auxiliary source(s) are provided. These
bidirectional converters provide constant voltage to the load from the constant current feed
under regular operation and convert an auxiliary voltage source to a constant current drive
in the event of loss of power from main feed. Dual active bridge (DAB) based LCL-T
resonant converter can be designed to meet the requirements of such critical loads which
is presented in chapter 7. Detailed analysis, design with modulation is presented here for
designing the converter, minimizing the overall VA rating for resonant tank, transformer
and the H-bridges that is not available in the literature. Similar to PRC based converter
for wide output voltage range, DAB LCL-T resonant converters can also be designed for
bidirectional power conversion in systems interfacing current source at one end with wide

voltage range at the other end. The converter architecture of such system is also presented



in chapter 7 with simulation results showing its performance.
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CHAPTER 2
INTRODUCTION TO RESONANT CONVERTER IN UNDERWATER SYSTEM

The resonant converter architecture and its modeling technique are introduced in this
chapter. Choice of inverter stage for constant current input, underwater DC distribution
system with its modulation technique is presented in section 2.1.1. The properties of res-
onant tank and basis for sinusoidal approximation is briefed in section 2.1.2 along with
various resonant tank realization. Various secondary rectifier and filter stages for different
types of resonant tank are presented in section 2.1.3. Detailed steady state modeling tech-
niques for resonant converter is developed in section 2.1.4 along with its equivalent circuit.
Section 2.2 presents salient characteristics and limitations for converters operating with
constant current source, as opposed to conventional constant voltage source, to establish

the basic criteria for design of resonant converters in underwater DC distribution system.

2.1 Resonant Converter

The basic architecture of resonant converter used in underwater distribution network
is discussed in this section along with modeling of different parts of the converter. The
converter architecture of an underwater resonant DC-DC converter is shown in Fig. 2.1
where the input power is drawn from a DC current source () and delivered to the load
(Rjoqq) Tegulating its output current or voltage. The converter has three distinct sections —
primary H-bridge with input filter, resonant tank with isolation transformer and secondary

H-bridge with output filter which are explained as follow.
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2.1.1 Primary Inverter Stage

The first stage of power conversion is the input filter with a H-bridge to convert DC
input to a quasi-square wave AC. For this stage of power processing, there are two options
— voltage fed inverter (VFI) or current fed inverter (CFI) as shown in Fig. 2.2(a) and
Fig. 2.2(b), respectively. The comparison of these two type of inverters are presented in
Table 2.1.

From the comparison in Table 2.1, since the underwater observatory system is designed
to operate with low current and high voltage, VFI based primary stage is the more practical
choice for high switching frequency converter design. For example, for an ideal 1 kW con-
verter in a system with 1 A input current, the DC input voltage will be 1kV and thus the
devices needed in VFI and CFI will be rated for 1.7kV and 3.3kV, respectively, based on
commercially available MOSFETs. Moreover, with ZCS in CFI, the devices will still have
its output capacitance energy dissipated within them which will lead to less efficient power
processing. Thus designing the converter with VFI based primary stage will be efficient,

power dense and cost effective, compared to CFI based primary stage. Use of CFI becomes
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Table 2.1: Comparison between VFI and CFI

Voltage Fed Inverter (VFI) Current Fed Inverter (CFI)

4 active switches required 8 active switches required

Quasi-square wave voltage and sinu- Quasi-square wave current and sinu-

soidal current soidal voltage

e Devices’ voltage rating: V;, e Devices’ voltage rating: > 1.6V},

e Lower isolation voltage for gate e Higher isolation voltage for gate
drivers drivers

e Steady DC voltage at the DC side of e Oscillating voltage at the DC side of

the H-bridge the H-bridge
e Capacitive input filter e C — L input filter stage required
e Achieving ZVS is simple e ZCS operation, achieving ZVS is a
challenge

advantageous for systems with higher current, lower voltage, operating with low switching
frequency up to a few tens of kHz [26,27] and hence is not pursued in this work.

In general, for fixed frequency resonant converters, the primary stage inverter is driven
by symmetric modulation scheme, i.e. each of the inverter leg switches are driven by 50 %
duty ratio and the phase shift between inverter legs are controlled, as shown in Fig. 2.3.
This type of symmetric modulation only produces odd harmonics in the inverter output
voltage spectrum and is the preferred choice. Asymmetric modulation scheme can produce
even order harmonics and is typically avoided, unless it provides some other significant

advantage in converter operation [48,62—65].

2.1.2 Resonant Tank and Transformer

The second stage in the power converter in Fig. 2.1 is the resonant tank and the iso-
lation transformer. The quasi-square wave output from the primary bridge gets filtered
by the resonant tank to pass only the fundamental frequency component and block other

harmonics, as shown in Fig. 2.4. Hence, for the analysis of resonant converters, only fun-
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Fig. 2.3: Modulation waveform of the primary side inverter.

damental components of signals are considered and this technique is referred as sinusoidal
approximation [66] or fundamental harmonic approximation (FHA) [67]. Different types
of resonant tank configuration are shown in Fig. 2.5, viz. series resonant [67], parallel
resonant [67], series-parallel LC'C' resonant [67], LLC resonant [68], LC'L — T resonant
[49] and its dual CLC — T resonant [49]. There are many more combinations of resonant
tanks possible based on number of resonant elements. The choice of resonant tank in any
application is dependent on the application and its need. The isolation transformer pro-
vides galvanic isolation between input and output which is needed in converters used in
underwater distribution system where the DC-DC converters are series stacked at the input
stage and output is grounded at seawater. In addition, the transformer provides step up or
step down through its primary to secondary winding turns ratio that helps in optimizing
the overall converter design. The various resonant tanks shown in Fig. 2.5 may also com-
bine the parasitic elements e.g. leakage inductance of the isolation transformer which is a

significant advantage of resonant topologies.

2.1.3 Secondary Rectifier Stage
Based on the resonant tank chosen for a particular application, the secondary side H-
bridge may be driven by an AC voltage or AC current at its input as shown in Fig. 2.6.

For resonant tank which has a series connected elements before the rectifier (e.g. series
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Fig. 2.5: Different types of resonant tanks.

15



16

T L T
Iload f [load
) D1 Jk Jk D3 A Dl J[ J[ D3 A
1
—>——1D ' D
G = Rioad VR T G = = Riaa
E Vout E V,,ut
D, A A Dy D, A A D,
(a) (b)

Fig. 2.6: Different rectifier configuration (a) AC current fed rectifier with capacitive filter
and (b) AC voltage fed rectifier with L — C filter.

resonant tank) is typically an AC current driven rectifier, as shown in Fig. 2.6(a) and needs
a capacitive output filter. Whereas, for resonant tank with a capacitor connected across
the rectifier (e.g. parallel resonant tank) would need an L — C filter after the diode rectifier
stage, as shown in Fig. 2.6(b). The secondary H-bridge used in converters with unidirec-
tional power flow is typically built using diode bridge rectifier which in many occasion is
substituted by MOSFETSs for synchronous rectification for lower conduction loss and better
efficiency.

The inverter shown in Fig. 2.2(a) and the rectifier in Fig. 2.6(a) are full-bridge inverter
and rectifier, respectively. However, the inverter and/or rectifier could be built as half
bridge circuit as well that can provide additional attenuation or gain by factor of two.
A half-bridge inverter and rectifier circuit configuration(s) are shown in Fig. 2.7(a) and

Fig. 2.7(b), respectively.

2.1.4 Modeling of Inverter and Rectifier

For the steady state analysis of resonant converter, an equivalent model for the primary
inverter and secondary rectifier are developed here with fundamental components (FHA).
The primary inverter, its operating waveform and equivalent circuit are shown in Fig. 2.8.

For the inverter waveforms in Fig. 2.8, the fundamental inverter output voltage can be
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Fig. 2.7: Half bridge (a) inverter and (b) rectifier circuit.

derived from Fourier series expansion of vap and is given as

4
vaB, (t) = ;Vgn sin (%) sin (wst) , (2.1)

where w; is the angular switching frequency and « is the modulation angle. The tank

current is expressed as

itank (t) = Itank sin (wst - Qbm) ) (22)

where ¢;,, is the phase difference between vap 1 and ignk-
The DC side current of the inverter (i;,,) is determined by the tank current and switch-

ing state of the inverter and can be expressed as

vap (t)

iin (1) = v

itank (t) . (23)

The AC ripple in i;, is filtered out by input capacitor and average value is supplied by

the DC current source (I,) which is given as
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Fig. 2.8: (a) Primary side inverter with (b) its operating waveforms and (c) equivalent
circuit.

where T is switching time period. From the waveform of i;, in Fig. 2.8, the relationship

between DC and AC side current can be established from (2.5) as

1 [2t% 2 e
Ig ==z ﬁ Ltank (t) dt = ;Itank Sin (5) COs (szn) : (25)
Ws 27

2
Based on these derivations in (2.1 — 2.5), the AC side of the inverter can be modeled as
a dependent voltage source and the DC side can be modeled as dependent current source
as shown by the equivalent circuit in the bottom left in Fig. 2.8 with the balance between

DC and AC power through lossless power conversion as

PDC’ = ‘/zn—[g = VAB,l,rmsItank,rms COs (¢zn) - PAC’; (26)

where Ppc is the DC power input, P4c is the active power output of the inverter, Vap 1 rms

and Iygnk rms are the rms value of inverter fundamental voltage and current, respectively.
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For the output rectifier section, the time domain waveforms for AC current fed rec-
tifier and AC voltage fed rectifier, corresponding to the circuit shown in Fig. 2.6(a) and
Fig. 2.6(b), are shown in Fig. 2.9(a) and Fig. 2.9(b), respectively. As shown in Fig. 2.6(a),
for the current fed rectifier, the rectifier input voltage is a square wave of amplitude V,,;

whose fundamental component and rectifier input current can be expressed as

4 .
vpra (t) = ;Vout sin (wst — ¢rr) (2.7)

igr (t) = Igysin (wst — dRy) , (2.8)

where ¢p; is the phase shift of ig; with respect to fundamental inverter output voltage
(vap,1). It should be noted here that fundamental rectifier input voltage and current are
always in phase. On the output of rectifier, the voltage is DC of magnitude V,,; and the
current (iro) is rectified sine wave of twice the switching frequency which are shown in

Fig. 2.9(a). The rectified current can be expressed as

iro (t) = |irr ()] (2.9)

The AC ripple in igo is filtered by output capacitor and its DC value goes to the load
and thus the relationship between AC and DC current of the rectifier can be established as
Ts
. 2 [z 2
Iload = <ZRO> = ? 1RI (t) dt = *IR[. (2.10)
s Jo ™
Since the rectifier process only active power with its input AC voltage and current in
phase, the rectifier can be modeled as an AC equivalent resistance given as

Ry = U1 () (2.11)

irr (t)

which, using (2.7), (2.8) and (2.10) can be expressed as
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8 ‘/out 8
R =— = < Rioad- 2.12
el 71_2 Iload 7T2 load ( )

Based on these derivations, the equivalent circuit model derived for the AC current fed
rectifier is shown in Fig. 2.10(a).
Following a similar process, the signals for AC voltage fed rectifier circuit from Fig. 2.6(b)

can be derived as

VRV (t) = VRV sin (wst - ¢RV) y (2.13)

) 4 )
irvi (t) = ;Iload sin (wst — drv) , (2.14)

where ¢pry is the phase shift of vgy with respect to fundamental inverter output voltage
(vaB,1). It should be noted here that the DC value of irs (I1f) is equal to the load current
(I10ad)- On the output of rectifier, the voltage (vrp) is rectified sine wave of twice the

switching frequency which is shown in Fig. 2.9(b) and can be expressed as

vro (t) = [vry (1)]. (2.15)

The AC ripple in vgo is filtered by output L; — C} filter and its DC value appears
across the load and thus the relationship between AC and DC voltage of the rectifier can
be established as

Ts

2 2 2
Vout = (VRO) = T/ vRy (t)dt = ;VRV- (2.16)
s JO

Again, the voltage fed rectifier can also be modeled as an AC equivalent resistance

given as

t
ReV = URV( )

= e @ (2.17)

which, using (2.13), (2.14) and (2.16) can be expressed as
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Fig. 2.9: Waveform of the (a) AC current fed rectifier and (b) AC voltage fed rectifier.
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Fig. 2.10: Equivalent circuit of output rectifier and filter for (a) AC current fed rectifier
and (b) AC voltage fed rectifier.
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Based on these derivations, the equivalent circuit model derived for the AC voltage fed

rectifier is shown in Fig. 2.10(b).

2.1.5 Steady State Model for the Resonant Converter

The models derived for the inverter and rectifier now can be used to model the entire
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Fig. 2.11: Steady state equivalent circuit of the resonant converter from Fig. 2.1 for (a) AC
current fed rectifier and (b) AC voltage fed rectifier.

resonant converter architecture shown in Fig. 2.1 and are shown in Fig. 2.11(a), for AC
current fed rectifier and in Fig. 2.11(a), for AC voltage fed rectifier. Since the resonant
tank and transformer in the converter are linear, passive components, they are modeled
in the equivalent circuit as they are. This steady state model of the converter shown in
Fig. 2.11 along with the derivations presented in this section will be used in the remaining

chapters for deriving the steady state input output relationship of the converter(s).

2.2 Power Transfer through Resonant Converter

In this section the governing equation for power transfer in a resonant converter is
established with comparison between resonant converters with DC voltage source and DC
current source input. It is also shown how the choice of resonant tank elements and its
operating point affect the power transfer limit through the converter. As an example, a
series resonant converter that is simplest of all resonant tank, is considered for analysis and

this analysis can be extended to any other resonant tank with suitable equivalent circuit.



Fig. 2.12: Equivalent circuit of a series resonant converter (a) with DC voltage source input
and (b) with DC current source input.

First, the converter is analyzed with DC voltage source and its equivalent circuit is
shown in Fig. 2.12(a) and then for converter with DC current source whose equivalent
circuit is shown in Fig. 2.12(b). For the analysis, it is assumed that the converters are
lossless, driven by symmetrical phase shift modulation presented in Fig. 2.3 and the output
side(s) are full-bridge rectifier. The following analysis is conducted with FHA. The AC
equivalent resistance, referred to transformer primary side, shown in Fig. 2.12 is given from
(2.12) as

8n?
Re = ?Rloada (219)

where n is the primary to secondary turns ratio of the isolation transformer. The impedance

of the loaded resonant tank is expressed as

1
wsCr’

Zin = Re + jwsLy — j (2.20)

With the following definition of angular resonant frequency (w, ), characteristic impedance

(Z,) and normalized switching frequency (F)

ws _fs

1 L,
o= =, ZLo=\|>=, F=-—==, 2.21
o = L0, Ve, o o (2.21)

Zin from (2.20) can be expressed as



, 1
Zin=Re + jZ, <F—F>

With FHA, the power factor of the primary inverter is given as

R
cos (Gin) = =
R+ 23 (F - })

The active power transferred from the inverter to the load (R.) is given as

2
o VAB,l,rms

Py = in) -
V ‘Zan’ COs (¢zn)

Using (2.22) and (2.23), (2.24) can be expressed as

8 R
Py = —2Vg2 sin? (%) = VR
m RZ+ 73 (F - )

24

(2.22)

(2.23)

(2.24)

(2.25)

Now, for the converter with constant current input, as shown in Fig. 2.12(b), the power

transferred can not be directly determined from (2.25) since the DC input voltage is not an

independent variable. From the relationship established in (2.5), the tank current amplitude

can be given as

Iy

T
2sin (§) cos (¢in)

Itank =

Using (2.26), the power transferred to the load can be expressed as

ItQankRe — 12 IgRe
2 8 sin? (§) cos? (¢s)

Pr =

Substituting cos (¢;,) from (2.23), (2.27) can be expressed as

2 12 R4z2(F-L)

T
b= (9 R,

(2.26)

(2.27)

(2.28)

From the power delivery expression(s) in (2.25) and (2.28), it can be seen that for a

given resonant converter setup and load resistance, the power output increases with increase
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Fig. 2.13: Variation of power delivery with respect to control angle («). Blue plot is with
constant voltage source and red is for converter with constant current source.

in control angle () when the input is DC voltage source. Whereas, for DC current source

input power output increases with decrease in control angle, i.e.

o
sin? ()

(0%

Py o sin? (5) . Pr (2.29)

This is an important distinction between converters fed from constant current source
and constant voltage source. This can also be understood as: with constant voltage input,
increasing « increases the driving voltage from the inverter (vap) as presented in (2.1),
which in turn delivers more power; whereas, with constant current input, decreasing «
increases the driving current in the tank (iq,x) as derived in (2.26), delivering more power.
With « ranging within [0°, 180°], from (2.25), (2.28) and (2.29) it can be seen that for
voltage source input, maximum power transfer happens at @« = 180°, whereas, at the same
operating point with @« = 180°, power transfer is at its minimum point for converters
operating with current source input. The variation of power delivery with respect to the
control angle («) is shown in Fig. 2.13 for constant voltage source input (in blue) and for

constant current source (in red) input.
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Now, the power transfer limits for each of the converters shown in Fig. 2.12(a) can be
determined as follow. For the converter with voltage source input, the maximum power
transfer limit can be obtained from maximum power transfer theorem which can also be
determined through derivative tests. Equating the first derivative of Py from (2.25) with

respect to R, to zero, R,y can be determined as

dPy
dR.

1
0 = Ry = ‘Zo <F - F) ’ . (2.30)

The second derivative of Py, with respect to R, evaluated at Re = Repy i

d2p 4 VZsin? (&
dRe Re=Remy T RemV

which means maximum power transfer occurs at R, = Repmy = ‘ZO (F — %) ‘ and the value,

evaluated with o = 180°, is given as
4 v}

9 : (2.32)

Pomas = 312, F = 1)

For the converter with current source input, equating the first derivative of P; from

(2.28) with respect to Re to zero, Rep,; can be determined as

dPr
dR.

=0 = Rem] =

Z, (F - ;) ’ . (2.33)

The second derivative of Py with respect to R, evaluated at R, = Rep,1 is

d?P;
dR?

r s 0 (2.34)
=——239 >0, :
Re=Remr 4 Remv Sln2 (%)

which means minimum power transfer occurs at R = Remy = ‘ZO (F - %)‘ and the value,

evaluated with a = 180°, is given as

2

T
Pl,min = ZIQZ

Z, <F - ;) ’ : (2.35)
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From these derivations it can be seen that similar to maximum power transfer theorem
for voltage source case, a minimum power transfer limit exists for current source input case
and the condition at which these power limit(s) occur is same for either case as given in
(2.30) and (2.33) i.e. when the equivalent load resistance is equal to the magnitude of the
tank impedance. It can be further noticed from these power limit expressions in (2.32) and
(2.35) that there will not be any theoretical limitation at F© = 1 d.e. if the converter
operates with switching frequency equal to its resonant frequency and thus the converter
can operate without any restriction on power limit. This important property is utilized
while designing resonant converters in underwater systems with constant DC current input,
as presented in the remaining part of the thesis.

The minimum power limit from (2.35), the input impedance of the loaded resonant
tank from (2.22) and the inverter power factor from (2.23) can be expressed at F' = 1

operating condition as

P[ﬁmm‘le =0, (2.36)
Zin|F:1 = Rea (2'37)
o8 (¢in)| p_y = 1, (2.38)

which means that the primary inverter will be operating at unity power factor with resistive
impedance when there is no minimum power limit, for converters with constant current
input. Even though the example exercised in this chapter is a series resonant converter,
the basic principle of the power limits stays the same, irrespective of the resonant tank
topologies and this limit can be derived by deriving suitable Thevenin or Norton equivalent

circuit of the loaded resonant tank.
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Summary

In this chapter resonant converter architecture used in underwater distribution system
is introduced. It is shown how a voltage fed inverter (VFI) is advantageous over current
fed inverter (CFI) in such system with low current, high voltage and operating at high
switching frequency. Modulation scheme for VFT is presented with its steady state modeling
technique. Equivalent circuits are developed for both the primary inverter and secondary
rectifier with different types of output filter for different types of resonant tank. With
an example resonant converter consisting of series resonant tank it is presented how the
converter behaves differently with constant current source input, compared to converter
with traditional constant voltage source input. Limitation(s) of power transfer through the
resonant converter on the tank design and operating point are also presented. The modeling
techniques and equivalent circuits derived in this chapter will be used in the following
chapters for design of various resonant converters in underwater DC current distribution

system.



CHAPTER 3
ZERO VOLTAGE SWITCHING REQUIREMENTS

Resonant converters have found its popularity in DC-DC converter and DC-AC high
frequency inverters due to its advantages such as high power density, high efficiency, low
EMI and high reliability due to its soft switching capability. Different basic half-bridge
resonant converter topologies are presented in [67] which provides a comparison among these
topologies. Half-bridge topologies are suitable and cost-effective for low power converters
whereas, full-bridge topologies are essential for high power converters.

Full bridge converters, both load resonant and non-resonant are popular in high power
isolated converters due to better utilization of magnetics and other circuit components
[69,70]. Operation of converters at higher frequencies are pushed to reduce the size of re-
active components. But, operating at higher frequencies comes with the disadvantage of
higher switching loss in the devices resulting in poor efficiency. Hence, soft transition of
the switches are essential in order to reduce the size of heat sink and improve efficiency of
power conversion. Since MOSFETSs are the prime choice for operating at high frequency,
zero voltage switching (ZVS) of the devices are needed for efficient and clean power con-
version [71]. On the other hand zero current switching (ZCS) is much more suitable for
minority carrier devices such as IGBT [71]. Notably, with ZCS, energy stored in the output
capacitance of the device will be lost within the device during turn ON and hence ZVS is
preferred for MOSFET based power converters [71].

In order to ensure soft switching in a converter, it is important to understand its
requirements and dependencies on device’s parasitic output capacitance. A typical, voltage
fed half bridge setup, converting DC input V;,, to AC voltage vg,, at the switch node, built
with MOSFETs Qr and @p is shown in Fig. 3.1 where C7 and Cp represent the output
parasitic capacitance (Cyss) of top and bottom MOSFETS, respectively. Though it’s shown

for half bridge, full bridge or 3 — ¢ systems are mere extension of half bridge. Typical
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Fig. 3.1: A voltage fed half-bridge circuit with MOSFETs and its output capacitance.

A A A
Os Or Os Or Op Or
vGs — Lgp — vGs — Ly — vGs — Ly —
> > >
V'\. w I/m V'\. w I/l'n V“ W I/in
> ¢ > ¢ >
1,
" OM ICoss+Isw
iD iD [\71“} iD 71sw
> ¢ >
(a) (b) (c)

Fig. 3.2: Switching waveform of a half bridge circuit for (a) hard switching (b) partial soft
switching (c) total soft (ZVS) turn on.

operating waveform of the half bridge of Fig. 3.1 is shown in its simplified form, with gate
signals (vgs), switch node voltage (vs,) and device current for top device (ip), in Fig. 3.2
for hard switching (Fig. 3.2(a)), partial soft switching (Fig. 3.2(b)) and soft switching with
ZVS turn on (Fig. 3.2(c)). In Fig. 3.2, I, is the current out of the switch node during the
transition from bottom switch to top switch, ¢4, is the dead time between the switches, I, is
the reverse recovery current of the body diode of the complementary MOSFET and Ioyss is
the current due to Cygs discharged into the device. In the hard switching case (Fig. 3.2(a)),

the total turn on switching energy loss (F,,_ms) is distributed in three parts given as
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Eon,HS = EVI + Err + E00557 (3'1)

where Ey - is the switching energy loss in the device due to voltage and current overlap,
E,., is the loss due to reverse recovery effect of complementary device’s body diode and
Ecoss is the loss due to device’s output capacitance (Cyss). In case of partial soft switching
(Fig. 3.2(b)), the loss due to reverse recovery is absent and total turn on switching energy
loss (E,y,_pss) only consists of partial voltage and current overlap loss (AEy ) and partial

C\ss discharge loss (AFEcyss), given as

Eon,PSS = AEVI + AECOSS‘ (32)

In case of ZVS turn on (Fig. 3.2(c)), the output capacitance of the MOSFET is totally
discharged and its body diode starts conduction before turning the gate on and thus the

turn on switching loss becomes zero, given as

Eon,SS =0. (33)

For turn off of MOSFET, the output capacitance of the device delays the rise of voltage
across it which makes the device current go to zero before voltage rises significantly and thus
the turn off loss due to voltage and current overlap remains very low and is not considered
in switching loss e.g. E,¢r ~ 0.

From the waveforms in Fig. 3.2, it can be seen that the voltage waveform in hard
switching of MOSFETs introduces EMI due to oscillations [72, 73] and often results in
spurious gate turn-ON of devices and possible device failure due to high dv/dt, particularly
with wide bandgap devices [74,75]. Soft-switching with zero voltage switching (ZVS)
reduces the switching losses as well as EMI in the converter, as there are no associated
ringing.

A typical MOSFET’s output capacitance is non-linear and it is dependent on the volt-

age across it (Vpg), as shown in Fig. 3.3 by the magenta dots, for the device C2M1000170D



32

300 T T T T T } }
200e o Cyss from datasheet | = o
—C,ss for top switch | |
00d —Cyss for bottom switch| L
% T
= 50 o e B
© | | |
20/ N -
10 l l l ‘ ‘ L T l T

0 01 02 03 04 05 06 0.7 08 09 1 1.1
Vs [kV]

Fig. 3.3: Non-linear output capacitance of MOSFETs with respect to the voltage across top
device, in a half bridge configuration.

which is used in the converters in this work. The total capacitance on the switch node (Cs,)
is sum of the capacitance across top and bottom switches, since the DC link capacitor Cj, is
much higher than Cp and Cg. The variation of C'y, Cp and Cly,,, with respect to variation
on Vpg across top switch, are shown in Fig. 3.3 in blue, black and red, respectively.
Analyzing a circuit with voltage dependent non-linear capacitance is a challenge and
hence linear equivalent capacitance(s) are derived as per [76]. The charge equivalent ca-
pacitance (Ceq @) and energy equivalent (Ceq ) of the MOSFET with respect to operating
voltage is shown in Fig. 3.4, in blue and red, respectively. Using the linear equivalent capac-
itance(s), the power loss in an H-bridge inverter (as presented in Fig. 2.2(a)), only due to
its output capacitance across drain—source of the MOSFETsS, is plotted in Fig. 3.5 in blue.
Here, for each device, two C2M1000170D MOSFETSs are considered connected in parallel
and operating with a switching frequency of 250 kHz which are the hardware configuration
used in this work. In practical converter built on a printed circuit board (PCB), there will
be additional parasitic capacitance across the devices which will further increase the loss
in the inverter, as shown by the red curve in Fig. 3.5, for additional 10 pF PCB parasitic
capacitance across each of the devices. It can be seen from these plots in Fig. 3.5 that the
loss due to the devices’ output capacitance can be significant depending on the operating

voltage, which makes it challenging for efficient power conversion and thermal design. This
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Fig. 3.4: Charge equivalent (Ceq g) and energy equivalent (Ce, ) linear capacitance of the
MOSFET with respect to operating DC voltage (V;,),in blue and red, respectively.
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Fig. 3.5: Energy lost in a H-bridge due to parasitic capacitance across device(s) with respect

to DC bus voltage (Viy,).

loss due to output capacitance will be present in CFI with ZCS as described in section 2.1.1

which makes use of CFI in high voltage system less efficient. So, with VFI, it is important

to discharge the parasitic output capacitances before turning on a MOSFET or in other

words have ZVS turn on.

The fundamental principle of achieving zero voltage turn on of a MOSFET is to make

its body diode conduct before its gate pulses are applied so that the energy in device’s

output capacitance is not lost into the device [77]. For a typical half bridge configuration
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Fig. 3.6: Voltage (vap) and current (i;) waveform of a full bridge phase shift modulated
inverter.

of switches this can be achieved if the current out of switch node is sufficiently negative
when the bottom switch is turned off. Circuit topology of a converter can be carefully
chosen/designed to have this benefit of achieving natural zero voltage turn on. However,
it is not always guaranteed to operate under such scenario across the load range of the
converter, due to various operating constraints.

The resonant converters employed in this work uses a full bridge VFI as presented in
Fig. 2.2(a) in chapter 2. Typical waveform of inverter output voltage (v4p) and current
(i¢) are shown in Fig. 3.6 where the positive zero crossing of i; leads positive rising edge of
iy by an angle ¢;. Depending on the resonant tank, its operating point, load and inverter
modulation angle (¢4p), angle ¢; can be positive or negative making I, positive or negative
which means ZVS is not guaranteed for the leading leg (leg A) MOSFETs. Hence a ZVS
assisting circuit is necessary for leg A when Iy, is positive. On the other hand, since the
resonant tank is designed to operate F' > 1, tank current at the positive falling edge will
always be positive which means MOSFETS in lagging leg (leg B) will have ZVS (full or
partial) turn on. Due to half wave symmetry in v4p, the conditions for ZVS remains similar
in the negative half of v4p.

Different kinds of passive and active methods are proposed in literature to achieve ZVS
for a half-bridge configuration of active switches within a converter [71,78,79]. In these

methods, an auxiliary circuit is added to the switching leg which helps in achieving zero
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Fig. 3.7: A voltage fed half-bridge circuit with passive inductive auxiliary leg (a) with DC
bus mid point available (b) without DC bus mid point available.

voltage turn on of the MOSFETSs in a half-bridge. These methods are explored next in this
chapter and suitable ZVS assisting technique(s) are developed for use with the resonant

converters used in constant current distribution system.

3.1 Passive ZVS Assisting Techniques

A simple passive auxiliary ZVS assisting circuit is presented in [70] where an inductor
is connected between switch node of a half-bridge and the mid point of dc bus, as shown
in Fig. 3.7(a). However, the DC bus mid point may not be available in all systems. An
alternate passive ZVS assisting circuit is presented in Fig. 3.7(b) where the ZVS assisting
inductor (L.ys) is in series with a DC blocking capacitor (C,s), connected between the
switching node and DC bus return. The corresponding theoretical switching waveforms are
presented Fig. 3.8. In Fig. 3.8, the voltage at switch node sw swings between V;, and zero
with 50 % duty ratio at the switching frequency (fs). So, the voltage seen by L,,s (vpzps) 1S
a square waveform of magnitude (+0.5V};,), which results in a triangular AC current (i)
with amplitude I,,s in the assisting branch whose peak and valley are synchronized with
the switching transitions of the half bridge leg.

As it can be seen from Fig. 3.8, the auxiliary inductor provides a negative current out

of the switching node sw at the instant when bottom MOSFET @Qp is gated off. Now,
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Fig. 3.8: Switching waveforms of a half-bridge circuit with passive inductive auxiliary leg.

depending on the value of i; at the switching transition (I, ), and input voltage Vi, L.ys
can be chosen such that the overall current out of switch node is sufficiently negative at the
turn off instant of @Qp so that the effective capacitance at switch node (Csy) is charged to
Vin, within dead time (t45) and top MOSFET Q7 can turn on with zero voltage across it. A
similar passive ZVS assisting circuit is presented in [80] where the current in assisting leg
is pseudo-resonant. The value of L.,s should be chosen in such a way that the minimum
value of I,,s is sufficient to overcome I, to ensure ZVS and this corresponding value of

L.ys, Loys mar can be calculated as

Vi
8f3 (IS’LU + Csw‘/in>

(3.4)

szs,ma;t =

tap
It is assumed here that the tank current has very little change during the dead-time
interval and the inductive ZVS assisting branch behaves as a constant current source dur-
ing the dead-time period. The capacitance at switch node (Cy,) is taken as the charge
equivalent linear capacitance of the MOSFETs. The passive ZVS assisting circuit shown
in Fig. 3.7(b) is tested with a series resonant converter operating at 400 kHz whose details

are presented in Table 3.1 and the converter test setup is shown in Fig. 3.9. Details of this
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Table 3.1: Details of the SRC with passive ZVS assisting circuit

Component / Parameter Part Number / Value
I, [A] 1
Tout [A] 0.33
£, [kHz] 400
Pout-maz [W] 450
L, [uH] 101.6
C, [nF] 1.6
Transformer turns ratio 1:2
MOSFET C2M1000170D (2 in parallel)

Transformer. Secondary

Resonant tank /

Controller

Fig. 3.9: Photograph of the SRC setup for testing passive ZVS assisting circuit.

converter can be found in [81,82].

The steady state waveform of tank current i, inverter output voltage vap, current in
ZVS branch i, and total current out of node A, (i;+i.ys) are shown in Fig. 3.10. This test
was performed at full load with 1 A input current source and a load resistance of 41202
with the phase shift modulation angle adjusted to regulate the output current at 0.33 A
current. The value of L,,s required to achieve ZVS for the MOSFETs was 39uH in this
experiment, whereas the calculated value from (3.4) was 44 yH. It can be seen from the red

waveform in Fig. 3.10 that the total switch node current of leg A is negative at the positive
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Fig. 3.10: Steady state waveform of the converter operating at rated load with

L.,s = 39uH. CH1 (blue): i, CH2 (cyan): vap, CH4 (green): iys, CHM (red): to-
tal current out of switching node of leg A (i + iys)-

rising edge of vap signifying ZVS turn on of leg A top switch.

Next, experiments were performed with different output load resistance values while
regulating the output current at 0.33 A. The value of L,,s was adjusted such that the
current in the ZVS assisting branch is enough to achieve ZVS for the MOSFETs. These
values of L,ysmar from this experiment are plotted in Fig. 3.11 along with the calculated
values of L,ys mar from (3.4) to compare the analytical and experimental results. The
experimental data points in Fig. 3.11 (magenta dots) are interpolated to get a smooth
plot of L,ys mae at different Rj,qq. Deviation between analytical and experimental value of
L .ys mage 18 primarily due to the assumptions of tank current being sinusoidal and constant
during the transition period.

Steady state waveform of the converter at 50 % load, with L,,s = 28uH to achieve
ZVS, is shown in Fig. 3.12. It can be seen from Fig. 3.12 that v4p reaches Vj,, just before
the gate-source signal for top device of leg A is about to turn on, thus demonstrating ZVS
operation.

The efficiency of the power converter, with the maximum L., for a given load, is
plotted in Fig. 3.13 where blue dots are actual measured data and these data points are
interpolated to get a smooth plot shown in dashed blue line. The efficiency for minimum

load is 82.3 % and for the full load is 94.5%. The red dots in Fig. 3.13 represent measured
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Fig. 3.11: Comparison of analytical and experimental values of L,,s mae at different load
resistance (Rjoeq) with output load current regulated at 0.33 A. Red: analytical result,
magenta: experimental data, dashed blue: interpolated curve from experimental data.
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Fig. 3.12: Steady state waveform of the converter operating at 50 % load with L.,s = 28 uH.

Blue (CH1): CH1 (blue): i;, CH2 (cyan): vap, CH3 (purple): i,,s, CH4 (green): gate-source
signal of top MOSFET in leg A.
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Fig. 3.13: Efficiency of the converter at different Rj,.q with output load current regulated
at 0.33 A. Blue: efficiency with different adjusted L.,s to achieve ZVS at different load,
red: efficiency with fixed L,,, = 21.4uH.

efficiency data points with fixed value of L,,s = 21.4uH (=~ 22uH), and the red dashed line
is the result of interpolation to get a smooth curve. This value of L., is chosen in a way so
that ZVS is achieved for 25 % to 100 % load using a single inductor and therefore inductance
of 22 uH is selected. For loads less than 25 %, MOSFETSs are expected to have partial hard
switching. But, for light loads, V;,, is also reduced which results in lower switching loss. In
addition, EMI due to partial hard switching at light load is not a concern because of the
low value of Vj,. With the fixed L., efficiency is 82 % for minimum load and 92 % for full
load. It can be seen from Fig. 3.13 that with the fixed L,,s, efficiency of the converter at
higher load drops despite having ZVS of the MOSFETs. This is due to higher loss in the
ZVS assisting branch and the main MOSFETSs of leg A, resulting from more than necessary
current in the branch because of higher value of V;,, at heavy loads.

The passive auxiliary circuit shown in Fig. 3.7 is a simple solution to achieve ZVS and
works very well if the converter operating point is fixed e.g. narrow range of DC input
voltage V;,, and small variation in load or the ZVS requirements vary within a small range
when the DC input source is current source with varying V;,,. But, if the input DC voltage
and the load vary over a range such that the ZVS requirements also vary over a wide

range, the advantages of passive auxiliary circuit falls short as either it can not provide
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sufficient assisting current to maintain ZVS across the operating range or have more than
necessary current in itself over a range of operating conditions. This causes either a increase
in switching loss in main converter or increase in conduction loss in the auxiliary circuit,
both of which are detrimental for efficient power conversion.

In order to achieve ZVS with a passive auxiliary circuit, over the entire input voltage
and load range, the auxiliary circuit has to designed for the worst case scenario such as
minimum input voltage with minimum load. But, this could result in more than necessary
current in the auxiliary circuit, at other operating points, causing high rms current in the
assisting inductor. This results in excessive conduction loss in the auxiliary circuit making
the converter efficiency poor. In [69,83] a modified passive auxiliary circuits are presented
which replaces the single inductor ZVS assisting circuit by an LC'L network. The new LC'L
passive auxiliary circuit reshapes the assisting current in such a way that necessary current
for discharging device capacitances are provided but at the same time rms current in the
auxiliary circuit is reduced. A comparison of single inductor v LC'L auxiliary circuit is
provided in In [69,83]. However, the range of operating points for which the rms current
is low, is narrow.

A saturable inductor based technique is proposed for full-bridge converter in [84] which
can reduce conduction loss in the inductor. Coupled magnetics based auxiliary circuits are
proposed in [85-88] which can assist in achieving ZVS. In [85], the proposed auxiliary
circuit provides ZVS assistance for a set of switches for a dual active bridge series resonant
converter. A new modulation strategy is proposed here which helps in achieving ZCS. In [86]
the auxiliary inductor helps in achieving ZVS under light load conditions in conjunction with
the transformer leakage inductance which can provide ZVS under heavy load conditions. A
coupled winding including an auxiliary inductor is used for ZVS assistance in [87], similar
to [85]. However, passive ZVS assisting circuit can be designed for a specific operating
point or a narrow range of operating points. In [88], the assisting circuit is focused on
achieving ZVS for one leg and ZCS for another, employing coupled magnetics. Advantages

of having ZCS in one leg is that there are no circulating current during zero output voltage
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of the primary side inverter i.e. when there in no power transfer and thus reduces the
conduction loss. In addition, making the current zero in the circuit eliminates the chance of
transformer saturation. However, the turn on loss in the MOSFET is not totally eliminated
with ZCS (Fig. 3.5) and can result in unacceptable EMI levels.

In transformer isolated converters magnetizing inductance of the transformer can also
be utilized for ZVS assistance. In [89,90], a hybrid half/full bridge converter is introduced
which has the benefit of lower ripples at the input and output of the converter when com-
pared to conventional full-bridge converter. It is discussed in these papers how the modified
hybrid topology helps in achieving ZVS with the help of transformer’s magnetizing induc-
tance L,, of the half bridge circuit with reduced rms current from L,, of conventional
full-bridge converter. There is no requirement of ZVS assisting leg, as in full-bridge con-
verter, since the half bridge circuit helps with that. However, it is mentioned that the
lagging leg may not achieve ZVS under light load conditions and may need ZVS assistance.

The passive auxiliary circuits used for ZVS assistance discussed so far has advantages
of simple implementation methods, high reliability etc. These are well suited for converters
whose operating domain is limited to a narrow range. For a converter operating over a
wide range of input or output, such as resonant converters with constant current input
in underwater DC distribution system, a fixed passive ZVS assisting circuit will result in
poor power conversion efficiency due to high conduction loss. Hence, to optimize the ZVS
assisting circuit, in order to improve circuit performance, active methods of ZVS assistance

are needed.

3.2 Active ZVS Assisting Techniques

For the converters in DC current distribution system, the input voltage of each series
connected power converter module(s) varies over a wide range as a function of the load
power. This behavior brings unique challenges to maintaining zero voltage switching (ZVS)
for resonant converters, making simple passive techniques impractical for applications with
a wide load range. Hence, active ZVS assisting circuits are preferred to achieve ZVS over

the resulting wide input voltage and load range.
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Active ZVS assistance methods can control the ZVS assisting current injected into the
switching node of the converter. This is very helpful when there is large variation in DC
input voltage or the converter operates over wide load range. Controlling the assisting
current to the right amount ensures minimum conduction loss in the auxiliary circuit which
is the major drawback of passive auxiliary circuit based zero voltage turn on assistance.

Among various active ZVS assistance methods in literature, auxiliary resonant com-
mutated pole (ARCP) [91] presents a simple method of achieving ZVS with low conduction
loss in the assisting circuit. The auxiliary circuit provides necessary current for the main
switches only when it’s needed in a switching period and does not conduct for the remaining
time. This helps in achieving ZVS for the main switches and at the same time keeps the
rms current low in the auxiliary circuit. A similar resonant snubber with auxiliary switches
is presented in [92]. In [93], the presented method of ZVS assistance is also based on an
active auxiliary circuit whose operating principle is same as ARCP. However, the circuit
implementation is different and employs a transformer in the auxiliary circuit.

An auxiliary half-bridge based ZVS assisting circuit is presented in [94], for a full-
bridge converter. An inductor is connected between switching node of the main bridge
and added auxiliary leg. The switches in the auxiliary leg are switched in such a way so
that the ZVS assisting current is a short pulse of triangular current similar to the assisting
current in ARCP. A generalized approach to use coupled inductor in conjunction with active
switches to assist for soft switching is presented in [95]. Switch controlled inductor (SCI)
introduced in [96] is used for achieving ZVS [97] for some of the active switches and ZCS
for the remaining.

The active ZVS assistance circuits discussed so far, suffer from a major drawback of
not having zero voltage turn on of the auxiliary switches themselves. Some of them have
zero current turn on and off for the auxiliary switches, but, will dissipate the energy stored
in their output capacitances resulting in higher loss and more importantly may result in
higher EMI due to high dv/dt. This problem can be avoided if the ZVS assisting inductor

is made to conduct for the entire switching period, with a trapezoidal shaped current, as
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mentioned in [77]. But, this technique needs two converters operating together which may
not be the case always. However, similar ZVS assistance can be achieved using an auxiliary
half-bridge leg, for a single full-bridge converter. The disadvantage of this ZVS assisting
technique is that the rms current in the assisting leg can be high, when wide input voltage
operation is demanded.

Another method of controlling the ZVS assistance is presented in [98] where a simple
inductor based passive auxiliary circuit is used for achieving ZVS. The current in the auxil-
iary circuit is adaptively controlled by modifying the operating frequency of the converter.
However, operating a converter with variable switching frequency has its own drawbacks
such as challenge in EMI filter design, gate driver design, introduction of low frequency
oscillations when multiple converters are operated in series or parallel etc.

Various modulation strategies for full-bridge resonant converters have been proposed
in [48,62-65] where asymmetrical voltage cancellation (AVC) or asymmetric duty con-
trol (ADC) is used over symmetric voltage cancellation (SVC) or phase shift modulation
(PSM) techniques. These modified modulation strategies help in achieving ZVS of the ac-
tive switches by aligning the switch transition instants properly with respect to the resonant
tank current. These methods, however, are complex in implementation or are dependent
on the load. In addition, AVC and ADC introduces even order harmonics into the tank
network which results in higher total harmonic distortion (THD) in tank current and often

causes EMI for surrounding circuits.

3.2.1 Active ZVS Assisting Circuit

The active ZVS assisting circuit used in this work is shown in Fig. 3.14 where a half
bridge (leg Z) is connected to leg A of the main inverter through an inductor L., in series
with a DC blocking capacitor C,s. The purpose of C,s is to block any DC component
arising in v4z due to mismatch in leg A and leg Z. The ideal operating waveform of the
ZVS assisting circuit is shown in Fig. 3.15.

In Fig. 3.16 waveform from a hardware prototype employing active ZVS assisting circuit

of Fig. 3.14 is shown where the switch node voltage of leg A (v4) is shown in blue, gate-
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Fig. 3.16: Operating waveform of the ZVS assisting circuit of Fig. 3.14. CH1 (blue): vy,
CH2 (cyan): —i,s, CH3 (purple): vgs_ a1, CH4 (green): i;.

source signal for the top MOSFET in leg A (vgs_ar) is shown in purple, inverter current
iy is shown in green and the ZVS assisting current in reverse polarity (—i.ys) is shown in
cyan. It can be seen from this result that v4 clamps to DC input voltage before vgg 4 7 is
on, implying ZVS turn on.
The required current for ZVS assistance (I,,s) is calculated as
Vin

Izvs = sw,eq,Q@ + Isw,Aa (35)

where Cyyy g @ is the charge equivalent linear capacitor of switch node of leg A at the oper-
ating DC input voltage (V;;,) and I5,_4 is the current out of leg A during the commutation
from bottom switch to top switch in leg A and it is assumed to have negligible variation
during the dead-time (t4). The desired value of I, is obtained by controlling ¢4z which

is given as

¢AZ‘/;'n - 47TstzvsIzvs .

zZvs — m Cf)AZ = Vi (3'6)

Value of auxiliary inductor L, is selected based on the lowest load (V) at which ZVS
is desired, I,,s calculated from (3.5) and maximum value of ¢4 that is 180°. Equation

(3.5) gives the value of current required in the auxiliary inductor L, to achieve ZVS in the



47

main leg. Here, it should be noted that the same current I,,s; does ZVS for the switches in
the auxiliary leg as well. Assuming all the switches have the same output capacitance, the
auxiliary switch output capacitance is discharged (and charged) with a higher current than
the main switches (1,45 — Isy_4). This results in increased dv/dt at the switch node of the
auxiliary leg and depending on the magnitude of I,s, the dv/dt value could be very high
which can trigger false turn on of the switches [75] and thus impact reliability of circuit
operation. The dv/dt value at the switch node Z can be given by
dv Lovs

dof _ s 3.7
dt VA Csw,eq,Q,Z ( )

where Cy ¢q @ _z is the charge equivalent capacitance at the switch node Z. From (3.5) and
(3.7), it can be seen that the dv/dt rate at node Z cannot be reduced by controlling ¢4 and
I,,s is decided by the requirements from main switches in leg A. Hence, the dv/dt rate at
node Z is reduced by increasing Ciy ¢q @z, by adding external capacitance (Cegt_z) across

the switch(es) whose value is determined by

1 I
Ce:ct,Z = 5 % - Csw,eq,Q,Z . (38)
(E)zimit

In (3.8), based on a desired dv/dt limit value, Cey_z can be evaluated. Addition of
capacitances across switches do increase conduction loss some, but do not increase switching
losses in the converter since these capacitors are charged and discharged by i,,s, before
device turn on. For selecting Ceyi_z, we need to select dv/dt limit on node Z which is
decided by the reverse transfer capacitance of the MOSFET used (Cpss eq.q), gate drive
resistance (R¢) including internal gate resistance (Rg_int) of the MOSFET, gate drive
voltage for turning the MOSFET off (Viriveoff) and gate to source threshold voltage of
the MOSFET (Vigs.¢n). It should also be noted that the allowed dv/dt limit should be
high enough to allow discharge of switch node capacitance within dead time ¢4, for the

maximum input voltage Vi, _maz. The dv/dt limit value thus can be selected through
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V;n,maz < <d0> < VGS,th - Vdrive,off ) (39)
limit

tap dt RGCrss eq @

It should be noted here that addition of Ceys 7 is not always necessary. It is required
based on the application and range of operating conditions. For example, for the SRC in
chapter 4 which operates up to 1kW power, Cept.z = 100pF is connected across each
devices in leg Z with a dv/dt limit considered as 15V /ns. Whereas, for PRC in chapter 5
and LCL-T resonant converters in chapter 6 and chapter 7, the converters were operated
up to 500 W and no C.;; 7 was added to the active ZVS assisting leg.

The steady state waveforms of active ZVS assisting circuit of Fig. 3.14 operating in
conjunction with an SRC designed in chapter 4 are shown in the following figures with a
comparison between use of active and passive (3.7(b)) ZVS assisting circuits. The details of
the converter is presented in section 4.3 in chapter 4. The operational waveforms with active
ZVS assisting circuit with L,,s = 55uH inductor is shown in Fig. 3.17 at 550 W output load
with ZVS achieved for both main leg (leg A) and auxiliary leg (leg Z) MOSFETSs. And for
the same load, operational waveforms with passive ZVS assisting circuit with L,,s = 120uH
inductor is shown in Fig. 3.18 where ZVS is almost achieved at this load. The active ZVS
assisting circuit is designed to achieve ZVS from 100 W to 1 kW whereas, the passive ZVS
circuit was designed for operating range of 550 W to 1 kW. The difference in ZVS assisting
current (i,,s) can be seen from the green trace in these two figures where i, is trapezoidal
in case of active ZVS assisting circuit and i,,s is triangular with passive ZVS assisting
circuit as per the waveforms presented in Fig. 3.15 and Fig. 3.8, respectively.

The converter efficiency and ZVS range for active ZVS assistance and passive ZVS
assistance technique(s) are compared in Fig. 3.19. The red plot shows the case with active
ZVS assistance where ZVS is maintained for full load range of 100 W to 1kW. The blue
plot depicts the efficiency when 120 uH inductor is used as passive ZVS inductor and the
converter operates with complete soft-switching for load power ~ 550 W and above. A third
efficiency plot with lower passive ZVS inductor of 60uH is portrayed by the black curve

where the soft-switching operation starts from ~ 330 W load power. However, the efficiency
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Fig. 3.17: Waveforms of SRC operation at 550 W output load, with active ZVS assistance
through 55uH inductor. CH1 (yellow): vz, CH2 (cyan): vap, CH3 (purple): i;, CH4

(green): iys.
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Fig. 3.18: Waveforms of SRC operation at 550 W output load, with passive ZVS assistance
through 120 uH inductor. CH1 (yellow): vgs_ a7, CH2 (cyan): vap, CH3 (purple): i;, CH4

(green): iys.
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Fig. 3.19: Comparison of experimental efficiency data with different ZVS assistance. Red
plot is for active ZVS with 55 uH inductor, blue plot is for passive ZVS with 120 uH inductor
and black plot is for passive ZVS with 60 yH inductor.

drops drastically at higher load due to excessive ZVS assisting current and associated high
dv/dt in the inverter leg (leg A) and hence not suitable for practical use. It can be seen from
the red and blue plots of Fig. 3.19 that the efficiency is higher at heavy loads with passive
assistance circuit owing to lower conduction loss due to absence of leg Z MOSFETSs, but,
due to lack of ZVS at lighter loads, it drops to a lower value than the efficiency achieved

with active assistance circuit.

Summary

In this chapter the need of soft switching in converters operating with high switching
frequency is presented. The requirements and advantages of ZVS over ZCS are shown for
converters operating with high voltage with high frequency which is typical in converters
employed in long distance underwater DC distribution system. ZVS requirements for the
resonant converters used in such system are evaluated and suitable passive or active ZVS
assisting circuits are presented. Since the converters with constant current input see a wide
variation in input voltage over load range, passive ZVS assisting circuits are useful when

the range of operating conditions are limited. Whereas, when operation with ZVS over
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a wide range of operating conditions is desired, use of active ZVS assisting circuits are
essential. Limitations of ZVS assisting circuits such as high dv/dt and methods to mitigate
such limitations are discussed. Finally, comparisons are made for operation with passive
and active ZVS assisting circuits used in a full-bridge series resonant converter to showcase

their benefits over the region of operation.



CHAPTER 4
SERIES RESONANT CONVERTER FOR CONSTANT CURRENT DRIVE

In underwater DC distribution network, some converters need to regulate its output to
another DC current level which then drives constant current to a local group on convert-
ers/load. In this chapter series resonant converter (SRC) is introduced and with detailed
analysis it is shown how an SRC can be designed to naturally maintain constant output
current over a wide load range, when the input is a constant current source. Starting with
steady state modeling in section 4.1, detailed analysis is presented to derive converter output
current expression and stress on resonant tank elements which is then used for designing
the resonant tank elements, presented in section 4.2. The details of hardware prototype
developed for experimental verification is presented in section 4.3 with results of converter
operation from no load (short circuit) to full load of 1 kW showing a good match between

analysis and experimental data.

4.1 Steady State Modeling and Analysis

The SRC circuit topology operating from a constant current input is shown in Fig. 4.1.
On the primary side of the converter, MOSFETs Q)1 — Q4 form the DC-AC inverting stage,
which operates with DC input voltage Vj,, with a symmetrical phase shift modulation
between leg A and leg B with phase shift angle o and produces a quasi-square wave voltage
(vap) at the inverter output, as shown in Fig. 4.2. The resonant tank is formed by inductor
L,., split in half in forward and return AC lines for symmetry, and capacitor C, connected in
series on the primary side of an 1 : n isolation transformer. The secondary of the transformer
is connected to a diode half bridge (D1, Dy and D3, Dy) based rectifier circuit (as presented
in Fig. 2.7(b)) which provides additional voltage gain of two and current attenuation of
half. The rectified current is filtered by output capacitors (C,1 — Coq and C,) to provide a

DC regulated current (o) to the load (Rp).
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Fig. 4.2: Phase shift modulation of the primary side inverter in SRC circuit topology of
Fig. 4.1.
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Fig. 4.3: Equivalent circuit of the SRC topology from Fig. 4.1.
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The equivalent circuit of the SRC is drawn in Fig. 4.3 with FHA and assuming lossless

power conversion. The fundamental inverter output voltage vap 1 is given by

4
vaB, (1) = —Vin sin (%) cos (wst) , (4.1)

In Fig. 4.3, the input current is expressed as

5) cos (Gin) » (4.2)

where wy is the angular switching frequency, average value of signal z is represented by (z),
amplitude of AC side signal z, is represented by X, and signal or parameter x is expressed
with a prime (z’) on the secondary side of the transformer. In (4.2), ¢;, is the angle between

primary side inverter output voltage and current which is given as

where Z;;, is input impedance of the loaded resonant tank, seen from the primary inverter
side, as depicted in Fig. 4.4. Fig. 4.4 shows the simplified AC equivalent circuit of the
converter, reflected to the primary side of the transformer, which is the loaded resonant
tank connected to the primary inverter.

In Fig. 4.3 and Fig. 4.4, the AC equivalent resistance is derived considering half bridge

rectifier circuit in Fig. 4.1 whose waveform pattern in shown in Fig. 4.5. The two half bridge
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Fig. 4.5: Waveforms of the half bridge rectifier section of the SRC circuit in Fig. 4.1.

sections in Fig. 4.1, connected to each of the secondary windings, are identical and hence
the AC equivalent resistance is derived for one section and then multiplied by two to get the
total equivalent resistance. From Fig. 4.1, each of the half bridge capacitor(s) (Co1 — Co4)
has a DC voltage of magnitude V,,;/4 and thus the voltage across transformer secondary is
a square wave of amplitude V,,;/4, as shown in Fig. 4.5 and its fundamental component is
given by

4 Vour — Vour

VA(J,lZ; 1= . (4.4)
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The rectified AC current (i,) is half wave sinusoid for half cycle and zero for the other
half and its average value is equal to the load current (I,,:) and their relationship is given

as

I
Iout = <io> = % (45)

Using the relationship between AC and DC side components in (4.4) and (4.5), the AC
equivalent resistance for each of the half bridge sections can be determined as
VAC,I Your o 1 Vout

1
4 Iac T lout 72 Lout w2 g (46)

Now, the total AC equivalent resistance for two half bridge sections connected in series

in Fig. 4.1, is given as

2
— Ry (4.7)

n2m

2
R, =2Ryc = ﬁRL, R, =

From the AC equivalent circuit of the loaded resonant tank in Fig. 4.4, the input

impedance (Z;,) can be given as

1 1
Zin =R jwsLy — j—— = R, i Zo | ' — — 4.8
in e T Jwsliy ]WsCr et 0< F)a ( )

where the parameters for the resonant tank are defined as

1 L'r Ws fS ZO
o — y Zo: - inzf, = —. 4.9
“= LG Voo "L YR -

The tank current (i;) can be determined using (4.1), (4.8) and (4.9) as

vap1 _ 4 Vinsin ($)
T TRafi@ (P-4

where ¢y, is determined from (4.8) as

1y =

24 — Gin, (4.10)
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Z, (F — %)
1TF. (4.11)

Gin = tan~
The output DC current can be determined from half wave rectified averaged value of
iy through transformer turns ratio and using expression from (4.10), I, is given as
1 4 Vipsin (£
Iout = L = — ol (2) 5 (412)
nm nﬂRe\/l‘f’QQ(F_%)

With ideal, lossless power conversion, equating the input and output DC power of the

converter, the input DC voltage (V;;,) can be given as

WA _ LowRe
Vinlg = IouRr = Via = -2 (4.13)
g

Substituting Vj,, from (4.13) into (4.12), the output DC current can be expressed as

I 1\?
Tyw=—"2—4/1 2(F——=), 4.14
! 2nsin(%) +Q < F) ( )

and the DC output voltage is given as

I 1)?
Vout - outRL = g‘RLa)\/l + Q2 <F - F) . (415)

2n sin (2

Substituting (4.14) in (4.13), the DC input voltage (Vi) can be now expressed as

(4.16)

IRy, 1\?
‘/i — g 1 2 ) -
4n?sin® (%) [ +Q < F>

From (4.12), using the expression of I,,; from (4.14), the tank current can be given as

I

2
(0= 5t \/1 b2 <F - ;) 08 (st — dan) - (4.17)

From the expression of 4; in (4.17), the voltage across the resonant capacitor is given

as
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Fig. 4.6: Phasor diagram for the signals of the loaded series resonant tank for ' > 1 and
F < 1.

Z T Zol 1\? T
()= —jloy, =T Zols i oe(p_ L (st—f—m). 4.18
vor (t) = =i i 2Fsin(g)\/ +Q< F) cos (wst =5 = ¢ (4.18)

The fundamental AC output voltage (v,,1) from Fig. 4.4, can be expressed as

2
Vo1 (t) = 1t Re = ;sfrf](%) \/1 + Q? (F = ;) cos (wst — Pin) - (4.19)
2

From (4.17) and (4.18), the rms tank current (I;,ms) and capacitor voltage (Vo rms)

can be obtained as

T 1, 1 2
Lo = —— 19 14 2<F—>, 4.20
b 2/2 sin (g)\/ @ F (4.20)

T ZI 1\?
Verrms = ——=——o09 4 [1 4+ 2<F—>. 4.21
o 2\/§Fsin(g‘)\/ @ F (4.21)

The phasor diagram for the AC quantities in Fig. 4.4 can now be drawn from the

expressions in (4.1), (4.17), (4.18) and (4.19), which is shown in Fig. 4.6. In Fig. 4.6, the
phasor diagram is shown for both ¥ > 1 and F' < 1 cases where the tank current lags

the inverter output voltage for F' > 1 and tank current leads the inverter output voltage

for ' < 1.
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4.2 Design of Series Resonant Converter
Based on the steady state modeling and derivations presented in the last section, the

operating point and resonant tank elements are designed in this section.

4.2.1 Operating Point

From the DC output current expression in (4.14), it can be seen that the output
current is dependent on operating conditions e.g. F, a, load and tank components (@) and
transformer (n). The normalized output current with a given transformer (n) and control

angle («) is expressed as

I 1)?
Iout,norm - out - 1+ Q2 (F - F> ) (422)

Ibase

where Ip,qe 18 defined as

Ig
om (3] (4.23)

Ibase =

The variation of normalized output current (Iounorm) With respect to normalized
switching frequency (F') is plotted in Fig. 4.7, for different load (@). And from this plot, it
can be seen that at ' = 1, e.g. when the converter is operated at switching frequency equal
to its resonant frequency, the DC output current becomes independent of load, when sup-
plied from constant current source. Moreover, as established in section 2.2, at F' = 1 there
remains no restriction on minimum power operation for which output can be regulated.

With F = 1, the DC output current from (4.14) can now be expressed as

1y

—_— 4.24
2n sin (%) ( )

Iout|F:1 =

The input and output DC voltage at F' = 1, from (4.16) and(4.15) are given as

I,Ry,

_LFy (4.25)
4n2 sin? (%)

Vin|F:1 =
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Fig. 4.7: Normalized output current v normalized switching frequency.

I,Ry,

— 4.26
2n sin (%) ( )

Vout|F:1 =

From these expressions (4.24 — 4.26) it can be seen that I, is independent of load but,

both the input and output DC voltage increases with load.

4.2.2 Component Stress

The rms values of tank signals at /' = 1, from (4.20) and (4.21), are expressed using

(4.24) as
s 1, nmw
I — 9 = I, 4.27
t,rms|F71 2\/§ <in (%) ﬁ out ( )
T Zol nmw
Ver g = —=Zolout- (4'28)

T R g () Ve

The input impedance (Z;;,) and power factor (PF') for the inverter are determined at

F = 1, from (4.8) and (4.11) as
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Fig. 4.8: (a) AC equivalent circuit of the loaded series resonant tank and (b) its phasor
diagram at F' = 1 operating point.

Zin|F:1 = R67 (4'29)
Ginlp_y =0 = PF|p_; = cos(dm)|p_ =1. (4.30)
The AC equivalent circuit from Fig. 4.4 can be redrawn at F = 1 as shown in

Fig. 4.8(a) and corresponding phasor diagram for the AC signals are shown in Fig. 4.8(b).

It can be seen Fig. 4.8 that at F¥ = 1, the SRC becomes a pass-through converter
with inverter output voltage (vap,1), tank current (i;) and AC output voltage (v,,1), all in
phase. Thus, it behaves as load independent constant current drive, from a constant current
source, at a given operating angle («) for a given transformer turns ratio. Moreover, from
Fig. 4.8(a), it can be seen that the tank impedance, series combination of L, and C,., becomes
zero at ' = 1 and thus the load independent output characteristics is ideally independent
of tank components. This gives wide variety of options for designing the resonant tank
components.

Using the rms value expressions from (4.27) and (4.28), the VA of the tank inductor

(SLr) and tank capacitor (Scy) can be given as

n2

S g T 4.31
Lr — Lt rms%o — 2 out%os ( . )



62

V2 2.2
Sep = -Corms VT 2 g (4.32)
Ze 2

Using the expression of R, from (4.7), the quality factor of the loaded resonant tank

from (4.9) can be written as

n’n2Z,

Q= 9R;

(4.33)

Using (4.33) in (4.31) and (4.32), the VA of the tank elements can be expressed in the

form

Sir = Sor = QI Ri = QPout, (4.34)

where, P,y is the DC output power. It can be seen from (4.34) that the VA rating or the

size of the tank is proportional to the quality factor (Q).

4.2.3 Resonant Tank Design

To design the converter with low component rating and size, ) should be minimized,
which, from (4.33) means n and Z, need to be minimized. Reduced transformer turns ratio
also means lower rms current in the tank which means lower losses in the primary bridge
(Q1 — Q4). However, there is a limit on minimizing transformer turns ratio. From the
expression of o, in (4.24), it can be seen that the minimum output current is achieved at

a = 180° and this minimum value is given as

Iou _min — 5 > 4.
t 2n (4.35)

which means transformer turns ratio should be higher than a minimum value (7,5,) for

output current to be regulated at Iy, req Which can be written in the form

Iy

—_— 4.
2Iout,reg ( 36)

n > Npin =
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Fig. 4.9: Variation in minimum output current (lyys_min) v variation in normalized switching
frequency (F'), for different Q.

Designing the converter with n = n,,;, is idealistic and leaves no room for output
regulation under tank component tolerance. Using the output current expression from

(4.14) with minimum output current, the tolerance on Iy mi can be given as

Iy 1+Q2(F—l)2—l ol 2
D) i out-min|p—1 1
Tout min_tol = i \/ =4/1+ Q2 (F - > -1 (437)

Iout,min |F:1 F

In Fig. 4.9, it is shown how tolerance on components i.e. variation of F' deviates the
minimum output current, for different choice of ). And from this plot it can be seen
that higher the tolerance in F' lower the () needs to be in order to keep the variation in
Tout min Within certain limit. Since @) is higher at lighter load, the constrain on @ should
be evaluated for the minimum load (Ppyi_min) for which output is desired to be regulated
controlling the primary inverter phase angle.

For any transformer turns ratio n with n > n,,», the output current limitation from

(4.37) can be established as
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Table 4.1: SRC design constraints parameters

Parameter Value
Iy [A] 1
Lout_reg [A] 0.33
Pout-maz [W] 1000
Tr, [%] 10
Ter (7] 5
Ig\/1+Q2 (F—1>2< Iy (4.38)
2n F) = 2nmn

which, under limiting case, operating at minimum load, gives

n2
~1
I, 1\*> I n2,
2n\/ +QmL< F> 2N Omr I (4.39)

where Q),,,1, is the quality factor at minimum load which needs to evaluated at the minimum
and maximum value of F', under component tolerance. For a given tolerance specification
on tank inductor (77,) and tank capacitor (T¢,) the minimum and maximum value of F

can be determined from (4.9) as

1 1
VA =T (1 —Ter) Fonin = (4.40)

VAT A+ Ter)
For a resonant converter, with use of a class I ceramic capacitor (COG, NP0), which

Fmam =

is stable over temperature and voltage bias, the capacitance tolerance is within +5% and
the tolerance in inductor is considered to be within £10 %. With these tolerance levels and
other parameters listed in Table 4.1, the minimum load is considered to be 10 % of rated
load for which the limitation on @ is evaluated using (4.39). The limitation on @ is plotted
in Fig. 4.10 with respect to transformer turns ratio (n), for maximum and minimum value
of F.

From Fig. 4.10, it can be seen that higher the n, converter can be designed with high @

which will increase size of the tank components and also have increased conduction loss due
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Fig. 4.10: Quality factor limit (Q,,z) v variation in transformer turns ratio (n), for
F = Foa (blue) and F' = F;, (red).

to higher rms current (4.27). On the other hand, for design with lower n, @ will be lower
and thus size and losses can be lower. However, the limiting quality factor (Q,,r) shown in
Fig. 4.10 is for 10 % load which means at full load, @ will be 10 times lower compared to Q,,r,
which may lead to converter operation into DCM with increased harmonics in tank current,
at higher loads. Considering these trade-offs, the SRC design point is chosen for n = 2
and @Q,,;, = 6 which means the load quality factor will vary between 6 and 0.6 for 10 %
to 100 % load. With this design choice, the minimum output current is Iy min = 0.25A
which gives ~ 25 % margin from desired output current of Ipy reg = 0.33A.

With the selected @, and n, characteristics impedance (Z,) of the tank can be found

out from (4.33) with corresponding load resistance of R,,;, and is given as

2RmLQmL

From Z,, the resonant tank components can be evaluated from (4.9) as
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and their ratings can be found using (4.27) and (4.28). The steady state operating o can

be evaluated from (4.24) as

I
o =2sin"? <9> : 4.43
2nIoutJ’eg ( )
Ideally, the SRC operating with ' = 1 can regulate its output from full load to

no load (short circuit at the output). However, under non-ideal scenario with component
tolerances, based on the design, the converter may lose control below 10 % load. Hence, an
active clamp circuit is augmented at the front end of the SRC to bypass the source current
under light loads, as shown in Fig. 4.11 and thus reduces the effective DC input current to
the SRC. Under normal operating conditions, the active clamp branch will be idle and the
input current to the SRC will be equal to source current i.e. Igrc = Ig and when the
inverter cannot regulate I,,; through « i.e. « hits the limit of 180°, active clamp circuit

will shunt a part of the source current given as

Ispo =1, — Ic. (4.44)
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This active clamp circuit is also utilized for system start-up and shut-down and protects
the converter under faults by bypassing the input current from the converter [99].

The design of resonant tank elements presented here is done considering the tolerance
on components. However, there may be different other ways for designing the resonant
tank components. One such way is to design by limiting the stress on the tank inductor or

capacitor, as presented in [81,100,101].

4.2.4 ZVS Realization

With fixed frequency, phase shift modulation, switches in the lagging leg (leg B)
achieves zero voltage switching (ZVS) by the tank current itself, but the leading leg (leg A)
will not have ZVS. To ensure ZVS for leg A switches for the entire load range, an ZVS
assisting circuit needs to be augmented to the converter leg A. Since the input DC voltage
varies over wide values, proportional to load, an active ZVS assisting circuit presented in
section 3.2.1 that consists of an auxiliary half bridge leg (leg Z) and ZVS assisting inductor
(Lzys) in series with a capacitor (Cys), as shown in Fig. 4.12, is used here to achieve ZVS
turn on of the MOSFETSs in leg A [102]. The amount of ZVS assistance is controlled by
controlling the phase shift angle between leg A and this auxiliary leg, over the load range, as
presented in chapter 3. If the converter output load range is relatively small then a passive
ZVS assisting circuit can also be employed by connecting an inductor and DC blocking

capacitor from switch node of leg A to DC bus return, as discussed in chapter 3.

4.3 Experimental Results
A prototype series resonant converter for 1 A input to 0.33 A output conversion, op-
erating at 250 kHz has been developed with the parameters shown in Table 4.2, following
the design method presented earlier in this chapter. The hardware setup of the converter is
shown in Fig. 4.13 and is tested from short circuit (no load) to a power level of 1kW (full
load). The converter has been tested for its output current characteristics in steady state.
Steady state operating waveforms of the converter with short circuit output (no load)

is shown in Fig. 4.14. The waveforms operating at & = 180° is shown in Fig. 4.14(a) and



Fig. 4.12: Active ZVS assisting circuit for leg A MOSFETs.

Table 4.2: Details of the series resonant converter

Component / Parameter

Part Number / Value
I [A] 1
Tout [A] 0.33
fs [kHz] 250
Pout-maz [W] 1000
L, [uH] 174.2
C, [nF] 2.33
n 2
Q1 — Qs C2M1000170D (2 in parallel)
Dy — Dy C4D02120E (3 in series)
Cin [uF] 3.9
Co1 — Coy [uF] 0.1
Co [uF] 0.47
Lzvs [1H] 50
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Fig. 4.14: Steady state operating waveforms of the resonant tank signals with short circuit
load (a) at « = 180° and (b) at I,y = 0.33A. CH2 (cyan): vap, CH3 (purple): iy, CH4
(green): —vcy.

the waveforms for output regulated at I,,; = 0.33 A is shown in Fig. 4.14(b). In Fig. 4.14,
CH2 (cyan) shows inverter output voltage vap, tank current i; is shown in CH3 (purple)
and CH4 (green) presents —vc,. And it can be seen from these plots that the tank signals
are in accordance with the phasor relationship presented in Fig. 4.8(b).

The steady state waveforms of the converter, operating at the full load of 1 kW, regulat-

ing its output current at I,,; = 0.33 A is shown in Fig. 4.15 with CH1 (yellow) representing
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Fig. 4.15: Steady state operating waveforms of the resonant tank signals at full load of 1 kW
with I, = 0.33A. CHI (yellow): vaz, CH2 (cyan): vap, CH3 (purple): i;, CH4 (green):

lzvs-

vaz, CH2 (cyan) showing v4p, it presented in CH3 (purple) and CH4 (green) showing i,ys.
It can be seen from this plot that with active ZVS assistance, inverter MOSFETs undergo
ZVS turn on. Also from the tank current waveform (i;) presented in CH3 (purple), it can
be seen that the tank current contains harmonics due to low quality factor (@) at full load.

The output characteristics of the converter is captured in Fig. 4.16, operating with a
fixed control angle of « = 180° for minimum output current (Iytmin), Over the entire
load resistance range. The red line in Fig. 4.16 represents the theoretically predicted result
whereas, the blue line shows the experimentally measured output current. From this plot it
can be observed that the output current is fairly constant over the load range with variation
within +3.18 % to —7.24 % which is due to losses in the system and increasing amplitude of
magnetizing current in the transformer with increase in output voltage as the load increases
which were not considered in theoretical analysis.

The variation in control angle «, to regulate the output current at I,,; = 0.33 A, is
experimentally measured and plotted in Fig. 4.17, over the entire load range, by the blue

curve, whereas, the red line represents the analytical value from (4.43). From this result,
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Fig. 4.16: Steady state DC output current (I,) versus load resistance (Ry) with « = 180°.
Red: analytical value, blue: experimental result.
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Fig. 4.17: Variation in control angle («) over the P,,; range of 0 — 1kW, while regulating
output current at 0.33 A. Red: analytical value, blue: experimental result.

it can be seen that the control effort needed to regulate the output current at the desired
value varies within a small range of « = 104° for short circuit load to @« = 91.8° at full
load which are within +5.58 % to —6.81 % variation from the ideal, theoretical value.

The efficiency of power conversion from 1 A source to regulated 0.33 A output is plotted
in Fig. 4.18 over the entire load range of 0 — 1kW. The peak power efficiency is around

94 % with above 90 % efficiency for 20 % to 100 % load range and greater than 85 % efficiency
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Fig. 4.18: Experimentally measured efficiency of the converter over the P,,; range of
0 — 1kW, while regulating output current at 0.33 A.

for load down to 10 %.

Summary

In this chapter, series resonant converter is presented for constant current input to
constant current output conversion in underwater DC distribution system. Steady state
modeling and analysis is presented to derive the input output relationship along with stress
on tank components. And from this design criteria a guideline is established for designing
the converter with component tolerance in mind. Converter output control scheme under
component tolerance at light loads is also presented. It is shown that with this design, the
converter behaves as load independent constant current drive. Results from experimental

prototype validates the analysis with operation from short circuit (no load) to a power level

of 1kW (full load).



CHAPTER 5
PARALLEL RESONANT CONVERTER FOR CONSTANT VOLTAGE OUTPUT

The parallel resonant converter (PRC) is introduced and analyzed in this chapter. In
underwater distribution network some converters need to feed loads which need a constant
voltage source at its input. With detailed analysis it is shown how an PRC can be designed
to naturally maintain constant output voltage over a wide load range, when the input is a
constant current source. Steady state modeling and analysis of the converter is presented
in section 5.1 to establish the DC input and output relationship. Based on this relation-
ships, operating point and design guidelines are presented in section 5.2, along with control
method, zero voltage switching realization and output filter. Experimental prototype and
results are presented in section 5.3 for an PRC that regulates the output voltage to 120 V
from 1 A current source for a load range of 50 W to 450 W. Then, the load independent
constant output voltage characteristics of PRC is utilized to build a converter for wide out-
put voltage range in section 5.4. A new topology incorporating parallel resonant tank with
a multi-winding transformer and an output switch network that together minimize compo-
nent stress and improve efficiency over the wide range of required operating conditions, is

also presented with simulation and experimental results.

5.1 Steady State Modeling and Analysis

The PRC circuit topology operating from a constant current input is shown in Fig. 5.1.
On the primary side of the converter, MOSFETSs Q1 — Q4 form the DC-AC inverting stage,
which operates with DC input voltage Vj,, with a symmetrical phase shift modulation
between leg A and leg B with phase shift angle o and produces a quasi-square wave voltage
(vap) at the inverter output, as shown in Fig. 5.2. The resonant tank is formed by the
inductor L, and capacitor C/. placed on the secondary side of an n : 1 isolation transformer.

Placing the resonant capacitor on the secondary side of the transformer absorbs the leakage
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Fig. 5.1: PRC circuit topology with constant current input.
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Fig. 5.2: Phase shift modulation of the inverter in PRC circuit topology of Fig. 5.1.

inductance of the high voltage isolation transformer in to the resonant inductor (L,) and
also combines the parasitic winding capacitance of the transformer in to resonant capacitor
(Cl). The voltage across the resonant capacitor is rectified and then filtered by an output
filter stage formed by an inductor Ly and capacitor Cy. Input power from the constant
current source I, is processed by this converter to regulate the output voltage across the
load (Rjoqq) at a constant value of V.

The following analysis assumes that the converter is ideal without any loss. Also, it
assumes that the loaded quality factor of the tank is high enough to filter out the harmonics

generated from the inverter stage and the diode rectifier on the output stage operates un-
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der continuous conduction mode (CCM). With the fundamental harmonics approximation
(FHA) [67], the equivalent circuit of the AC stage in the PRC can be drawn as shown in

Fig. 5.3, where the fundamental inverter output voltage vap,1 is given by

4
vap, (t) = ;Vén sin (%) cos (wst) , (5.1)

In Fig. 5.3, the input current and the AC equivalent load resistance are expressed as

21
I, = (i) =~ gin (9) cos (Bin) , (5.2)
s 2
7T2 n27r2
R/e = §Rloada Re = TRload- (53)

In (5.1) — (5.3), ws is the angular switching frequency, average value of signal z is
represented by (z), amplitude of AC side signal x, is represented by X, and signal or
parameter x is expressed with a prime (z’) on the secondary side of the transformer. In
(5.2), ¢in is the angle between fundamental component of primary side inverter output

voltage and current that is given as

Gin = £ Zin, (5-4)

where Z;, is input impedance of the loaded resonant tank, seen from the primary inverter
side, as depicted in Fig. 5.4. Fig. 5.4 shows the simplified AC equivalent circuit of the
converter, reflected to the primary side of the transformer, which is the loaded resonant
tank connected to the primary inverter.

From the circuit Fig. 5.4, the output to input voltage transfer function can be derived

as
V,1(8) B 1 B 1
vapi(s) 1+ sé—: +s2L,C, 1+ ﬁ +

(5.5)

20
2
wO

where the basic parameters for the resonant converter are given as,
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Fig. 5.3: Equivalent circuit of the PRC topology from Fig. 5.1.
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Fig. 5.4: AC equivalent circuit of the loaded parallel resonant tank.
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(5.6)

Here, f, is the resonant frequency of L, and C,, w, is the angular resonant frequency,

Z, is the characteristic impedance of the resonant tank, @ is the loaded quality factor of

the tank, fs is the switching frequency of operation and F' is the normalized switching

frequency.

The AC output voltage magnitude in Fig. 5.4 can be found out from the diode rectifier

output voltage vg in the equivalent circuit shown in Fig. 5.3, transferred to transformer

primary side. The output voltage V., is the average value of the rectified output voltage

R, filtered by the output filter (Ly — Cy). Thus, the magnitude of AC voltages in Fig. 5.4

can be given as

4 . o
lvag| = —Vinsin (§> . von

nm

2

‘/out .

(5.7)

For systems with constant DC voltage source, the DC output voltage can be found
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using (5.5) and (5.7). The magnitude from (5.5) can be evaluated with s = jws and is given

as

lvap 1| Q

= : (5.8)
V0,1 \/F2 +Q2(1— F?2)?
Substituting (5.7) in (5.8), the DC output voltage can be obtained as
8 V; Qsin (&
Voutl pov,, = =5 — &) (5.9)

7T2 n \/F2+Q2(1—F2)2

However, for systems with DC current source, V;, is dependent on load and expression
of Vout from (5.9) cannot be used as it is. The output voltage for such system is derived
from the equivalent circuits shown in Fig. 5.3 and Fig. 5.4, as follows. The expression of
input impedance (Z;,) of the loaded resonant tank can be derived from Fig. 5.4. The

impedance(s) of individual tank components are given by

1 Zy
X =2nfsL, =FZ,, Xc,= = —. 1
Lr =2mf T onfCr T F (5.10)
Using 5.10, Z;,, can be derived as
Zig = —— iF{1-Q*(1—-F*}]. 11
1+F2Q2 [Q+] { Q ( )H (5 )

The AC active power from the source in Fig. 5.4 and the DC input and output power

in Fig. 5.3 can be given as

2
‘/out
M
Rload

VZ
Psc = —ABLrms cos (in), Pin = Vinlg, Pout = (5.12)

|Zin|
where VB 1,rms is Tms value of the fundamental component of inverter output voltage vap 1.

With lossless power conversion, from (5.12), the input voltage can be expressed as

V2
Vip = —24 5.13
IgRload ( )
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Equating the DC output power to the AC active power in (5.12) and using expressions

from (5.7) and (5.13), the DC output voltage can be expressed as

ZoIg Q |Zzn|
nsin (%) cos (Gin) Zo

Vour = (5.14)

The DC output voltage expression from 5.14 can be normalized and expressed as

%anm=a¢aﬁﬁ;mzmnwm, (5.15)
using a base voltage defined as
%Mr=nii%y (5.16)
and the normalized input impedance (Z;y,_norm ) is defined as
Zin_norm = ZZ” (5.17)

The normalized output voltage from (5.15) is plotted against normalized switching
frequency (F') and the result is shown for a range of load (@) in Fig. 5.5.
As an alternate method, the DC output voltage can also be derived from 5.9, substi-

tuting V;,, from 5.13 and is given as

Zol,
Vour ae = —29 [ F2 4+ Q2 (1 — F2)% (5.18)
n sin (5)

which is normalized with the base voltage defined in 5.16 and the normalized expression is

given by

V;)ut,norm,Alt = \/F2 + Q2 (1 - F2)2' (519)

For comparison, this normalized output voltage is plotted against normalized switching
frequency (F') and the result is shown for a range of load (@) in Fig. 5.6. It can be seen

from the plots in Fig. 5.5 and Fig. 5.6, the expressions of DC output voltage from 5.14 and
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Fig. 5.5: Normalized output voltage v normalized switching frequency.

5.18 are equivalent and any one of them can be used for converter design which is discussed

in the next section.

5.2 Design of Parallel Resonant Converter

Based on the derivations presented in the last section, the operating point and resonant
tank elements are designed in this section. From the plot of normalized output voltage
presented in Fig. 5.5, it can be observed that if the converter is operated at a switching
frequency equal to its resonant frequency, i.e. at F© = 1, the DC output voltage becomes

independent of load and thus the output voltage from 5.14 can be expressed as

Zol
o g (5.20)

Vout| py = ————.
outlF=1 n sin (%)

The input impedance of the loaded resonant tank and power factor for the primary

inverter at this operating point of /' = 1 can be expressed as



80

Normalized Output Voltage, Vou_norm_Ait

—Q=2 —@=
05 06 07 08 09 1 11 12 13 14 1.5
Normalized Switching Frequency, F'

Fig. 5.6: Normalized output voltage v normalized switching frequency, from alternate ex-
pression presented in 5.19.

Zo 1
+

1

08 (in)| 1 = ———
1+ o

From 5.21 and 5.22, it can be seen that for any load (@), the primary inverter operates

(5.22)

at a lagging power factor which can help the converter operate with ZVS and as the load
decreases (@ increases), the inverter power factor increases and approaches unity at no load
(Q — o0). Substituting 5.20 in 5.13, the input DC voltage of the converter can be derived
as

LT n26in? (2) Riad

(5.23)

5.2.1 Design of Resonant Tank Elements
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Fig. 5.7: AC equivalent circuit of the loaded parallel resonant converter operating at reso-
nance (F' = 1).

The design of the converter starts from the output voltage expression from 5.20, where
Vout and I are given and Z,, n and « are to be designed. The value of steady state control
angle (a) is selected to be 120° which produces lowest harmonic content at the primary
inverter output without any triplen harmonics [60]. This also provides sufficient margin
from the maximum possible control angle of 180° to support transient response.

The voltage across resonant capacitor can be derived from the rectifier in the circuits

shown in Fig. 5.1 and Fig. 5.3 and its rms value is given in terms of DC output voltage as

m nm

VI - Vou ) Ve rorms — ‘/ou . 5.24
Cr_rms 2\/§ t Cr_ 2\/5 t ( )

The equivalent circuit from Fig. 5.4 can be simplified at the operating point of F' = 1
and is redrawn in Fig. 5.7. The rms current in tank inductor can be derived from this AC

equivalent circuit in Fig. 5.7 and using the magnitude of Z;, from (5.21), which is given as

VaB,, W2V, . s
A \nyms == %sm (5) V1t 02 (5.25)

Substituting V;,, from (5.23) into (5.25) the expression of inductor rms current is given

as

I = 1+ —. 5.26
tank_rms 2\/§ sin (%) Q2 ( )
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Fig. 5.8: Phasor diagram of the tank signals.

With the phase information from Z;, from (5.21), the tank current can be expressed

as

. I 1 4 (1
itank (1) = gsin E%) A1+ o cos <wst —tan~! (Q)) ) (5.27)

From the circuit in Fig. 5.7, the current through and voltage across the resonant ca-
pacitor can be derived as

R Re (—72Z,)

10r = Uank R, — jZo’ VCr = ttank Re — iZ, (5 8)

Using the expression of iy, (t) from (5.27), and magnitude of capacitor voltage from

(5.24), icy (t) and voy (t) can be written as

3

1oy (t) =

1 nmw us
= 5im ‘g%) cos (wst),  wvey (t) = ?Vout cos (wst - —) : (5.29)

2

The phasor diagram for the tank signals is drawn in Fig. 5.8 using (5.27) and (5.29),
with fundamental component of primary inverter output voltage as reference.
The Volt-Ampere (VA) for the inductor (Sr,) and the capacitor (S¢,) can be calculated

from the rms current in the inductor (5.26) and rms voltage across the capacitor (5.24) as

2 2z 1
2 T g <o
Str = liank_rmsZo = 8 52 (2) <1 + Q2) ; (5.30)
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S = VCQ’T‘J“TTLS _ 12 IQQZO
@ g, 8 sin? (g)’

(5.31)

Using the output voltage expression from (5.20) in the output power equation in (5.12),

the output power (P,,;) can be expressed as

2 I2Z, 1

T
Fou = gz (9 @

(5.32)

Using 5.32 in (5.30) and (5.31) the VA for the tank components can be given as

Spr = <Q + g2> Pout, SC'I‘ = QPout- (533)

Using (5.33), VA rating for the tank components can be found at maximum output

power i.e., by using Pyt = Pout.maz- Lhe normalized VA rating of the tank components,

normalized with Pyyt maz can be calculated from (5.33) and is given as

SLr,norm = (Q + é) ’ SCr,norm = Q (534)

The total VA rating of the tank, which is summation of the VA rating for tank inductor

and capacitor, is given in normalized form from (5.34) as

Stank,norm = <2Q + 612) . (535)

From (5.35), the minimum value of Syank_norm can be found out through its first and

second derivative test i.e.

d

1
@ (Stank,norm) =0= Q — ﬁ, (536)
d2
TCQQ (Stank,nm"m) ) = 4\@ > 0. (537)
=73
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Fig. 5.9: Normalized VA rating of the tank versus quality factor of the loaded tank (top)
and quality factor of the loaded tank versus transformer turns ratio (bottom).

which means that the tank VA will be minimum when full load quality factor of the loaded

tank is 1/4/2 and its minimum value is given as

Stank,norm,min = 2\/5 (538)

The normalized tank VA rating is plotted with respect to loaded quality factor of the
tank that is shown by the top plot pane in Fig. 5.9, where the minimum value is pointed.
In Fig. 5.9, the transformer turns ratio versus the loaded quality factor is plotted in the
bottom plot pane where the values corresponding to minimum tank VA rating is pointed.

Since the energy density of a capacitor is a few orders of magnitude higher than that
of an inductor, it is possible to reduce the size of the converter by designing the converter
with minimum VA rating for the tank inductor. The normalized VA rating for the tank
inductor and tank capacitor are plotted for different transformer turn ratio in Fig. 5.10.
From the inductor VA in (5.34), it can be seen that its minimum value is 2 which occurs
at Q = 1, as can be seen from the plot of Sz, norm in Fig. 5.10. And the corresponding

transformer turns ratio (n) is 2.63 which is pointed in the top plot pane in Fig. 5.10.
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versus the transformer turn ratio.

From the VA rating expression of tank inductor in (5.30), with sinusoidal current in

the inductor, Sz, can be re-written as

SLT = ItQankijZo = \/iwo-[tank,rmsltank,pkl/ﬁ (539)

where Iqnk_pi is the peak AC current in the inductor. With fixed frequency operation, Si,,
from 5.39 can be seen as proportional to the product of inductance and its rms and peak

current i.e.

SLT‘ X LTItank,rmsItank,pk- (540)

For an inductor, the conduction loss depends on its rms current, and the core loss
depends on its maximum current, which determines the flux swing in the core material for
alternating current excitation. The relationship between inductor peak current and its peak

flux density (Bp) within the core material can be given as
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Lrltank,pk = NLTBpkACa (5'41)

where Nj, in the number of turns in the inductor and A. is the cross sectional area of the
magnetic core used. The total winding area (W4) and core window area (A,,) can be given

as

I nk_rm. I nk_rm.
Wy = NLT% = Ay =K, Wy = KwNLT%, (5.42)

where J is the current density of the conductor used in construction of L, and K, is the
window fill factor. From (5.41) and (5.42), the area product for the inductor can be derived

as

L.I T
AP — AcAw _ Kw rdtank_pk tank,rms‘ (543)
By

For a given core material, the core loss density depends on B, at a given frequency
of operation. Therefore, with a fixed core loss density, B, also becomes fixed. Similarly,
for a given conductor material, conduction loss is proportional to the current density, J.
Therefore, for a fixed conduction loss density, J becomes fixed. Thus, for a given loss density
in the inductor with a given window utilization factor (K,,), the area product from (5.43)
becomes proportional to the inductance and its rms and peak current and using (5.40) this

relationship can be written as

AP LTItank,katankjms X SLT‘ (544)

For a given core geometry (e.g., EE, ETD, PQ etc.), the inductor volume (V1) is

proportional to its area product raised to the power of three-fourth [103,104], expressed as

x (Spr)t, (5.45)

3
4

L

Vi, o« (AP)
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which means that inductor size will be lower with lower VA rating, with a given core and
copper loss density.

From the plots of Fig. 5.9 and Fig. 5.10, the design can be established around minimum
VA for the total tank or the inductor. However, from the @) v n plot in Fig. 5.9, it can be
observed that the quality factor for such design(s) is low which may lead to discontinuous
operation of the diode rectifier. To design the converter with higher ), n needs to be higher.
From the plot of St norm in Fig. 5.10, it can be seen that Si, norm is relatively flat over the
range of n = 2ton = 4, which means the tank can be designed with higher transformer
turns ratio (or ) without significant increase in inductor VA rating. Thus, with a trade-off
between () and inductor VA rating, finally the transformer turns ratio is selected to be
n = 4 where Sy porm = 2.18 and Q = 1.52.

The rms voltage across capacitor (Voy_rms) from (5.24) is normalized with base voltage
defined in (5.16) and the rms current in the inductor (Iignk_rms) from (5.26) is normalized
with a base value defined as

Vbase Iy

I = = . 5.46
base Zo nsin (%) ( )

Thus, the normalized tank signals can be expressed as

Itank,rms nm 1
I - =1+ =, 5.47
tank_rms_norm Ibase 2\/5 Q2 ( )

Ve o Vor rms o nm
r_rms_norm — = .
Viase 2v/2

(5.48)

The normalized rms tank inductor current (Ignk_rms.norm) and rms capacitor voltage
(Vorrms.norm) are plotted with respect to transformer turns ratio in Fig. 5.11, at the top
and bottom plot panes, respectively. From the circuits shown in Fig. 5.1 and Fig. 5.3 the
resonant capacitor voltage is constant, when normalized with a base voltage that is equal
to DC output voltage. However, the normalized capacitor voltage plotted here in Fig. 5.11

is on the transformer primary side and hence it increases linearly with n.
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Fig. 5.11: Normalized resonant inductor rms current (top) and normalized capacitor rms

voltage (bottom) versus the transformer turn ratio.

After selecting the transformer turns ratio (n), the tank characteristic impedance (Z,)

can be determined from (5.20) and is given as

(5.49)

and the resonant inductor and capacitor values can be calculated from (5.49), using (5.6)

as

(5.50)

1
2 fsZo,

1
27 foZo

(5.51)

277st0.

!
T

=

C, =

The rating of the tank elements can be determined from the charts in Fig. 5.11, mul-

tiplying with their corresponding base values defined in (5.46) and (5.16).
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5.2.2 Device Selection
The primary side inverter devices block voltage equal to input DC voltage (V;,,) whose
maximum value is decided based on the maximum load and efficiency (1) of the converter

and can be found out by

P,
Vori FET 2 701:;}me ; (5.52)
g

and the rms current rating for the primary MOSFETSs (Q1 — Q4) are determined by the tank
inductor current which can be found out from (5.25). On the other hand, the secondary
side rectifier devices see a reverse voltage equal to the peak value of voltage across resonant

capacitor (C]) and thus the voltage rating for the rectifier is given by

\%
‘/sec,rect Z U 2out. (553)

The average value of current through the output rectifier is equal to the load current
(I10aq) which can be found out by dividing maximum load power (Pyyi_maz) by DC output

voltage (Vout)-

5.2.3 Modulation for Control

It is established earlier that the PRC behaves as a natural voltage source at its output
when operated at switching frequency equal to the resonant frequency and hence a control
scheme that varies the switching frequency to regulate its output cannot be employed here.
It can be seen from (5.20) that for the designed converter, the output voltage can be
controlled by the phase shift angle () and hence phase shift modulation strategy is used

here.

5.2.4 ZVS Realization
With fixed frequency, phase shift modulation, switches in the lagging leg (leg B)
achieves zero voltage switching (ZVS) by the tank current itself, but the leading leg (leg A)

may not have ZVS, depending on operating point. From the expression of input impedance
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in (5.21), it can be seen that the tank current (iz,x) in PRC lags the fundamental compo-
nent of inverter output voltage and this angle of lagging increases with the load. If the tank
impedance angle is high enough so that at the instant of rising edge of v4p, value of tank
current is negative, switches in the leg A may have ZVS by the tank current itself. This

condition can be expressed as

tan~! (Q) < % (5.54)

The condition for ZVS mentioned in (5.54) is only the necessary condition, the actual
ZVS occurrence is dependent on the parasitc capacitance of the switches. From (5.54), it
can be seen that load range for which ZVS for leg A switches can be achieved by tank
current, will be wide if « is high, as close to 180° as possible. But, operating with higher
a limits the minimum output voltage and power capability, under transient conditions as
well as due to tolerance on resonant tank components [81]. A value of 120° for « is a good
trade-off for design considering ZVS range as well as transient and component tolerances,
in addition to aforementioned low harmonic content in inverter output voltage. The range
of load for which ZVS can be achieved is shown by the plot in Fig. 5.12. In Fig. 5.12, the
blue line shows the angle tan™! (Q) and the red and black lines show the 5 boundaries
for « = 120° and @ = 180° operating points, respectively. According to the condition
established in (5.54), the ZVS load range for « = 120° operating condition is to the right
of the dotted red line in the Fig. 5.12, whereas, for a = 180°, ZVS happens for the entire
load range.

To ensure ZVS for leg A switches for the entire load range, an ZVS assisting circuit
needs to be augmented to the converter leg A. Since the input DC voltage varies over
wide values, proportional to load, an active ZVS assisting circuit presented in section 3.2.1,
consisting of an auxiliary half bridge leg (leg Z) and ZVS assisting inductor (L.,s) is used
here to achieve ZVS turn on of the MOSFETsS in leg A [102]. The ZVS assisting circuit is
shown in Fig. 5.13 with a capacitor (C,,s) in series with the inductor L.,,s, as presented

in chapter 3. The purpose of C,,s is to block any DC component in voltage vz, arising
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Fig. 5.12: ZVS load range for the converter at different operating point («).

Fig. 5.13: The ZVS assisting circuit used in the converter.

due to any component mismatch between leg A and leg Z. The amount of ZVS assistance
is controlled by controlling the phase shift angle between leg A and this auxiliary leg, over

the load range.

5.2.5 Output Filter

The output filter components (Ly and Cy) are designed based on current ripple al-
lowance through L; and voltage ripple on Cy. With reference to Fig. 5.1 and Fig. 5.3, the
rectifier output voltage (vg) waveform is shown in Fig. 5.14.

Assuming the ripple content in output voltage to be very small, left side of Ly sees
rectified sinusoidal voltage vr and right side sees DC voltage V,,+ and the volt-sec product

across Ly is calculated from the area indicated by Ay, hash-marked in Fig. 5.14. Thus, with
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Fig. 5.14: Waveforms on the output rectifier side of the PRC.

a given inductor current ripple (Airys), Ly is calculated by

J
VNI

(5.55)

For calculating the output capacitor value, the current in the filter inductor Ly is ap-
proximated to be DC value equal to load current (I;,44) plus a twice the switching frequency
(2fs) sinusoidal ripple of amplitude Airy. This sinusoidal ripple current is filtered by the
output capacitor. So, by calculating the charge going into the capacitor in half of the rip-
ple cycle, we can calculate the capacitance required for an allowable output voltage ripple

(AV,ut), which is given as

Nigy

Cf - m. (556)

5.3 Experimental Results

A prototype PRC operating at 250 kHz has been developed with the parameters shown
in Table 5.1, following the design method presented earlier in this chapter. The hardware
setup of the PRC is shown in Fig. 5.15 which operates from a 1A DC current source
and is tested for a power level up to 450 W. The converter has been tested for its output
voltage characteristics in steady state and transient conditions to verify its load independent,

constant output voltage characteristics.
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Table 5.1: Details of the parallel resonant converter

Component / Parameter Part Number / Value
I, [A] 1
Vout [V] 120
fs [kHz] 250
Pout [W] 50 — 450
L, [uH] 264.6
C! [nF] 24.5
n 4
Q1 — Qg C2M1000170D (2 in parallel)
Dy — Dy, GHXS020A060S8-D1
Ly [uH] 80
C [uF] 2.35
Lvs [1H] 55

iTransformer : ‘ﬂ
, B

o=

Resonant
Inductors

W

Snary - '

~ Circuit
= 3

Loa(f Primary Circuit
Resistor

Fig. 5.15: Photograph of the test setup.
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Fig. 5.16: Steady state operating waveforms of PRC with & = 180°, at (a) Rjpeqa = 2952
and (b) at Ripeq = 34Q. CHI (yellow): vgs g1, CH2 (cyan): —uvg,., CH3 (purple): vag,
CH4 (green): iank-

Hardware test results of the PRC during steady state operation are shown in Fig. 5.16
and Fig. 5.17. The waveforms shown in Fig. 5.16 and Fig. 5.17 are operation with « = 180°
and a = 120° respectively, for Rjpeq = 2950 and Rjpeq = 342 which corresponds to
minimum and maximum load at Vy,; = 120V. In these oscilloscope captures, yellow trace
(CH1) is for the gate to source voltage of top MOSFET in leg A (vgs.g1), purple (CH3)
is the primary side inverter output voltage (vap), green waveform (CH4) is the current
in the resonant inductor (i4,r) and cyan trace (CH2) is the voltage across the resonant
capacitor (vj,,.) placed on the secondary side of the transformer. The captured waveform
of v, in Fig. 5.16 and Fig. 5.17 are of reverse polarity, compared to the notation used in
the circuits used in analysis and that is why it appears to be 90° leading to v4p as opposed
to 90° lagging as established in (5.29) and in Fig. 5.8. For @« = 180°, no ZVS assisting
circuit is employed, whereas, for a = 120°, the active ZVS assisting circuit has been used
as presented in Fig. 5.13 and the ZVS assisting current is adjusted so that the MOSFETs
in the primary side bridge achieve ZVS.

The output characteristics of the converter is determined by testing the converter over
wide range of load resistance (Rjqq), at two different control angle viz. minimum power

operation angle (o« = 180°) and designed operating angle (« = 120°). Figure 5.18 shows
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Fig. 5.17: Steady state operating waveforms of PRC with & = 120°, at (a) Rjpeqa = 2952
and (b) at Ripeq = 34Q. CHI (yellow): vgs g1, CH2 (cyan): —uvg,., CH3 (purple): vag,
CH4 (green): iank-

the steady state DC output voltage (Vo) of the converter with respect to variation in
Rioaq- In Fig. 5.18, the blue plot shows V,yu: vs Rjpeq for @ = 180° and the red plot is
for « = 120°. It can be seen from the plots in Fig. 5.18, that the output voltage remains
almost constant over the range of R;,,q. This shows that the converter operates as a natural
voltage source at the output with a constant input current source and variable (with load)
input voltage. The small droop in the output voltage are due to series nonidealities e.g.
ESR present in the circuit that can be easily taken care of by the closed loop controller
with small variation in control angle a.

The PRC has also been tested for transient load conditions and the result is presented
in Fig. 5.19. For this test, the output load current of the converter is changed from 1.7 A (~
200W) to 2.3 A (= 275W) and back to 1.7 A while the PRC has been operating in open
loop with a fixed phase shift angle of « = 120°. In Fig. 5.19, the cyan (CH2) shows the DC
input voltage (Vjy,), the green waveform (CH4) is the output load current (;544) and the DC
output voltage (Vo) is shown by purple trace (CH3). It can be observed from this result
that the output voltage goes through overshoot or undershoot under load change transients,
but settles back to its designed value of 120V, conforming to the load independent constant

output voltage characteristics.
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Fig. 5.18: Open loop output characteristics of PRC. Experimental V,; v Rjpeq at & = 180°
(blue) and a@ = 120° (red).

Fig. 5.19: Input and output DC signals under open loop load transient of 1.7 A (= 200 W)
to 2.3A (= 275W) and back to 1.7 A, for the PRC operating with fixed control angle of
a = 120°. CH2 (cyan): Vi,, CH4 (green): Ij,qq and CH3 (purple): V.
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5.4 PRC for Wide Voltage Output

The load independent constant output voltage characteristics of an PRC can be lever-
aged for designing converters requiring output voltage regulation over wide range. From
the DC output voltage expression in (5.20), the output voltage can be controlled by a.
However, when the desired output voltage range becomes wide, controlling V,,; through
a will result in small values of a for high values of V,,;. This will increase the stress on
resonant inductor (5.26) significantly. In addition, it will be challenging to select proper
semiconductor devices which can operate efficiently at high voltage low current as well as
low voltage high current. In view of these challenges, the output voltage range from the
converter is split among multiple modules incorporating a multi-winding transformer and
switch network that together minimize component stress and improve efficiency over the
wide range of required operating conditions. A generic block diagram of such system is
shown in Fig. 5.20. It should be noted that purpose of having wide voltage range at the
output is to use same converter for variety of underwater sensor units which need voltage
source of different magnitudes. This means that the output voltage of the converter is not
needed to change while it is operational; the voltage is set for a particular unit on the
seabed and the job of the converter is to regulate its output voltage over the range of load
demanded by this unit. In Fig. 5.20, the primary inverter and resonant inductor on the
transformer primary side are always active and processing the power. The transformer has
one primary and m secondary windings one of which is selected by the changeover switch
network, depending on the output voltage requirement. This selection in turn changes the
effective turns ratio of the transformer and thus utilizes both n (in discrete steps) and «
to control the output voltage with relatively smaller range of a. There are £ numbers of
rectifiers following the changeover switches which are optimized for the range of output
voltage (and current) they are intended to work with.

An example converter realization based on the diagram presented in Fig. 5.20 is shown
in Fig. 5.21 with m = 4 and & = 2. In Fig. 5.21, MOSFETs Q15 through Qs work as

a four-quadrant on/off switch for selection of the appropriate transformer secondary wind-
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Fig. 5.20: Block diagram of the converter for wide range output.
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Table 5.2: Operation modes of the PRC based wide output range converter

Mode of Active switches Active transformer Output voltage range
operation | in switch network windings
nl Q21, Q22 P, 51,54 Vout_min — 7 Vout_min
n2 Q19, Q20 P, 55,54 Vout-min = T*Vout-min
n3 Q17, Q18 P, 53,8, Vot min — 7 Vout_min
nd Q15, Q16 P, Sy 7 Voutmin — Vout-maz

ing in action and MOSFETs @7 through Q14 work as synchronous rectifier for improved
conduction loss. On the primary side, the capacitor (Cp¢) in series with resonant inductor
(L) serves as a DC blocking capacitor to avoid transformer saturation due to any DC com-
ponent coming out of inverter because of component mismatch. The transformer secondary
windings are designed with turns ratio given by

npinging oo iy =0l op? o pmTl (5.57)

where the term r is defined as

1

r= <V°“tm”> ", (5.58)

Vout_min

where Vioutmae and Vout min are the maximum and minimum DC output voltage of the
converter, respectively. Based on this range of output voltage, the operating modes of the
converter are listed in Table 5.2. The resonant capacitor is connected to the secondary
winding S4, however, this capacitor can be distributed among the secondary windings such
that the total reflected capacitance in equivalent. The resonant capacitor being on the Sy
winding, it is operational for all the operating modes whereas, other three windings are
active depending on the mode of operation based on output voltage requirement.

The design of this multi-winding PRC is carried out following the same method used
in single output PRC. The design is optimized considering secondary winding Sy in action
with output voltage Vi min at @ = 120° and the other transformer windings ratio are

calculated using (5.57).
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Fig. 5.21: Hardware architecture of the converter for wide range output.



Table 5.3: Details of the PRC based wide output range converter

Component / Parameter

Part Number / Value

I [A] 1

Vout [V] 24 — 250

fs [kHz] 250

Pout [W] 50 — 1000

L, [uH] 423.4

C; [nF] 23.5

Cpc [uF] 0.2
np:ni:ing:nNg:ny 16:0.56:1:1.8:3.23

Q1 — Qs C2M1000170D (2 in parallel)
Q7 — Q10, Q15 — Q18 SCT3030ALGC11
Q11 — Qua, Qug — Q22 IXFX240N25X3

Ly [uH] 10

Lyo [uH] 94

Cout [uF] 2.4

Lys [pH] 80

Clus [UF] 0.2

5.4.1 Simulation Results
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The converter is designed for an output voltage range of 24V to 250V for operation

up to 1kW at any output voltage setting. The converter is simulated in MATLAB/PLECS

with the parameters tabulated in Table 5.3. The simulation results are shown in Fig. 5.22

through Fig. 5.24 for operation at full load (1kW), where the blue plot corresponds to

operation in mode nl, red plot is for operation in mode n2, black plot is for operation in

mode n4 and magenta plot is for mode n4.

In Fig. 5.22, the output voltage is plotted against « ranging from 180° to 60° for each

mode of operation from each secondary winding of the transformer, where the solid line

represents the analytical result from (5.20) and simulation results are shown by dots of

corresponding color. From this plot, a range of anq: =~ 130° to aumin ~ 60° is selected to

get a range of
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Fig. 5.22: Output voltage (Vyyt) of the converter with varying phase shift angle o, operating

at full power in different modes of operation (nl —n4). Solid lines are plots from analytical
expression and dots correspond to the result obtained from simulation.

sin (

) (5.59)

=)

which gives the required output voltage range (5.58) out of transformer secondary wind-

r =

sin (

ing(s).

The peak current in the resonant inductor and peak voltage across the resonant ca-
pacitor, under full load operation across the different modes, are plotted in Fig. 5.23 and
Fig. 5.24, respectively, against the range of output voltage. It can be seen from these re-
sults that for the entire range of operation, the stress in the resonant tank components
are limited, owing to the advantage of operating in different modes using multi winding

transformer.

5.4.2 Experimental Results
A hardware prototype has been built with two secondary windings on the transformer

secondary and one rectifier and filter block to validate the design based on the parameters
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Fig. 5.23: Peak current in resonant inductor (lignk pi) of the converter at different Output
voltage (V,ut), operating at full power. Blue curve is for mode nl, red curve is for mode
n2, black curve is for mode n3 and magenta curve is for mode n4.
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Fig. 5.24: Peak voltage across resonant capacitor (Vcl‘r,pk) of the converter at different
Output voltage (Vout), operating at full power. Blue curve is for mode nl, red curve is for
mode n2, black curve is for mode n3 and magenta curve is for mode n4.
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Fig. 5.25: Photograph of the converter for wide output voltage range.

presented in Table 5.3. With this prototype, the converter is operated in mode n4 and n3
with an output voltage range of 80 V to 250V over a load range of 50 W to 500 W. The
photograph of the prototype is shown in Fig. 5.25.

The steady state operating waveforms of the converter are shown in Fig. 5.26 and
Fig. 5.27, for minimum and maximum output voltage of 80V and 250V, respectively at
two different output power levels of 50 W and 500 W. In these plots, CH1 (yellow) is the
current in the resonant inductor (itqnk), CH2 (cyan) is the inverter output voltage (vag),
CH3 (purple) shows the voltage between inverter leading leg (leg A) and ZVS assisting leg
(leg Z) (vaz) and voltage across the resonant capacitor (vy,.), on the secondary winding Sy
of transformer, is shown in CH4 (green). From these plots it can be observed that switches
in both the inverter legs and the ZVS assisting leg transition through ZVS turn on for the
entire range of output voltage and load.

The variation of control angle « over the range of load for minimum, maximum and
intermediate voltages in both mode n3 and n4 are plotted in Fig. 5.28 and Fig. 5.29,

respectively. It can be noticed that the control angle («) stays relatively flat for the load
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Fig. 5.28: Variation of control angle (a) over the entire load range for different output
voltage(s) in operating mode n3.

range, at each output voltage. The slightly higher value of required o at light load is
accounted for DCM operation of the output rectifier due to low current in the filter inductor
(Ls2). In Fig. 5.30, the steady state output voltage of the converter operating at different
control angle (a), at 500 W load, is shown where the red plot is for operation in mode n4
when the power is processed through winding S; and the blue plot is for operation in mode
n3 when the power is processed through winding Ss. It can be seen from Fig. 5.30 that
output voltage range of 80V to 250V is obtained with a relatively small variation in «
(= 60°) which is possible because of utilization of the multi-winding transformer.
Efficiency of the converter is plotted against load variation for minimum, maximum and
intermediate voltages in both mode n3 and n4, in Fig. 5.31 and Fig. 5.32, respectively, with
peak efficiency of 94 %. The converter operates with similar efficiency profile in both modes
despite different voltage outputs in two modes. Within any mode of operation, efficiency at
lower output voltage is higher compared to higher output voltage, at same power. This is
owing to the fact, that within a mode of operation, at higher output voltage the transformer
sees a higher voltage swing and consequently higher flux swing in its magnetic core and thus
results in higher core loss, irrespective of output load. With better design of the transformer,

the core loss can be minimized and thus higher efficiency can be achieved.
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Fig. 5.29: Variation of control angle («) over the entire load range for different output
voltage(s) in operating mode n4.

270 ,
--Mode n3

] ] ]
240 N - - -  ~Mode n4|
2101 E— ~ A— ]

180
> 150
$120
90
60
30

Fig. 5.30: Steady state DC output voltage of the converter at different control angle a with
500 W load. Blue plot is for operating mode n3 and red plot is in operating mode n4.
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Summary

In this chapter, a parallel resonant tank based DC-DC converter has been analyzed for
use in constant current input to constant voltage output converter. Steady state modeling
of the converter is presented and the basic input output relationships are developed, with
FHA. It’s shown that with F© = 1 operating point, an PRC can be operated to achieve a
steady state constant voltage output characteristics across the load range, when supplied
from a constant DC current source. The AC quantities within the resonant tank are derived
with their phasor relationship and a design methodology, optimizing the tank and resonant
inductor’s VA rating, is presented. Device ratings, output filter design, control methodology
and soft-switching needs are also discussed here in this chapter. A hardware prototype has
been built and tested to show that the output of the converter behaves as a fairly constant
voltage source at steady state, irrespective of load. Steady state operating waveforms, with
ZVS of the primary side active switches, are also shown. Experimental results under load
transients also confirm the constant output voltage characteristics of the converter making
it suitable in constant current distribution system to get a voltage source characteristics at
its output.

Designing a converter for regulated output voltage over wide range imposes a significant
challenge in minimizing component stress and optimizing efficiency. A converter architec-
ture involving a parallel resonant converter with a multi-winding transformer and switch
network has been also analyzed in this chapter, showing how this converter can operate
with relatively low component stress under a wide output voltage and load range in con-
stant current DC distribution systems. Simulation results have shown how the converter
operates with limited stress across the converter components under such wide range of op-
erating points of 24V to 250V output voltage with full load of 1kW, from a 1 A constant
current source. Prototype hardware results are presented to demonstrate the operation of
the converter in two modes, for 80 V to 250V output range over a load range of 50 W to
500 W.

The ideal analysis of the wide output range converter, with tapping power from one of
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the secondary windings, keeping resonant capacitor on another assumes that the secondary
windings are tightly coupled. However, when the number of secondary windings increase,
coupling among secondary windings will reduce, resulting in deviation from ideal parallel
resonant converter operation. This requires a detailed modeling for multi-winding trans-
former [105] to be used in the analysis of this converter architecture and left as a topic of

future research.



CHAPTER 6
LCL-T RESONANT CONVERTER FOR CONSTANT VOLTAGE OUTPUT

Parallel resonant converter provides load independent output voltage characteristics
when power is sourced from constant current source. However, the rectifier bridge on the
secondary side is fed by a sinusoidal voltage on the AC side which is the voltage across
the resonant capacitor. Hence, the rectifier devices need to be rated for the peak voltage
across the resonant capacitor that is at least 7 times the DC output voltage. And, being
voltage fed from the AC side of the rectifier, the DC side of the rectifier needs an L — C
filter and this output filter inductor can be bulky. These increase the overall VA rating
and size of the converter. In this chapter, an LCL-T resonant network based isolated
DC-DC converter is analyzed to design it as a load independent constant voltage source
when supplied with constant DC current at the input. For, LCL-T resonant converter the
output rectifier is current fed from the AC side and thus only capacitive filter on the DC
side of the rectifier is sufficient for filtering. And the rectifier devices need to be rated
for DC output voltage. Thus, LCL-T resonant converter can be designed with better VA
rating than PRC. Section 6.1 introduces the modeling of the converter leading to its steady
state DC input output relationship. From the steady state analysis, converter operating
point, resonant tank component stress are derived in section 6.2 and a design method is
established to design the converter with minimum VA rating. It is shown that use of passive
rectification for this converter can limit converter operation over wide load range, which
is overcome through use of active rectifier. Three angle modulation strategy for such dual
active bridge (DAB) based LCL-T resonant converter is presented in section 6.3 to emulate
the characteristics of diode bridge rectifier. Experimental result from a prototype converter
is presented in section 6.4 for a converter regulating its output voltage at 150V fed from a
1 A source, over load range of 50 W to 500 W proving the accuracy of the analysis. Tolerance

analysis for resonant tank components and its effects on converter output is presented in
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Fig. 6.1: LCL-T resonant DC-DC converter topology.
section 6.6.

6.1 Steady State Modeling and Analysis

An LCL-T resonant tank based DC-DC converter topology which converts constant
DC input current to constant DC output voltage, is shown in Fig. 6.1. MOSFETs @ to
Q4 form the primary side inverter which operates with symmetrical phase shift modulation
with leg A leading leg B by an angle ¢4p, as shown in Fig. 6.2. The inverter converts the
input DC bus voltage V;, to a quasi-square wave v4p which drives the LCL-T resonant tank
network formed by inductors L, L, and capacitor C,. The resonant tank is followed by a
n : 1 isolation transformer which is then rectified by secondary side diode bridge rectifier
consisting of diodes D1 — Dy4. The rectified DC output is filtered through filter capacitor C'y
before going to the load which is shown as a resistor Rj,,q. For the analysis, it is assumed
that all the components are ideal and lossless. Also, the steady state analysis is carried out
with fundamental harmonic approximation (FHA) [67].

With FHA, the converter shown in Fig. 6.1 can be drawn as the equivalent circuit

shown in Fig. 6.3, where

I, = (i) = —" sin <¢/§B> cos (Bin) , (6.1)
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4
vaB,1 (t) = =Vipsin <¢;‘B> cos (wst) , (6.2)
w
. 2,
lioad = <Zo> = —Ip, (6'3)
T
and the AC equivalent load resistance is given by
, 8 8n?

Re = ﬁRloady Re = ?Rload- (64)

In (6.1) — (6.4), ws is the angular switching frequency, average value of signal = is
represented by (x), amplitude of AC side signal x, is represented by X, and signal or
parameter x is expressed with a prime (z’) on the secondary side of the transformer. In
(6.1), ¢iy is the angle between fundamental component of the primary side inverter output

voltage and current which is given as

$in = L Zin, (6.5)

where Z;, is input impedance of the loaded resonant tank, seen from the primary inverter
side, as depicted in Fig. 6.4. Fig. 6.4 shows the simplified AC equivalent circuit of the

converter, reflected to the primary side of the transformer.
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Fig. 6.4: AC equivalent circuit of the loaded LCL-T resonant tank.

From the circuit Fig. 6.4, the output to input voltage transfer function can be derived

as
Vor(s) _ L (6.6)
vaB,1(8) 1+(1+g)QiJO +Z%+9Q‘i§’
where
1 L'r L Re wS fS
et — Z = -, = 79’ = e F = — = —. 67
“=Tne Ve 7L °7% wo  Jo 00

The amplitude of the AC voltages in Fig. 6.4 are given in terms of DC input and

output voltage as

4 . 4n
lvap,1| = = Vinsin <¢AB> o von| = —Vour- (6.8)
m 2 7T

For systems with constant DC voltage source, the DC output voltage can be found

using (6.6) and (6.8), evaluating the magnitude from (6.6) with s = jw, and is given as
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Vi Q@ sin (‘z"“TB>

Yin . (6.9)
" QRO F? (14 g) F - gFY?

Vout ‘ DC Vi, —

However, for systems with DC current source, V;, is dependent on load and expression
of Voyut from (6.9) cannot be used as it is. The output voltage for such system is derived
from the equivalent circuits shown in Fig. 6.3 and Fig. 6.4.

The AC active power drawn from the inverter which equals to the DC input and output

power of the lossless converter and are given as

2 2
o VAB,I,rms V:)ut

PAC - CcOs (qu) 5 Pm = V;lnlga Pout = 75 (610)
’Zm’ Rload

where Vap 1,ms is rms value of the fundamental component of inverter output voltage
vAB,1, as given in (6.2). With lossless power conversion, from (6.10), the input voltage can
be expressed as

V2

Vip = __out 6.11
IgRload ( )

Equating the DC output power to the AC active power in (6.10) and using expressions

from (6.1) — (6.2) and (6.11), the DC output voltage can be expressed as

12 ZOIg Q ’Zm|
81 iy (dm?s) cos (¢in) Zo

Vour = (6.12)
The expression of input impedance of the loaded resonant tank, in (6.12), can be derived

from Fig. 6.4. The impedances of individual tank components are given by

1 Z
Xip =20 fole = FZo, - Xpg =982, Xor=g o0 = = (6.13)

Now, the tank input impedance can be derived as

~jZe(Re + jgF Z,)

Zin - jFZO + ) A )
—jZe + (Re + jgF Zo)

(6.14)
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which can be expressed in the form below as

Z .
Zin = o [Zr +3jZ1], (6.15)

[(1 — gF?)% + F2Q2]

where the real and imaginary terms in (6.15) are defined as
Zr=Q(1-gF?) (1-F*)®+ (1+9)QF? — 4QF", (6.16)

Zr=(+g)F(1—gF?) —gF(1—gF?) — FQ* (1 — F?)*. (6.17)

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

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

6.2 Design of LCL-T Resonant Converter

The DC output voltage of the converter, derived in (6.12), is dependent on the resonant
tank parameters, load, operating frequency 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.

6.2.1 Operating Point Selection
From the expression of DC output voltage in (6.12), it can be normalized to be expressed

as

Q
‘/ou _norm — N Zin,norm ) 1
t \/ o5 (G| (619

using a base voltage defined as

(6.19)
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and the normalized input impedance (Zj,_norm) is defined as

Zin,norm: 7 (620)
o

The normalized DC output voltage (Vout_norm) from (6.18) is plotted against normalized
switching frequency (F') in Fig. 6.5, for different load (@), with g = 1, where it can be seen
that Viyut_norm becomes independent of (), if the switching frequency of operation is selected
to be equal to the resonant frequency i.e. with F' = 1. Under this operating condition, the

expression of output voltage from (11) is now given as

2 Zl,

Vout = ———F——~.
' 87 gin <¢ATB>

(6.21)

From (6.21), it can be seen that with F' = 1, Vp,; is also independent of g (Lg) which
is shown by Vout_norm versus F' plot in Fig. 6.6, for different ), with an arbitrarily chosen
value of ¢ = 0.3. And a special case of g = 0 makes it parallel resonant converter achieving
load independent output voltage from constant current source [106], [107], as presented in
chapter 5.

From the plots in Fig. 6.5 and Fig. 6.6, it can be observed that the output voltage is
load independent within £10% of F© = 1. So, it is possible to operate the converter with
a small variation in 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 frequencies, depending on their individual loads, which will introduce
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.
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With F' =1, tank’s input impedance (Z;;,) from (6.15) can be derived as

Zin|p=1 = Zo Ztan™! (1_g> : (6.22)
Q%+ (1-9)° ?

From this expression of Z;,, if g < 1, ¢;y, is positive and thus Z;, becomes inductive
which can help achieving ZVS for the primary side inverter switches. However, a non-zero
¢in puts a restriction on minimum power operation for which the output of the converter
can be regulated [81,100,101], as discussed in chapter 2. Hence, g is selected to be equal
to unity and with ¢ = 1, Z;,, becomes resistive, making the primary side inverter operate
at unity power factor (UPF), considering FHA, and with F' =1 and g = 1, Z;;, from (6.22)

and inverter power factor, cos (¢,), can be given as

Z2
Zin|p=1,4=1 = ﬁol(ﬂ (6.23)
o8 (¢in) [F=1,9=1 = 1. (6.24)

6.2.2 Derivation of Tank Signals

With the selected operating point of ' =1 and g = 1, the tank AC equivalent circuit
in Fig. 6.4 can be simplified and redrawn as shown in Fig. 6.7. This circuit can be solved
analytically, with FHA, to derive the AC signal of the tank and the solutions are provided
in this section. The phasor diagram of the AC quantities from Fig. 6.7 is drawn in Fig. 6.8
considering the fundamental component of vap as reference.

The expressions of tank signals can be derived from the equivalent circuits shown in
Fig. 6.3 and Fig. 6.7. The input current (i;) from the inverter to the resonant tank is shown
in Fig. 6.9 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

Iy = (i) = %It sin <¢;‘B> . (6.25)
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Fig. 6.7: AC equivalent circuit of the loaded LCL-T resonant tank, operating at F' = 1 and
g=1.
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Fig. 6.8: Phasor diagram for the circuit shown in 6.7.
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Fig. 6.9: Primary side inverter’s output voltage and current waveform (left) and DC side
input current waveform (right).

Since the converter is operating at /' = 1 and g = 1, vap1 and 7; are in phase and

thus, using (6.25), the current in the resonant inductor L, can be expressed as

() = I cos (wet) = *—19 s (wit) (6.26)

2. (9
sin (%)

The amplitude of load side resonant inductor current (ir) is evaluated from the circuit

in Fig. 6.7 with amplitude of v, from (6.8) and is given as

_ |Uo,1| . 4%AL‘/IJut s

= ——lioad- (627)

In = =
8n?2
Re 7?2 Rload 2n

Now, from the circuit of Fig. 6.7, ig can be expressed in terms of i; as

_.jZo _jé
R,

in=1i = i, 6.28
" i Z,+ R+ j 2, ! (6.28)

which means that i lags ¢; by 90° and thus, using (6.27), ir(t) can be expressed as

ig(t) = IR cos (wst — g) = %Iload coS (wst — g) . (6.29)
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The voltage across the resonant capacitor can be found from Fig. 6.7 as well and is
given by

) ) 4dn 1 T (1
ver = iR (Re + jZ,) = ?Vout 1+ @4 [—2 + tan <Q>} . (6.30)

Using trigonometric identity, it can be shown that

tan~! Q = g —tan~! <22) . (6.31)

Hence, from (6.30), the resonant capacitor voltage is given as

4 1
vor(t) = ?nvom 1+ @ cos (wst — tan~* Q) . (6.32)

The current through C). is evaluated as

vor 4n Lout 1 gy 1
= = — 1+ — ——t . .
7 Z 54 ( an Q) (6.33)

iC’r

Using the identity shown in (6.31), current in the resonant capacitor is expressed as

4 ou
icr(t) _ n 'V, t

- Z 1+ 52 cos {wst + tan~! <22>] : (6.34)

6.2.3 RMS Values and VA Rating of Tank Components
From the derivation of tank signals presented in (6.26), (6.29), (6.32) and (6.34), the

rms values of the tank signals can be found as

Lirms = ;@m(jﬂ (6.35)
IR rms = ﬁhoac& (6.36)
Verrms = Q{EHVOM 1+ Ql2 (6.37)
PN (6.38)
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From (6.35) — (6.38), it can be observed that for a given converter operating condition

(Ig, Vout, @aB), rms current of source side resonant inductor (L,) is constant and indepen-

dent of load whereas, rms current in load side resonant inductor (L) is directly proportional

to load (Ipqq). RMS voltage and current of the resonant capacitor is also dependent on the

load (Q).
The Volt-Ampere (VA) of L, (S,) is evaluated as

2

2
I
S =12 gz (T g Z.
Lr = i rmsZo <2\/§> sin(%‘B) 0

Using the expression of V,,,; from (6.21), (6.39) can be written as

8n? V2, R
SL’I’ = 71'220 Rload Rl(:;d = Z out — QPout'

VA of Ly (Spg) is evaluated as

2 2 2
T T Vout Pt
Sre=1%. Z,=|—1I Z,=— | =2~) Z,= .
Lg R,rms%o (2\/?77, load> o 8n2 (Rload o Q

The VA of the resonant capacitor (S¢,.) can be expressed as

72
SCT - ICr,rmsZO'

(6.39)

(6.40)

(6.42)

Now, from the phasor diagram of Fig. 6.8, it can be seen that ¢; and i in quadrature

and i¢, is the phasor subtraction of i; and ig. Hence, (6.38) can also be expressed as

— 2 2
ICTJ“WS - It,rms + IR,

rms’

and using (6.43), (6.42) can be written as

1
SC?“ = (It2,rms + Il%l,rms) Zo = (Q + Q) Pout.

(6.43)

(6.44)
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It can be seen from (6.40), (6.41) and (6.44) 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
(6.40), (6.41) and (6.44) and is given by

Stank = 2 <Q + é) Pous. (6.45)

6.2.4 Design of Resonant Tank
To find the VA rating of the resonant tank, (6.45) needs to be evaluated at maximum
output power (Ppytmaz). The normalized VA rating (Stank_norm), With respect to Poyt_max

can be given from (6.45) as

1
Stank,norm =2 (QPoutmaac + ) ) (646)
QPout,maJ:

where Q pout_maz 18 the quality factor at maximum output power. It can be seen that the

minimum value of Stunk_norm from (6.46) is attained at

1
QPout,maz = = = 17 (647)
QPout,maa:

and the minimum value of total tank VA rating is found out using (6.45) and (6.47) and it
is given as

Stank,min = 4Pout,max- (648)

Since, the total VA rating of resonant inductors is equal to the VA rating of resonant
capacitor, designing the tank with minimum VA rating means design with minimum induc-
tor VA rating. And, as discussed in section 5.2.1, through (5.44) and (5.45), design with
minimum inductor VA rating will result in minimizing the size of the resonant tank.

In order to design the individual tank elements, we need to start at (6.21) where Vi,

and I, are known, but, n, Z, and ¢4p are to be decided on. From the expression of ) in
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(6.7) and Pyt from (6.10), the characteristic impedance of the tank can be written as

8n? V2
7, = ——oul 6.49
i ok (6.49)

and substituting Z, from (6.49) into (6.21), the transformer turns ratio can be expressed as

Poth sin (m%) ( )
n = . 6.50
Ig%ut

In order to achieve minimum VA rating for the tank, the optimum value of transformer
turn ratio (nmin_v4) can be found out by substituting @ = Q pout_maz = 1 from (6.47) into

(6.50) and is given by
Pout_maz Sin <%%)
Ig‘/out

Nmin VA = (6.51)

The value of ¢ 4p is selected to be 120° which produces least harmonic content at the
output of the inverter with no triplen harmonics [60]. This also provides decent margin
from maximum possible control angle of 180°, for transient response. After determining the

transformer turn ratio from (6.51), Z, is evaluated from (6.49) as

8n?2 . V2
7 — min_.VA out ’ 6.52
¢ 2 Pout_maz ( )

and from (6.7), the tank element values can be calculated as

Zo Z,
L= 2o _ % 6.53
27 fo 27 fs ( )

1 1
T, p— f— 5 . 4
O = 5t 7y " 2 fiZ (6:54)

Z,

Ly=L == (6.55)

And the ratings of the resonant elements are given in (6.35) — (6.38).

6.3 Dual Active Bridge LCL-T Resonant Converter
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Table 6.1: LCL-T resonant tank parameters

Ly [uH] Cy [pF] Ly [uH] n
194.4 2085 194.4 2.9
3 A T T T T

o ‘_QS _QL _Qtot
2
Q
22
iy
F 1)
j=}
s

S O

(S8
T

NminV A

W
T

Normalized
Tank VA Rating

I 1 I I
1 15 2 25 3 35 4 45 5 b55 6
Transformer Turns Ratio, n

Fig. 6.10: Quality factor of the tank elements (top) and normalized VA rating of the tank
(bottom) with respect to transformer turns ratio.

With the design method from Section 6.2, the converter is designed for a system with
1 A input and 150 V output with a load range of 50 W to 500 W. The designed parameters
are shown in Table 6.1. The plot of quality factor and normalized tank VA rating for
various transformer turns ratio is presented in Fig. 6.10. It can be seen that the tank VA is
minimum at n = Ny A, as per (6.51). In Fig. 6.10, the quantities Qg, Q1 and Qo are
defined as follow.

From the definition of quality factors from [108], the quality factor of the load side
resonant inductor L is derived as

E
Q= an Plarklo, (6.56)
Pout
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where Ep 4,1 is the peak energy stored in Ly and is given as
Brgpr = 5L (x/imes) = Lyl s (6.57)
and from the equivalent circuit of Fig. 6.7, P, can be given as
Pout = 17y s Re- (6.58)

Substituting, (6.57) and (6.58) into (6.56) and using definition of w,, Z, and @ from

(6.7), QL can be expressed as

L Z, 1
QL T, R RO (6.59)

Similarly, the quality factor of the source side resonant inductor L, can be derived as

E
Qs = 2ntratlo, (6.60)
Pout
where Ep, ) is the peak energy stored in L, and is given as
1 2 9
ELr,pk = §Lr (ﬁlt,rms) = LrItyrms- (661)

Using the relationship between i; and ip from (6.28) and using (6.61) and (6.7), (6.60)

can be further expressed as

Re>2 Re

Qs = 2n o, ( ) (6.62)

It can be observed from (6.59) and (6.62) that Qg and @ 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 harmonic content) and



128

200
s L .
_ 1501 ] 1 1 1 -
= | | | 1 |
S
o
i == Simulated with Diode-bridge, ¢ 5 = 120°
- i == Analytical reference, ¢4 = 120°
0 100 200 300 400 500

P out [W]

Fig. 6.11: Steady state DC output voltage (Vo) versus load power ( Py, ); Red: result from
analysis, Blue: simulation result with diode-bridge.

vice versa. The term Qo is given as

Qm=Q+é- (6.63)

6.3.1 Limitation with Diode-bridge Rectifier

With the tank parameters listed in Table 6.1, the converter of Fig. 6.1 is simulated
in MATLAB/PLECS and the steady state DC output voltage at various load is plotted in
Fig. 6.11.

It can be seen from the blue plot in Fig. 6.11, 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 Vg,
at light load will demand the control angle (¢4p) to go towards its limit of 180° in order
to keep the output voltage at its desired value. This can potentially hinder the load range

of operation for which the converter can regulate its output. In order to keep the diodes
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Fig. 6.12: DAB LCL-T resonant DC-DC converter topology.

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 ¢4, considering the load range
and margin for component tolerances, but this will lead to higher component stress (6.35 —

6.38) and losses.

6.3.2 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 done employing an active bridge on the secondary side,
as shown in Fig. 6.12. The modulation scheme for both primary and secondary bridges are
depicted in Fig. 6.13 where ¢pg is the control angle between leg D and leg E of secondary
bridge and ¢ 4p is the angle between leg A and leg D.

With secondary active bridge, current in L, as well as in transformer secondary will
be in CCM. To operate the secondary bridge at unity power factor (with FHA) in order to
emulate the behavior of diode rectifier, the secondary bridge modulation angle ¢pg should

be equal to 180° and from the phasor diagram shown in Fig. 6.8, the relationship among
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Fig. 6.13: Modulation waveform of DAB LCL-T resonant DC-DC converter topology.

the three modulation angles [¢pap, ¢ap, ¢pE| can be given as

$aB T GpE
= — D — . 4
dAD 5 to 5 (6.64)
which, with ¢pp = 180°, becomes
bap = L;B- (6.65)

The DAB LCL-T resonant converter is also simulated in MATLAB/PLECS, with the
tank parameters presented in Table 6.1 and the steady state DC output voltage over the
load range is plotted in black in Fig. 6.14. This is also compared with result achieved with
diode-bridge on the secondary side and is shown by blue graph in the same plot. From
the black plot in Fig. 6.14, it can be seen that the steady state DC output voltage remains
constant, independent of load, as derived in (6.21), matching analytical reference shown in

red.

6.4 Experimental Verification
A prototype hardware has been built to verify the analysis presented so far with the
tank parameters mentioned in Table 6.1 and additional details presented in Table 6.2. The

photograph of the test setup is shown in Fig. 6.15. On the primary side inverter leg B
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Fig. 6.14: Steady state DC output voltage (Vo) versus load power ( Py ); Red: result from
analysis, Blue: simulation result with diode-bridge, Black: simulation result with DAB.

MOSFETSs go through ZVS by tank current and an active ZVS assisting circuit, presented
in section 3.2.1, is used for leg A [102]. Since the secondary side bridge operates at unity
power factor with fixed DC output voltage, a fixed, passive inductor (L.ys_sec) based ZVS
assisting circuit, as presented in section 3.1, is used across the secondary H-bridge for
ZVS [82] of secondary side MOSFETs. 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 inverters due to any component non-idealities. The values of Cpc_pri
and Cpc _sec are selected such that the resonance frequency between Cpc i and L, and
between Cpc_see and L; are an order lower than the main tank resonant frequency f,.
First, the converter is tested with a diode bridge rectifier and the results are shown in
Fig. 6.16 for 50 W and 500 W operation with ¢4 = 120°. It can be seen from the vpg
(purple) and ip (green) plot in Fig. 6.16(a) that the diode bridge operates in DCM mode.
Then, before performing power transfer test through the converter with DAB, the PWM
and gate to source signals for the legs of the primary and secondary H-bridges are tested

to check for delays and synchronization between primary and secondary and the captured



Table 6.2: Details of the LCL-T resonant converter

Component / Parameter Part Number / Value
I, [A] 1
Vout [V] 150
fs [kHz] 250
Pout [W] 50 — 500
Q1 — Q4 C2M1000170D (2 in parallel)
Cpe.pri [1F] 0.23
L .ys pri [WH] 50
D, — Dy, FFSH2065B-F085
Qs — Os IXFQ72N20X3
Cpc_sec [UF] 6.4
Lvs_sec [uH] 60

Resonant Tank &

Transformer
szsisec
Prlmary CD C sec
H-Bridge
Secondary
H-Bridge
ZVS-A
Secondary
FPGA

Primary FPGA PWM-SYNC

Fig. 6.15: Photograph of the hardware test setup.
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Fig. 6.16: Steady state operating waveforms with diode-bridge on the secondary side with
oap = 120°, (a) at 50 W and (b) at 500 W load. CH1 (deep blue): vap, CH2 (cyan): iy,
CH3 (purple): vpg, CH4 (green): ip.

results are shown in Fig. 6.17. The delay between PWM signal for leg A bottom device
(Pa_pot) and corresponding gate to source voltage (vgs_a_pot) is shown in Fig. 6.17(a).
Similar delay between PWM signal for leg D bottom device (Pp_pot) and corresponding
gate to source voltage (vgs_p_pot) is shown in Fig. 6.17(b). These two waveforms show same
delay (=70ns) between PWM and gate to source voltage for all the switches and hence the
commanded ¢4p between PWM for leg A and leg D is preserved across the gate to source
signals for leg A and leg D, which is shown by the waveforms presented in Fig. 6.17(c) and
Fig. 6.17(d).

With this synchronization between primary and secondary bridges, the commanded
¢ap is expected to be followed at the output voltage of the primary and secondary H-
bridges, as long as switches in all the legs of the primary and secondary bridges go through
ZVS or all of them go through hard switching. However, from the initial test results with
DAB LCL-T, the output voltage(s) of the H-bridges are found to be not following the
commanded modulation angle, even though all the MOSFETs underwent ZVS transition,
which is shown in Fig. 6.18. From the waveform of v4p (deep blue) and vpg (purple) in
Fig. 6.18(a) and Fig. 6.18(b), it can be observed that the positive rising edge of vpg is not
center-aligned with v4p, which is expected for the chosen modulation strategy (6.65). This
is primarily due to the highly non-linear output capacitance of the selected secondary side

MOSFETSs, which makes the ZVS transition instances in vpg to take a non-linear, sigmoid
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Fig. 6.17: PWM and gate to source signals for bottom MOSFETSs in leg A and leg D
showing various time differences. CH1 (deep blue): P4 _po, CH2 (cyan): vgs a_pot, CH3
(purple): Pp_pot, CH4 (green): vgs_p_pot-
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Fig. 6.18: Zoomed in steady state operating waveforms of the H-bridges with commanded

oap = 120°, oppp = 180°, and p4p = 60°, (a) at 300 W and (b) at 500 W load. CH1
(deep blue): vap, CH2 (cyan): iy, CH3 (purple): vpg, CH4 (green): ip.

shape. And this in turn shifts the mid point of the positive transitioning edge of vpg to
move to the right of mid point of flat top region of vap, as shown by the asymmetry in
Fig. 6.18. This has been rectified by adjusting the commanded ¢ 2p from the FPGA by a
fixed reduction of 84 ns and the results for vap (deep blue) and vpg (purple) are shown in
Fig. 6.19(a) and Fig. 6.19(b) at 100 W and 500 W load, respectively.

After correcting the commanded ¢ op from the FPGA controller, the converter is tested
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Fig. 6.19: Zoomed in steady state operating waveforms of the H-bridges with adjusted ¢ 4p,
with pap = 120°, opp = 180°, and ¢p4p = 60°, (a) at 100 W and (b) at 500 W load.
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Fig. 6.20: Steady state operating waveforms with active bridge on the secondary side with
pap = 120°, ppp = 180°, and ¢pap = 60°, (a) at 50 W and (b) at 500 W load. CH1
(deep blue): vap, CH2 (cyan): iy, CH3 (purple): vpg, CH4 (green): ip.

with active rectifier (DAB) and the steady state operating waveforms are shown in Fig. 6.20

for 50 W and 500 W operation with ¢4p = 120°, keeping ¢pr = 180° and ¢ap = 60°.
In the oscilloscope captures shown in Fig. 6.16 and Fig. 6.20, v4p is shown in CH1 (deep
blue), i; in CH2 (cyan), vpg in CH3 (purple) and ip in CH4 (green).

The steady state DC output voltage results with both a diode bridge and an active
bridge secondary are plotted in Fig. 6.21, versus the load power at fixed o4 = 120°. In
6.21, the red plot is the analytical reference (150 V) and the blue 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



136

170

160

__ 150
Z.
g
= 140
130
-e- Active bridge secondary, ¢pap = 120°
——Diode bridge secondary, ¢4 = 120°
120 1 1 1 1 1 1 1

200 300 400 500
Pout [W]

Fig. 6.21: Steady state DC output voltage (Vo) versus load power with ¢4p = 120°. Red:
result from analysis, blue: experimental result with diode-bridge on the secondary, black:
experimental result with active bridge on the secondary.

secondary bridge, the output voltage is relatively constant over a 10:1 load range. The
variation in Vs with an active secondary is between 149.1 V and 144.8 V, which is a drop
only about 2.9 %. The variation is due to non-idealities such as ESR of components. 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 L4, which can be seen from vpg (purple)
and ip (green) plot in Fig. 6.16(a).

The variation of control angle (¢4p5) needed to keep the output voltage regulated at
150V is plotted in Fig. 6.22, 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 g is quite large for operation
with a diode bridge, whereas, with active bridge on the secondary the variation is only 5.4°
over the 10:1 load range.

The DAB LCL-T resonant converter is also tested with load transient at its output
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Fig. 6.22: Variation in control angle ¢ 4p to regulate V,,; at a fixed value of 150V, 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.

with a fixed control angle (p4p = 115°) and the result is shown in Fig. 6.23. The output
load is varied from 350 W to 400 W and then back to 350 W. In Fig. 6.23, the input DC
voltage (Vjy,) is captured by CH2 (cyan), output current (Ij,q4) is captured by CH1 (yellow)
and the output voltage (Vo) 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 DAB LCL-T resonant converter’s tank current and voltage signals are captured and
shown in Fig. 6.24(a) and Fig. 6.24(b), for 50 W and 500 W, respectively with pap = 120°,
keeping ¢pr = 180° and ¢pap = 60°. From these plots in Fig. 6.24, it can be observed that
the phasor relationship among the tank AC signals follow the diagram shown in Fig. 6.8.
The rms values of tank inductor current and capacitor voltages are measured from the
oscilloscope captures at different loads and are compared with the analytical value(s) derived
in (6.35) — (6.37). The comparison is shown in Fig. 6.25, where analytical values are plotted

in solid lines and the measured values are shown in corresponding circles of the same color.
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voltage and CH4 (green): output voltage.
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Fig. 6.24: Steady state operating waveforms of the resonant tank signals with p4p = 120°,
¢opp = 180° and ¢p4p = 60° (a) at 50 W and (b) at 500 W load. CH1 (deep blue): vap,
CH2 (cyan): it, CH3 (purple): vcy,, CH4 (green): ig.

The top plot in Fig. 6.25 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. 6.26, at full load operating condition. These losses are used
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Fig. 6.25: Comparison of analytical and experimentally measured rms values of tank signals
of the DAB LCL-T converter over the load range. Top plot pane: black line is for Iy ;s
and blue line is for Ig ,ms; bottom plot pane: blue line shows the values for Vi pms. Solid
lines are for analytical and dots are for experimental results.

for components and heat sink design with natural cooling. The efficiency of the converter,
operating at fixed control angle of p4p = 120°, with active and passive bridges on the
secondary side, is shown in Fig. 6.27 in blue and red, 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 %.

6.5 Comarison of LCL-T Resonant Converter with PRC

DAB LCL-T and PRC (5) both can provide load independent DC output voltage from
constant DC current source. However, depending on application, one of them would be
beneficial over the other. Hence a comparison is made between these two topologies, in
terms of their major component ratings, in Table 6.3. It can be seen from Table 6.3 that
even though there are more resonant inductors in LCL-T compared to PRC, the total VA
rating (size) of the inductors are same. The transformer and secondary side devices in PRC

would see higher voltage than LCL-T topology, for same operating output DC voltage. In



140

[M\] ssoT 1emog

Fig. 6.26: Power loss distribution among the components of DAB LCL-T converter at full

load (500 W).

T T T T T
T TREl
| | | | I R
I I I I I
I I | | | I Il
L | o o I I L
. . , =
! ! NI
| I -
| | B> own
I S (I IR , "l ah
I I d a
| | o}
I I n n
| | o) IS)
- Q@ ———Q@+———————+——————— +o—————— SENSE
| | 0 3
| | > 5
I I
| i &0 &
20
“““““““““““ T .m T |
- EE
| | Q o
e N o £
| | g .2
| | < A
L \\\\\\\\\\\\\,\\\\\\\\m \\\\\\\\\ + +\
I
I
I
I I S P
I
I
I
|
I
L A L
]
I I I I I
I I I I I
I I I I I
I I I I I
<t (] o o0 Ne <t
D D D e ) 0 (e 0}

300 400 500
Pout [W]

200

Efficiency of the converter over the load range, operating at fixed control an-

Fig. 6.27:
gle ¢aB

Blue: experimental result with diode-bridge on the secondary, red:

120°.

experimental result with active bridge on the secondary.



141

Table 6.3: Comparison between PRC and LCL-T resonant converter

Parameter PRC LCL-T RC
Inductor VA rating Srr = (Q + é) Pour  Spr+ S0y = (Q + é) Pout
Peak transformer voltage 5 Vout Vout
Secondary device voltage 5 Vout Vout
Output filter Ly and Cy Cy
PWM synchronization Not required Required

addition, the output filtering stage in PRC contains additional inductor (L¢) which makes
the size of passive components in PRC higher compared to LCL-T RC. And, because of the
presence of this filter inductor, PRC will operate with current fed bridge in reverse direction
of power flow, if it is used as a bi-directional power converter, which would increase the
device counts on the secondary side. Whereas, DAB LCL-T can operate as bi-directional
power converter with voltage fed H-bridges on either side, which is analysed in next chapter
(chapter 7).

However, if only unidirectional power flow is required with a fixed or narrow range of
output load, PRC can be designed to operate with ZVS of primary side inverter switches
without any assisting ciruit and without any active switches on the secondary side. This will
eliminate the need of gate driver on the secondary side and PWM communication between
primary and secondary bridges, which is required for LCL-T RC. And, thus in such scenario,

PRC would be a better choice compared to LCL-T RC, in terms of overall cost and size.

6.6 Tolerance Analysis

The variation of output voltage due to tolerances in tank component values are shown
in Fig. 6.28 using the analytical expression of V,,; from (6.12) and Z;, from (6.15). In
Fig. 6.28, the analytical percentage variation in V,,; is plotted in solid lines for variation in

L, (blue), C, (red) and L, (black), with one of them varied at a time, keeping the remaining
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two fixed at their nominal value. 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. 6.28 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,ut. The results plotted in Fig. 6.28 are for the lowest load of P,,; = 50W, where
the value of () is maximum and has highest influence on V,,; due to component mismatch.
With use of a class I ceramic capacitor (COG, NP0), which is stable over temperature and
voltage bias, the capacitance tolerance is within +5 % which translates to variation in Vi
within +6 %, from the result plotted in Fig. 6.28. This can be taken care of by margin in
modulation angle of ¢p4p (120° to 180°). Further, since the tolerance is prominent at light
loads, active shunt current control circuit [99] can also be utilized at the input source with

slight drop of light load efficiency.
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Summary

In this chapter, an LCL-T resonant tank based DC-DC converter is introduced and
analyzed to be used as load independent constant output voltage source from 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 @ (VA rating) design and
the use of active bridge overcomes this limitation. A modulation scheme for the DAB
LCL-T resonant converter is presented to emulate the behavior of diode bridge rectification
on the secondary. And design method is established for overall operation of the converter
with minimum VA rating for the tank components, the isolation transformer, and the H-
bridges. ZVS requirements for all the MOSFETSs are identified and suitable passive/active
ZVS assisting circuits are employed to ensure ZVS turn on of all the devices. Experimental
results verify the load independent output voltage characteristics with good match for tank
AC signal(s) in terms of their analytical estimate(s) and experimentally measured value(s).
The DAB LCL-T resonant converter is capable of bidirectional power flow and thus can be
used in application requiring DC current source to DC voltage source conversion and vice

versa which is explored in next chapter.



CHAPTER 7
BIDIRECTIONAL LCL-T RESONANT CONVERTER FOR CRITICAL LOADS

The converters used in the constant DC current distribution typically are unidirectional
i.e. delivering power from the trunk cable to the load. However, in the event of any cable
fault, the downstream converters lose power. But, there are few critical loads on the seabed
which needs uninterrupted power for its functioning and are supplied with auxiliary power
sources. A system level block diagram of the string of converters are shown in Fig. 7.1,
similar to the one presented in Fig. 1.5, where multiple converters or power branching units
(PBUs) are connected in series to tap power from the DC current feed to deliver required
voltage or current to their respective loads.

Some of these PBUs deliver power to critical loads where redundant, identical DC-
DC power converter modules are used within a PBU, as shown in Fig.7.2. The DC-DC
converters within a PBU are connected to the input/output of the PBU through relay
networks to select appropriate converter modules for seamless power delivery to the critical
load. In addition, there is an auxiliary source housed within the PBU(s) for uninterrupted
power for the critical loads. As shown in Fig. 7.3, under normal conditions, power flows
from the constant current source to the load through one of the DC-DC converter modules
to provide constant voltage to the load, while the other module is bypassed and kept idle. In
case of fault in the line, the relay networks reconfigure the PBU with a connection shown in
Fig. 7.4 where the second DC-DC module converts the power from auxiliary voltage source
to a constant current drive feeding the first converter which then delivers power to the load,
regulating its output voltage. Hence the power converter modules need to be capable of
converting a current source to a voltage source in forward direction of power flow and a
voltage source to a current drive in reverse direction of power flow.

Bidirectional dual active bridge (DAB) LCL-T resonant converter, tuned to the switch-

ing frequency, fits well in this type of application where there is a need of current to voltage
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conversion and vice versa [49]. In this chapter, a detailed analysis is presented for an iso-
lated DAB LCL-T resonant converter with generalized three angle modulation for the active
bridges, having current source input in forward power flow and voltage source input in re-
verse power flow. It has been shown how the modulation angle need to be set for converters
used in constant current distribution systems and how the resonant tank and transformer
turn ratio need to be designed for minimization of VA ratings of the converter components.
Steady state modeling and analysis is presented in section 7.1 with detailed derivation for AC
circuit analysis with generalized three angle modulated DAB LCL-T resonant converter to
establish the DC input output relationship, in either direction of power flow. The converter
design guideline is established in section 7.2 with modulation strategy, component stress
and ZVS requirements. The experimental prototype developed is presented in section 7.3
with results showing pretty good match between analysis and experimentally obtained data.
Effect of resonant tank component tolerance on DC output(s), in either direction of power
flow, is presented in section 7.4. The load independent output characteristics of DAB LCL-
T resonant converter is expanded in section 7.5 to design converter for wide voltage range,
with multi-winding transformer and switch network, together minimizing component stress
and improving efficiency. Simulation results are presented showing bidirectional operation

of this converter over a range of voltage and load.

7.1 Steady State Modeling and Analysis

The DAB LCL-T converter topology is detailed in Fig. 7.5. In forward direction of
power flow, power is transferred from DC current source I, to load Rj2, to regulate con-
verter’s output DC voltage V5, as highlighted in blue in Fig. 7.5. Whereas, in reverse
direction of power flow, power from DC voltage source V, flows to Ry, regulating DC
current I; as its output which is highlighted in brown in Fig. 7.5. In Fig. 7.5, MOSFETSs
@1 — Q4 forms primary side H-bridge which translates DC voltage V; into an AC quasi-
square wave v4p through symmetrical phase shift modulation, with leg A leading leg B by
an angle ¢ 4p as shown in Fig. 7.6. Similarly, MOSFETs Q5 — Qg forms secondary side

H-bridge between DC voltage V2 and AC quasi-square wave v, 5, modulated by angle ¢pg,
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Fig. 7.6: Modulation waveforms of DAB LCL-T resonant converter.

with leg D leading leg E whose time domain waveform is also shown in Fig. 7.6. As shown
in Fig. 7.6, the two H-bridges are separated by angle ¢4p, which is the angular distance
between positive rising edge of vap and v}, 5. With reference to the modulation waveform

presented in Fig. 7.6, any angle (¢xy) used in the analysis is defined as

Oxy = ¢y — ¢X. (7.1)

The resonant tank is formed by capacitor C, and two equal valued inductors L, and
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Fig. 7.7: Equivalent circuit of DAB LCL-T resonant converter topology using FHA.

L, transferring power between the two H-bridges through a n : 1 isolation transformer.
Capacitors C7 and Cs filter out high frequency signals at the DC side of the H-bridges.
With fundamental harmonics approximation (FHA) [67], the converter shown in Fig. 7.5
can be redrawn, as the equivalent circuit shown in Fig. 7.7, for the steady state analysis
and it is assumed that all the components are ideal and lossless. In the analysis to follow,
average value of signal x is represented by (z), amplitude of AC side signal x,, is represented
by X, and signal or parameter x is expressed with a prime (z’) on the secondary side of

the transformer.

7.1.1 AC Equivalent Circuit Analysis

The fundamental AC equivalent circuit of the loaded LCL-T resonant tank, reflected
to transformer primary side, is shown in Fig. 7.8 where vg and ig represent the source
side fundamental AC voltage and current, respectively and vy and ij represent load side
fundamental AC voltage and current, respectively. In the circuit shown in Fig. 7.8, the load
side impedance Z, is the equivalent complex impedance seen at the AC side of the H-bridge
and is derived as follows.

An H-bridge controlled through phase shift modulation angle ¢; is shown in Fig. 7.9
whose voltage and current signals on the DC side are Vpe, Ipc and vac, i4c on the AC
side. The voltage and current waveforms of this H-bridge are also shown in Fig. 7.9 with
vac,1 being the fundamental component of vac. With vac,1 as reference, the AC side

quantities of the H-bridge are expressed as
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current waveforms.

vac, (t) = %VDC sin (%I) sin (wst) , (7.2)

iac (t) = Iacsin (wst — dac) , (7.3)
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where ¢ 4¢ is the phase shift angle between vac1 and i4c and I4¢ is the amplitude of i4¢
and ws is the angular switching frequency of operation. The DC side current Ipc can be

evaluated from the AC side current as

1 [ET 2 (o1
Ipc =+ o, lac (t)dt = ;IAC sin | < | cos (Pac) - (7.4)
Ws 2

Lr
2

The impedance seen from the AC side of the H-bridge is expressed as

Zac = |Zac| Ldac, (7.5)

where |Z s¢| is calculated using (7.2) and (7.4) as

v 8 .
| Zac| = ’!ZIZ(;T’ = ﬁRDC cos (¢ ac) sin’ <¢;I> , (7.6)

where Rpc is the resistance on the DC side of the H-bridge. The impedance in (7.5) can

also be expressed in the form given as

Zac = Rac + jXac, (7.7)
where Rac and X 4¢ are the real and imaginary part of Z ¢, respectively and are defined
as

Rac = |Zac|cos(9pac), Xac =|Zac|sin(¢ac)- (7.8)
Now, going back to the AC equivalent circuit in Fig. 7.8, the load side AC impedance

can be represented as
Ze = ’Ze| 4¢67 (79)

where ¢, is the angle between vy, and i7. Since the converter’s switching frequency (fs) is

same as its resonant frequency (f,), the circuit in Fig. 7.8 is symmetric and can be analyzed
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irrespective of power flow direction from I, to Ry or from Vj, to Ry;. The circuit quantities

used in the analysis are defined as

1 L,
= Y, L :[J7 2 =
fo 2L, C, g " ¢

From the equivalent circuit of Fig. 7.8, the input impedance of the loaded tank, seen

_fs
o F=7=t (7.10)

from the source side can be derived as

o . 2
JZo(Ze + jZ,) _ Z5 Z(=e). (7.11)

Zs = jlo+ — — =
J o —JZo+ Ze+ 32, |Ze|

Using Zg from (7.11), the AC source current ig can be found as

vs |Ze|

Zs ' z2

ZLoe, (7.12)

where Vg is the amplitude of vg, which is also taken as the reference AC voltage. The load

side AC current i;, can be derived as

i = ‘Z/iz (—g) . (7.13)

The voltage across and current through resonant capacitor C, can be derived as

ver = Vi cos (¢e) 4 [1+ QlQé (— tan ™! Qz) , (7.14)
oy = ‘Z/LO cos (de) |1+ ngé tan~! <$Z> , (7.15)

where V7, is the amplitude of vz, and (), is defined as

Q. = | Ze| cos (de)

= Zo+|Z.]sin () (7.16)

From the derivations in (7.12) — (7.15), the phasor diagram of the AC equivalent circuit

in Fig. 7.8 can be drawn as shown in Fig. 7.10, with vg taken as reference and ¢gy, defined
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Fig. 7.10: Phasor diagram for the AC signals from this equivalent circuit of Fig. 7.8.

as the phase angle between vg and vy, and is related to ¢. by

s

Pe =75 — IsL- (7.17)

The source and load active power in the circuit of Fig. 7.8 are expressed as

_Vilz
Pg = 2 7 cos (¢e) , (7.18)
V2
p,=_—1L c) . 7.19
L 2‘Ze’ COs (¢ ) ( )

The power transfer from source to load, through the resonant tank, in terms of source

and load side AC voltages can be given as

cos (¢e) . (7.20)

From (7.20), the maximum power transfer for a given resonant tank will occur with
maximum values of Vg and V}, and at ¢. = 0 and this value can be given in terms of DC

voltage(s) V1 and V5 as
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&n V1V2

and the set of modulation angle(s) at which maximum power transfer occurs is given as

™
¢ap =7, Gpg=m, ¢AD_W%+%% =3 (7.22)

From the analysis and phasor diagram of the AC equivalent circuit presented in this

section, the following key properties of LCL-T resonant tank can be observed

1. For power transfer from the source to the load, source voltage (vg) will lead the load

voltage (vr).
2. The load current (i) always lags source voltage (vg) by 90°, for any load impedance.

3. An inductive impedance on the load side (i1, lagging vy ) will reflect as capacitive on

the source side (ig leading vg) and vice versa.

7.1.2 DC Input — Output Relationship

From the analysis of the AC resonant circuit established in previous section, the re-
lationship of input — output DC quantities can now be derived from the equivalent circuit
modeled in Fig. 7.7, starting with the forward power transfer. The amplitude of the funda-

mental component of AC voltage(s) from the two H-bridges are given as

4

Vg1 = —Visin <¢AB> : (7.23)
s 2
4

Vbe1 = —nVQ sin (¢L2)E> . (7.24)
T

For forward power flow, substituting (7.23) and (7.24) in to (7.18) and (7.19) and

equating the source and load side power the following relationship is established
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V1 sin (‘bA#B) Zo

= . (7.25)
nVs sin (‘z”%) | Ze|
Using (7.6), the magnitude of AC load impedance is given as
8n’ . o ( ¢DE
| Ze| = —5 B2 cos (¢e) sin — ) (7.26)
T

where Rpo is the load resistance on the DC output side. From the circuit in Fig. 7.7, the

DC power input (P;,) and DC power output (P,,:) can be given as

Vs

Pinzvlllv Pyt = RL2‘

(7.27)

With lossless power conversion, equating the input and output DC power from (7.27),

the input DC voltage can be expressed as

v
LiRry

Vi (7.28)

Substituting V7 from (7.28) and |Ze| from (7.26) into (7.25), the expression of V5 for
forward power flow can be derived as

Vs = 12 L, Z,

8n sin (45,4?3) sin (%) cos (¢e)

(7.29)

The value of ¢, can be found from (7.17) with ¢ g7, evaluated for forward power (¢sr_r),

from the modulation waveform in Fig. 7.17 and is given as

¢sL.F = ¢aD — qb’%B + %%E. (7.30)

Finally, substituting (7.30) and (7.17) into (7.29), the DC output voltage V5> can be

expressed as
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g LZ
Vo= - : (7.31)
i (42 sin (25 ) sin (04 — 42 + 242
From (7.31), it can be observed that with I; = I, i.e. with constant DC current

source, the output DC voltage of the converter becomes independent of load. The input
voltage, however, will be dependent on load and is found out by plugging in V5 from (7.31)

in (7.28) and is given by

2
L | =2 Z,

Rra | 8n gy (%) sin ((;5)%) sin (¢AD — W?B + m%)

Vi = (7.32)

The DC input current to the converter (/;) and AC input current to the resonant tank

(i¢) are related through the primary side H-bridge by

L = (i1) = %sin <¢';B> cos (¢e) , (7.33)

where [; is the amplitude of i; and average value of current 4; is represented by (i;). For
forward power flow, I; = I, and thus the tank input current can be written from (7.33)
and using (7.12) as

. s I
1 = = g

2 gin (%) cos (¢e)

ZLoe. (7.34)

Similarly, the load side tank AC current ip can be expressed, using the phase informa-

tion from (7.13), as

= Vi T
T Ry sin (¢;3> cos (qﬁe)é ( 2) ' (755

Following similar approach, the equations of signals for reverse power flow can be
derived which are tabulated in Table 7.1 and Table 7.2, along with the equations for forward
power flow. The phasor diagram for the tank AC signals are presented in Fig. 7.11, for both

forward and reverse power flow, taking vap,1 and vpg,1 taken as reference, respectively.
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Fig. 7.11: Phasor diagram for the AC signals for forward and reverse power flow.

The power flow direction from primary to secondary and vice versa is dependent of the
phase angle (¢pg) between vy B, and vpg 1, which can be found out from the modulating
waveform shown in Fig. 7.6 and is given by

¢aB | dpE

¢ps = ¢ap — —— +

5 5 (7.36)

For forward power flow, where I; and Iy are positive, ¢pg is within the range [0, 7] and
in reverse power flow, where I; and Iy are both negative, ¢pg is within the range [—m, 0].

Thus, the relationship between ¢gr, and ¢pg is given by

¢sL = |¢ps| = |¢ap — gb’%B + %% , (7.37)
and from (7.17) the relationship between ¢, and modulation angles is given by
_T _ T _ 9AB | ¢DE
Pe =5 —lops| =5 —|bap — =+ ——|. (7.38)

The variation of ¢ g7, and ¢, are plotted against ¢pg in Fig. 7.12 along with the variation
in normalized power (Ppg_norm) from primary to secondary, normalized using (7.21), for

oA = ¢pg = m, which is defined as

PpSﬂm«m = sin (gbps) . (7.39)
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Fig. 7.12: Variation of ¢g1,, ¢ and normalized power (Ppg_norm) over the range of ¢pg, for
forward and reverse power flow.

7.2 Design of the Converter
From the analysis presented in the previous section, converter gain for forward (Gp)

and reverse (GR) power flow are expressed as

Gp=-—= : 8n (7.40)

Gr=—= . (7.41)

It can be observed from (7.40) and (7.41) that the magnitude(s) of the gain(s) are

reciprocal to each other, i.e.

1
Grl = \

42
el (7.42)

which means that for a given resonant tank (Z,) and transformer (n) the input to output

dap — 242 + 252,

ratio can be achieved with same set of modulation angle [gb AB, PDE,
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with source AC voltage leading the load side voltage. And thus, with a designed modulation

angle set, the tank and transformer can be designed irrespective of power flow direction.

7.2.1 Modulation Angle

In forward power flow, when the converter is fed from a DC current source, a non-zero

¢ makes the input impedance seen by the source H-bridge either inductive or capacitive.

This brings in a restriction on minimum power operation of the converter for which the

output can be regulated [81], [100]. So, to eliminate such limitation, ¢, is made to be zero
which, from (7.38) gives

$aB | $pE| _

™
vap =Ty T Ty

(7.43)

Now, with the condition established in (7.43), control of output can be done through
¢ap or ¢pg. Since the secondary side of this converter has higher current compared to the
primary side, in this application, ¢pg is set to its maximum value of 180° to keep the device
current stress low for the secondary H-bridge and control of the converter is done through
PAB-

Finally, the nominal operating value of ¢ 4p is chosen to be 120° which eliminates any
triplen harmonic content out of the primary H-bridge [60]. This also keeps good margin
from maximum possible value of ¢4 as 180°, for transients. With known ¢4p and ¢pg,

¢ ap is found out using (7.43) and the set of modulation angles for forward power is given

as

o o A
dap = 120°, ¢pr = 180°, $aDp = d)TB, (7.44)
whereas, for reverse power, it is given by
bap =120°,  épp =180°,  ¢ap = PAB _ yg0e. (7.45)

2
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Fig. 7.13: Phasor diagram for the tank AC signals in forward and reverse power flow, at
the operating condition.

7.2.2 Derivation of Converter Signals

With the selected operating set of modulating angles in (7.44) and (7.45), the resul-
tant signals of the converter from Table 7.1 and Table 7.2 can be simplified to the signals
tabulated in Table 7.3 where the terms Z, and (), are modified to R, and @, respectively.

From (7.16), @ is expressed as

R,
Q=7 (7.46)

The AC signal expressions presented in Table 7.3 are referenced with their respective
source voltage(s), i.e. vap,1 for forward power and vpg; for reverse power. The phasor
diagram of the tank AC signals at the operating condition is shown in Fig. 7.13. From the
expressions of the tank AC signals in Table 7.3 and phasor diagram presented in Fig. 7.13,
it can be observed that at the selected operating condition, both the H-bridges now operate
at unity power factor (UPF), in terms of their fundamental AC voltage and current. Also,
from these derivations, rms current(s) in the tank components can be calculated from their
signal amplitude which are used to calculate the VA of the tank to design the resonant tank

and transformer turn ratio for lowest VA rating.



Table 7.3: DAB LCL-T resonant converter — signals at the operating condition
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Quantity Forward Power Reverse Power
2
1 2 VA

V -9 | TZ o I R

1 Ri2 [8nsin<¢gB)] |1 Rra

h I, %2 sin (42

7'I’2 1, Zo
Vo %bin(g(bg,g) vy,
\% 8 . 2
I RS —Rr1Vy [ 5 sin (%)}
2

R, 8 Rio 5 Ry sin? (242)
vg VAB1 = %Vl sin (%) Z0 vpp,1 = V0
vL vpp1 = 2Vel — % vAB1 = - Visin <¢§B) -
i ="l /0 ip="—1hl__o/r

S t — QSin(dJAB) R 251n<¢25)

i =4 Vo , m i, = 4nVy 1

L R = T QZo 2 t T Lo T 2

_ Zo|I _
ver iy, 1+ &2 (~tan"1 Q) gsin(%xlf's) 1+ Q%/ (—tan™' Q
2

iCr 47"& 1+ A /tan™! (1 — Il V1+Q2Ztan™t (1>

™
2 sin (—d)‘%B )

Ql
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7.2.3 Design of Resonant Tank and Transformer
The VA of the resonant tank (S7g,k) can be expressed in terms of rms current through

L,, Ly and C, as

STank = (It%rms + IIQ%,rms + Iér,rms) Zo. (747)

Since the current through the resonant capacitor is phasor subtraction of i; and ig
which are in quadrature to each other, the rms currents through the tank elements can be

related as

Torems = v/ Poms + o me- (7.48)
Substituting (7.48) in (7.47) the tank VA is evaluated as
Stank =2 (Irms + Tfrms) Zo- (7.49)

Using the expressions of i, ig and V5 from Table 7.3 and @ from (7.46), the tank VA

expression from (7.49) can be further simplified to

STank: =2 <Q + é)) Ploada (750)

where Pj,qq represents the output load. The expression from (7.50) is normalized with

respect to Pj,,q and expressed as

STank,norm =2 (Q + é) . (751)

Now, from the expression of V5 from Table 7.3, Z, can be expressed as

8n V2sin (W?B)

Zy=n N2 ) 7.52
2 I, (7.52)

and substituting this value in (7.46), @ can be expressed as
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1,V
Q= "92 (7.53)
P)load sin (%%)
The tank VA rating is found under the maximum load condition (Poeqd = Pload maz)

and from (7.51) it can be seen that the normalized VA of the tank would be minimum
when @ = 1, under maximum load. Plugging @ = 1 in (7.53), the optimum value of

transformer turns ratio (nqp:) can be expressed as

Pioad_maz SN (%)
Val,

(7.54)

Nopt =

Using (7.54) in (7.52), Z, can be evaluated from which the values of resonant tank

components can be calculated as

Zo Zo

L= 2o — Zo 7.55
27 fo 27 fs ( )
1 1
O = 5tz T iz (7.56)
Z,
Ly=Li=5 (7.57)

The normalized VA rating of the tank is plotted against transformer turn ratio (n) in

Fig. 7.14 where it can be seen that the minimum value of tank VA occurs at n = ngp.

7.2.4 ZVS Assistance

With the H-bridges of the converter designed to operate at UPF (FHA), all the MOS-
FETs will not have zero voltage switching (ZVS) and hence ZVS assisting circuits are
needed. The secondary H-bridge operates at UPF with ¢pr = 180°, resulting in zero cur-
rent turn on and turn off, in either direction of power flow. So, a fixed inductor (L,ys_sec)
based passive ZVS assisting circuit, as presented in section 3.1, is used across leg D and
leg FE, since the bridge operates with fixed DC voltage V5. On the primary side H-bridge,
which operates with ¢4 = 180°, tank current (i;) does ZVS for MOSFETSs in lagging
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Fig. 7.14: Normalized VA rating of the tank for various transformer turn ratio (n).

leg, for forward power and leading leg, for reverse power. For the other leg in the primary
bridge, an active ZVS assisting circuit with an inductor (L.ys pr;) and a half-bridge, as
presented in section 3.2.1, is used to achieve ZVS over the wide load range, since the DC

voltage (V1) for primary bridge varies with load.

7.3 Experimental Results

A prototype hardware has been built to verify the analysis presented in the previous
sections whose details are presented in Table 7.4 and the test setup is shown in Fig. 7.15.
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.

For forward power transfer, the converter is tested with 1 A constant DC current source
with modulation angle set from (7.44) for a load range of 50 W to 500 W and the steady state
waveforms of the H-bridge voltage and current are shown in Fig. 7.16(a) and Fig. 7.16(b)
for a load of 50 W and 500 W, respectively. Similar set of waveforms are shown for reverse
power flow from a 150 V constant DC voltage source, with modulation angle set from (7.45),
in Fig. 7.17(a) and Fig. 7.17(b), for a load of 50 W and 500 W, respectively. In Fig. 7.16
and Fig. 7.17, CH1 (deep blue) shows the waveform of v4p, CH2 (cyan) is for ;, CH3

(purple) is for v, and current iy is shown in CH4 (green). It can be seen from these



Table 7.4: Details of the bidirectional LCL-T resonant converter

Component / Parameter Part Number / Value

Iy / [1Ii] [A] 1
Va |V, [V] 150

fs [kHz] 250

Pioad [W] 50 — 500

L, [uH] 194.4

Cr [pF] 2085

Ly [uH] 194.4

n 2.9

Q1 —Qu C2M1000170D (2 in parallel)
Cpc_pri [UF] 0.23
Lzvs pri [uH] 50

Q@5 — Qs IXFQ72N20X3
Cpcsee [UF] 6.4
Lzvssec [uH] 60

Resonant Tank &

Transformer
Lz w_sec
Primary Coc see
H-Bridge
Secondary
H-Bridge
ZVS-A
Secondary
FPGA

Primary FPGA PWM-SYNC

Fig. 7.15: Photograph of the hardware test setup.
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Fig. 7.16: Steady state operating waveforms (a) at 50 W and (b) at 500 W load for forward
power transfer from 1 A current source (I,) with p4p = 120°, ¢pr = 180° and pap = 60°.
CHI (deep blue): vap, CH2 (cyan): i;, CH3 (purple): v}, CH4 (green): .
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Fig. 7.17: Steady state operating waveforms (a) at 50 W and (b) at 500 W load for reverse
power transfer from 150V voltage source (V) with ¢pap = 120°, ¢pp = 180° and
¢ap = —120°. CH1 (deep blue): vap, CH2 (cyan): iy, CH3 (purple): v),5, CH4 (green):
-/
5.

R

waveforms that for forward power transfer, fundamental components of v4p and i; are in
phase and v}, and i, are in phase with vap leading v}, by 90°, as per the derivations
and phasor diagram presented in Table 7.3 and Fig. 7.13, respectively. Whereas, in reverse
power transfer, the corresponding pair of voltage and current are 180° out of phase with
v leading vap by 90°, conforming to the derivations and phasor relationship presented
in Table 7.3 and Fig. 7.13, respectively.

The steady state DC output voltage (V2), with fixed control angle of ¢4 = 120°, is
plotted over the load range in Fig. 7.18(a), for forward power transfer. Whereas, the DC

output current (|I1]) with fixed control angle of ¢ap = 120° is plotted in Fig. 7.18(b),
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Fig. 7.18: Steady state DC output versus load power (Pj.q) — (a) voltage (V) in forward
power and (b) current (|1]) in reverse power . Red: result from analysis, blue: experimental
result.

for reverse power transfer operation. In Fig. 7.18, the red line(s) represent the analytical
reference and the blue line(s) show the experimental data. It can be seen from these plot(s)
that the DC output is almost constant over 10:1 load range, making them fairly independent
of load. The small variation in the DC output is within around 3% for forward power and
within 4 % for reverse power transfer operation which, in part, is due to non-idealities such
as ESR of components etc., which were ignored in the analysis.

The other reason for increased output at light load is due to change in effective operating

¢ap. In the primary H-bridge, the voltage transition in leading leg (positive rising edge
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Fig. 7.19: Zoomed in steady state operating waveforms (a) at 50 W and (b) at 100 W load

for reverse power transfer from 150 V voltage source (V) showing higher effective ¢ 4p. CH1
(deep blue): vap, CH2 (cyan): iy, CH3 (purple): v}y, CH4 (green): ;.

of v4p) in reverse power happens swiftly owing to low magnitude of V; under light load
conditions which can be seen in the waveform of vap in Fig. 7.19(a) and Fig. 7.19(b), for
50 W and 100 W load, respectively. This makes the effective value of ¢4 to be higher
than controller command, resulting in slightly higher output current. In Fig. 7.19(a), the
effective pap = 127° and in Fig. 7.19(b), the effective p4p = 125°. Similar situation
would take place for lagging leg in forward power transfer lowering the effective value of
¢ap and thus increasing the DC output voltage at light load.

Steady state DC output current (|I1]) in reverse power, with the controller adjusted
oap = 120°, over the load range, is plotted in black in Fig. 7.20 alongside the results
shown in Fig. 7.18(b) with controller commanded ¢4 = 120° in blue. It can be seen from
the black line in Fig. 7.20 that with adjusted ¢ap = 120°, the output current stays fairly
constant — within 2 % variation over the entire load range.

In practice, the converter needs to regulate its output over the load range and hence the
variation of control angle (¢ 4p) needed to keep the output regulated at the desired value is
also checked for this converter operating in both directions of power flow. The experimental
data is plotted in Fig. 7.21 where the blue plot is for forward power transfer, black plot is
for reverse power transfer and red line shows the analytical reference. The experimental
data range of ¢ 4p is within the control boundary of the converter and the variation is only
within 8°, over the entire load range, for either direction of power flow.

The tank AC signals are captured for both direction of power flow and are shown in
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Fig. 7.20: Steady state DC output current (|I;]) in reverse power, versus load power
(Poad)- Red: result from analysis, blue: experimental result with controller commanded

120°.
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Fig. 7.21: Variation in control angle (¢4p) over the range of load power (Pjqq). Red:
analytical value, blue: regulating output voltage at 150V for forward power flow, black:
regulating output current at 1 A for reverse power transfer.
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Fig. 7.22: Steady state operating waveforms of the resonant tank signals (a) at 50 W and (b)
at 500 W load in forward power transfer with ¢ 45 = 120°, opp = 180°, and p4p = 60°.
CH1 (deep blue): vap, CH2 (cyan): i;, CH3 (purple): vc,, CH4 (green): ig.

Fig. 7.22 and Fig. 7.23 for forward and reverse power transfer, respectively, at 50 W and
500 W load. And it can be seen from these captures in Fig. 7.22 and Fig. 7.23 that the
tank signals follow the phasor relationship shown in Fig. 7.13. The rms current in the tank
inductors and rms voltage across the resonant capacitor are also measured in hardware,
from the oscilloscope captures, for the entire load range in both direction of power flow and
are compared to their analytical values. The comparison(s) are shown in Fig. 7.24(a) for
forward power and in Fig. 7.24(b) for reverse power operation. In Fig. 7.24, the analytical
results from Table 7.3 are plotted in solid line(s) whereas the measured data are shown in
corresponding dots of same color. The top plot in Fig.7.24(a) and Fig.7.24(b) compares the
rms current (i; and ir) in the tank inductors and the bottom plot compares the rms value
of resonant capacitor voltage (vc,). The plots in Fig.7.24 depict a good match between
analysis and results obtained from the hardware experiments.

The converter efficiency, regulating its DC output at its desired value — 150V for
forward power transfer and 1A for reverse power transfer, are shown in Fig. 7.25 where
the result for forward power is shown in blue and the black plot is for operating in reverse

direction of power flow, with a peak efficiency around 96 %.

7.4 Tolerance Analysis

The variation of DC output voltage, for forward power flow and DC output current,



Fig. 7.23: Steady state operating waveforms of the resonant tank signals (a) at 50 W and (b)
at 500 W load in reverse power transfer with p4p = 120°, ¢prp = 180°, and p4p = —120°.
CH1 (yellow): vap, CH2 (cyan): i;, CH3 (purple): vy, CH4 (green): ig.

for reverse power flow are plotted in Fig. 7.26, for variation in each tank components, one
at a time, keeping the other two elements at their nominal value. The results shown in
Fig. 7.26 is from simulation carried out in MATLAB-PLECS at lowest output power of
50 W where the quality factor (Q) is highest and the output(s) would be most sensitive to
component tolerances. In Fig. 7.26, the solid lines represent the percentage variation in
the DC output for forward power flow and the dotted lines are for reverse power flow with
respect to percentage variation in L, (blue), C, (red) and L, (black). From this plot, it can
be seen that the DC output is not sensitive to the variation in resonant inductor values but
are strongly dependent on variation in resonant capacitor. However, since class I ceramic
capacitors (COG, NP0), stable over voltage bias and temperature, are used as the resonant
capacitor, the tolerance in capacitance is within £5% resulting in a variation in output
within +6 %. This variation can be taken care of by the control range of ¢ap (120° to
180°). Further, since the tolerance is prominent at light loads, active shunt current control

circuit [99] can also be utilized at the input source with slight drop in light load efficiency.

7.5 Bidirectional LCL-T Resonant Converter for Wide Voltage Range

The load independent output characteristics of bidirectional LCL-T resonant converter
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Fig. 7.25: Experimentally measured efficiency of the converter versus load power for forward
(blue) and reverse power (black), regulating its output at 150 V and 1 A, respectively.

Variation in tank elements

%

Fig. 7.26: Percentage variation in DC output with respect to variation in resonant tank

elements. Solid lines are for forward power transfer and dotted lines are for reverse power

flow operation. Blue lines are for L,., red lines are for C, and black lines are for L.
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Table 7.5: Operation modes of the bidirectional converter over wide voltage range

Mode of Active switches Active transformer | Voltage range (12)
operation | in switch network windings
nl Q21, Q22 P, 51 Vo min — 7Vo_min
n2 Q19, Q20 P, Sy Vo min — 17*Va_min
n3 Q17, Q18 P, S3 2 Vaimin — 1 Va_min
n4 Q15, Q16 P, Sy Vo min — Va.maz

can be extended for use in critical applications requiring to interface constant current source
to wide output voltage, similar to Section 5.4, in either direction of power flow. The
converter hardware architecture is shown in Fig. 7.27 where in forward direction of power
flow, power is drawn from current source (I,) to load (Rr2), as shown in blue, and in reverse
direction of power flow, power is drawn from voltage source (V) to load (Rp1), as shown
in brown.

In forward direction of power flow, the output is regulated to a constant voltage over
wide range and in reverse power flow, output current is regulated to a fixed value from
input voltage source that can vary over wide range. The multi-winding transformer and
the switch network on the secondary windings of the transformer are activated according to
the need of V5, as decided by the range presented in Table 7.5. A major difference between
the LCL-T resonant tank based converter architecture shown in Fig. 7.27 compared to
the architecture based on PRC, as shown in Fig. 5.21, is that in the LCL-T tank based
converter, the transformer secondary windings work independently, one at a time, based on
the range mentioned in Table 7.5 and thus do not need the transformer secondary windings
to be closely coupled. This makes the transformer design relaxed in terms of close proximity
of secondary windings. In addition, this converter architecture in Fig. 7.27 is capable of
bidirectional power transfer whereas, the PRC based converter in Fig. 5.21 is unidirectional
and to make it operate as bidirectional, the secondary side MOSFETSs need to be replaced
by 4-quadrant switches because of the presence of filter inductors (Ls; and L o) which make
the secondary bridge(s) current fed in reverse direction of power flow.

In the converter shown in Fig. 7.27, the resonant inductor (L,) and capacitor (C,) are
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fixed, irrespective of the operating voltage. However, the second resonant inductor (L)
consists of a fixed inductor (L’) on the transformer primary side, another inductor (I —l4)
placed in series with each of the secondary winding(s) and the leakage inductance between
primary and the active secondary winding, represented by L _p_g., where z (= 1,2,3,4)
denotes the index of the active secondary winding. Thus, the second resonant inductor (L)

is given as

_ Np)®
Lg =L 4+ L p_gs + N Ly (7.58)
x

The leakage inductance between primary and any secondary winding (Ljx_p_g,) will
be different for different secondary winding(s) and hence having the flexibility of added
inductor in the secondary (I; — l4) makes it easy to tune the second resonant inductor (L)
for all operating modes. Another option to overcome the challenge of mismatch of leakage
inductance(s) across the secondary winding(s) is to use a series capacitor on the transformer
secondary side, to compensate for mismatched part of the leakage inductance(s). And in
such arrangements, the DC blocking capacitors on the secondary side of the transformer
will not be needed.

The transformer turns ratio is related by

Ni:Ny:Ng:Ny=1:7":7%:03, (7.59)

where the term r is defined in 5.58. The converter shown in Fig. 7.27 can be extended for any
number of secondary windings with switch network, based on the overall range of voltage
(Va_min — Va_maz ). The converter in Fig. 7.27 is simulated in MATLAB-PLECS to check its
bidirectional operation for one of the transformer winding (S4) with 1 A source in forward
power transfer and with voltage source of magnitudes of 140V, 200V and 250V in reverse
power, at different operating ¢4p while keeping ¢pp and ¢ap as per (7.44) and (7.45).
The results are presented in Fig. 7.28 and Fig. 7.29 for forward and reverse power transfer,

respectively. In Fig. 7.28 and Fig. 7.29, the dotted lines represent the analytically estimated
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Fig. 7.28: Output voltage (V3) over the load range in forward power transfer through
winding Sy, for different control angle(s) (¢ap).

DC output(s) from Table 7.3 and the solid lines are the result(s) obtained from simulation.
It can be seen in Fig. 7.28 that in forward power transfer, the output voltage remains
load independent over the load range of 50 W to 1kW and the difference in simulation
result(s) from analytical estimate(s) is within 2%. Similarly, in reverse power flow, the
output current is load independent and the deviation in simulation result(s) from analytical
estimate(s) is within 2 %, as shown in Fig. 7.29. Since the transformer secondary windings
for this converter operate independently, the converter characteristics will be similar in
operation for other secondary windings, scaled by the turns ratio of the active secondary

winding.

Summary

In this chapter needs of critical loads in underwater distribution network are intro-
duced. A dual active bridge LCL-T resonant tank based DC-DC converter is analyzed to
show how it can be designed to meet the requirements of such critical loads to provide

constant voltage to the load from a constant current source, under regular operation and
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Fig. 7.29: Output current (|I;]|) over the load range in reverse power transfer through
winding Sy, for different control angle(s) (¢ap).

convert an auxiliary voltage source to a constant current drive in the event of loss of power
from main feed. Steady state analysis and modeling have been shown for the general case
with three angle modulation, for either direction of power flow, which is then optimized for
use in constant current distribution system, meeting its constraints. The DC input/output
relationships are established for this converter alongside its resonant tank signals with their
phasor relationships. It is presented how the converter can be designed with proper modula-
tion angle set in order to operate the converter with minimum VA rating for the H-bridges,
resonant tank and transformer. The analysis is verified through experimental results from
hardware prototype, showing good match between analytical and practical results.

The load independent output characteristics of tuned LCL-T resonant network is ex-
tended for applications requiring to interface constant current to wide range voltage, in
either direction of power flow. A converter architecture with multi-winding transformer
and switch network is introduced in this chapter to operate the converter with reduced

component stress over the wide range of voltage. Simulation results from this converter
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presented a good match with its analytical values, in both direction of power flow. The
advantage of this architecture is that the transformer secondary winding(s) can operate
independently, one at a time, and the different leakage inductance(s) across the secondary
windings can be easily absorbed into the resonant tank which makes the converter operation

less dependent on transformer parasitics.



CHAPTER 8
CONCLUSIONS AND FUTURE WORK

Underwater long distance distribution network uses constant current distribution due
to its robustness against voltage drop over cable length and cable faults. Resonant power
converters are 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 owing
to operation with sinusoidal waveforms. These features make resonant converters practical
choice for use in underwater distribution system where efficient, reliable and quiet power
conversion are of prime importance for long term operation. The design of resonant convert-
ers available in literature are for voltage source input whereas, the converters in underwater
distribution network are fed from a DC current source. The characteristics of resonant con-
verter with constant current input is quite different than converters with constant voltage
input. If the resonant converters are not designed with care, there may be a restriction
on minimum power transfer. In this dissertation, restriction of minimum power operation
is investigated for resonant converters and its dependence on operating point is detailed
which turned out to be dual of maximum power transfer theorem for voltage source based
converters. This restriction is avoided by appropriate operating point selection for the con-
verters. Soft switching requirements for the converters are also investigated and appropriate
ZVS assisting circuits are employed in the design of series resonant, parallel resonant and
LCL-T resonant converters operating in a system of 1 A DC current distribution network

with switching frequency of 250 kHz.

8.1 Summary of Contributions

The contributions of the work presented in this thesis are summarized as follow.
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8.1.1 Zero Voltage Switching

Resonant converters in underwater systems operate with the restriction of minimum
power transfer which is eliminated by operating the converter at its resonant frequency.
Fixed frequency symmetrical phase shift modulation in the converter makes the lagging leg
soft switch and leading leg soft/hard switch, depending on the resonant tank. Hence, an
assisting circuit is required for the leading leg to ensure ZVS turn on of the MOSFETs.
Passive ZVS assisting circuits work well if the range of operating points is limited, but,
can lead to inefficient power conversion if used in converter with wide range of operating
conditions. This limitation is overcome through use of active ZVS assisting circuit. Design
methodology for such assisting circuits are presented with practical consideration and the
advantage and disadvantages of both type of ZVS assisting circuits are exemplified through
operation of an SRC. Further, the ZVS assisting circuits are utilized in PRC and LCL-T

resonant converters to ensure ZVS turn on of all the MOSFETSs in the converter.

8.1.2 Series Resonant Converter

Series resonant converter is simplest of all types of resonant converter. With steady
state modeling and detailed analysis, the DC input output relationships are established and
from there it is shown that SRC can operate as load independent constant current drive if
operated at the tank’s resonant frequency. The converter is designed with resonant tank
components’ tolerance in mind so that the converter can regulate its output down to 10 %
load even under worst case scenario. The stress on tank components are also established
which can also be used for tank design. Results obtained from a 1kW prototype SRC
validates the analysis and shows that the converter behaves as constant current drive over

0W to 1kW load range with very little droop.

8.1.3 Parallel Resonant Converter
Parallel resonant converter, operating at its resonant frequency behaves as load inde-
pendent constant voltage at the output with constant current input source. With detailed

modeling and analysis, the steady state DC input and output relationship is established
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along with resonant tank component stress. From this component stress, the converter is
designed such that the VA rating of the tank inductor is minimized. Device ratings, output
filter design, ZVS requirements are also presented. Results from experimental prototype
shows the constant output voltage characteristics under steady state as well as under load
transients.

Utilizing the load independent output voltage characteristics of PRC, a converter archi-
tecture with a multi-winding transformer and AC switch network is introduced for applica-
tion involving wide range of output voltage. It is shown how this converter can operate with
relatively low component stress under wide output voltage and load range. Simulation and

experimental results are presented for the proof of concept hardware prototype of 500 W.

8.1.4 LCL-T Resonant Converter

Similar to PRC, LCL-T resonant converter can also provide load independent constant
voltage at the output when supplied from constant current source, with proper design. The
converter is analyzed with steady state modeling and shown that its output characteristics
would be constant voltage if operated at its resonant frequency. The design for the converter
is performed with the constrains of current source input in mind and minimizing the VA
rating for the passive components. With simulation and experimental results it is shown
that diode bridge based rectification on the secondary side imposes challenge on low @
design and use of active rectifier in place of diodes overcomes this limitation. Modulation
scheme for such active rectifier based LCL-T resonant converter is presented to emulate
the behavior of diode bridge rectifier. ZVS requirements for both primary and secondary
bridges are analyzed and an active ZVS assisting circuit for primary H-bridge and a passive
ZVS assisting circuit for secondary H-bridge are employed to achieve ZVS for the entire
range of operating points. Results from experimental prototype shows very good match

with the analytical results for a hardware prototype of 500 W.

8.1.5 Bidirectional DAB LCL-T Resonant Converter

Some of the power converters in underwater distribution system cater to critical loads
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which demand redundant bidirectional power converters to be used. In such converters,
DAB LCL-T resonant converter is a good fit which converts constant current source to
voltage source in forward power flow and under loss of power from main feed, the module
converts an auxiliary voltage source to a current drive, independent of load. Through
detailed modeling and analysis, with generalized three angle modulation of DAB, the steady
state DC input — output relationship and expressions for tank AC signals are derived. From
there, the tank is designed to minimize the overall VA rating of the converter, keeping the
constraints of constant current input in mind. Experimental prototype is developed and
tested up to a power level of 500 W with 1 A current source to 150V output, in forward
power flow and 150 V DC voltage source to 1 A constant current drive, in reverse direction

of power flow, with good match between analytical and experimental results.

8.2 Future Work
The work presented in this thesis covers a variety of resonant converters with their
steady state analysis and design techniques. However, there are few areas where further

improvements can be made and/or explored for future research.

e The converters presented in this dissertation are only tested for their open loop output
characteristics. The converters have either constant current output or constant voltage
output characteristics, independent of load which means the control effort required is
minimal for the load range. However, in practical scenario the converter output needs
regulation due to temperature change and other factors and hence suitable closed loop
control strategy is needed. A small signal modeling of the converter(s) is needed to
design such closed loop converter and phasor modeling can be employed for modeling

the resonant converter(s) [109-111].

e In addition to converter closed loop control as a stand alone converter, stability anal-
ysis needs to be carried out for system of converters used in underwater system con-
sidering cable impedance. Due to long distance of the cable, the parasitic inductance

and capacitance of the cable imposes restrictions on the bandwidth of the converter
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controller [112]. This needs further investigation and the converter(s) may need a
energy buffer at the input of the converter to maintain system stability under large

load transients.

The PRC converter architecture with multi-winding transformer and switch network
for wide range of output voltage needs close coupling among the secondary windings
of the transformer which becomes challenging for physical fabrication when number
of secondary windings increase. This requires detailed modeling of multi-winding
transformer [105] and the converter needs analysis for tolerance with the detailed

transformer model.

The LCL-T resonant converter presented in chapter 6 and chapter 7 can be extended
for operation in systems with wide voltage range. This is achieved through employing
a multi-winding transformer and switch network to reduce the component stress as
presented in section 7.5. Unlike the configuration used in PRC for wide voltage range
(section 5.4), this architecture uses only one transformer secondary winding at a time
and thus relaxes the design of transformer. In addition, the resonant tank needs to

be optimized for operation at full power, over the output voltage range.

CLC-T resonant converter is the dual of LCL-T resonant converter and it has the
same steady state output characteristics as the LCL-T resonant converter. Since the
VA rating of inductors and capacitor are equal to each other in LCL-T network,
CLC-T resonant converter will have same overall VA rating of the tank. However,
the additional DC blocking capacitor(s) in LCL-T resonant converters will not be
needed in CLC-T resonant converter and thus has slight edge in terms of component
count. Moreover, the L in CLC-T resonant converter can be integrated in the isolation

transformer which can reduce the overall size of the converter.

Both LCL-T and CLC-T resonant converter topologies can provide load independent
current drive from voltage source input which can be a good candidate topology for

LED driving, battery charging applications etc. The modulation angle set or the
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resonant tank can be modified to ensure ZVS operation of the active switches without
the need of additional ZVS assisting circuits. This will result in higher power density

of the converter in such applications.
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APPENDIX A

Controller Implementation

The controller implemented in FPGA for generating pulses for the converter are pre-
sented here. The control board used is a Xilinx Artix-7 based FPGA module (P/N: CMOD
A7-35T) and it is coded using Verilog Hardware Description Language (Verilog HDL)
through Vivado suite from Xilinx. The PWM signals are generated with 12 bit resolu-
tion in the FPGA with 250 MHz clock that provides a resolution of 0.36° in phase shift at
250kHz. For SRC and PRC, the controller used is based on SPARTAN-6 FPGA, coded
in Verilog HDL details of which, including synchronous rectification implementation for
secondary side devices in PRC, can be found from Section 6.6 in [113]. The way of imple-
menting the modules in Verilog HDL are similar in both the FPGAs and those are discussed

here next.

A.1 Pulse Generation

The PWM signals are generated with phase A taken as reference and all other legs
lagging with respect to phase A. For all the legs, the top and bottom PWM signals are
complementary to each other with 150 ns dead time between them. The reference phase for

phase A is set at zero as shown below.

always @(posedge clk)

if (count == CounterMax - 1)
PhiOA <= 12°d0; // This will be the reference phase. Phase A
else

PhiOA <= PhiOA;

end

The phase lag for phase B is generated with respect to phase A by adding ‘PhaseM’ to

‘Phi0A’ which effectively creates control angle ¢ 4 and it is shown below.
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always @(posedge clk)

if (count == CounterMax - 1)
PhiOB <= PhiOA + PhaseM; //PhiOB = PhiOA + PhaseM. Phase B
else

PhiOB <= PhiOB;

end

The phase lag for phase ZA (ZVS assistance leg for leg A) is generated with respect to
phase A by adding ‘PhaseAZ’ to ‘Phi0A’ which effectively creates control angle ¢4z and it

is shown below.

always Q@(posedge clk)

if (count == CounterMax - 1)
PhiOZA <= PhiOA + PhaseAZ; //Phi0OZA = PhiOA + PhaseAZ. Phase ZA
else

PhiOZA <= PhiOZA;

end

The phase lag for phase ZB (ZVS assistance leg for leg B, used in reverse power flow in
DAB LCL-T resonant converter) is generated with respect to phase B by adding ‘PhaseBZ’

to ‘Phi0B’ which effectively creates control angle ¢ and it is shown below.

always @(posedge clk)

if (count == CounterMax - 1)
PhiOZB <= PhiOB + PhaseBZ; //Phi0OZB = PhiOB + PhaseBZ. Phase ZB
else

PhiOZB <= PhiOZB;

end

The PWM sync signal between primary and secondary H-bridges in DAB LCL-T res-

onant converter is generated with respect to phase A by adding ‘PhaseM /2’ (m%) and it
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is shown below. The variable ‘Phi_AD_Delay’ is used in the sync signal to compensate any

delay between the final gate-source signal(s) of leg A and leg D, in hardware.

always @(posedge clk)

if (count == CounterMax - 1)

PhiSync <= PhaseM[‘NPHI-1:1] - Phi_AD_Delay;
//PhiSync = PhaseM/2 - offset [PhaseM is phiAB]
else

PhiSync <= PhiSync;

end

The PWM module structure is shown below as an example for phase B where ‘td’ is
the dead time and ‘BHI’ and ‘BLO’ are the PWM signal output from FPGA for top and
bottom switches of leg B. This structure is used for PWM generation for all the legs in the

converter.

phaseSignalCreation PulseB //(Deals with BHI and BLO signals)

.clk(clk),

.count (count),
.Half_CntMax(CounterMaxd2),
.PhiOX(PhiOB[‘NPHI-1:0]),
.Td(td),

.out_HI_buf (gateSignal [‘BHI]),

.out_LO_buf (gateSignal [‘BLO])

The PWM generation module is shown below for any phase, where ‘Phi0X’ is the phase

shift of that particular leg with respect to phase A.

module phaseSignalCreation(

input wire clk, // PWM Clock, 250 MHz
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input wire [‘NDPWM-1:0] count, // PWM Counter (12-bit)
input wire [‘NDPWM-1:0] Half_CntMax, // PWM Count for 180°
input wire [‘NDPWM-1:0] PhiOX, // controlled leg phase-shift

input wire [‘NDPWM-1:0] Td, // Dead time delay

output wire out_HI_buf,
// Upper FET gate signal (after shoot-through protection)
output wire out_LO_buf

// Lower FET gate signal (after shoot-through protection)

reg [‘NDPWM-1:0] HI_off; // Upper FET turn-off point
reg [‘NDPWM-1:0] LO_off; // Lower FET turn-off point
reg [‘NDPWM-1:0] HI_on; // Upper FET turn-on point

reg [‘NDPWM-1:0] LO_on; // Lower FET turn-on point

reg [‘NDPWM-1:0] count_reg;

output wire out_HI,

// Upper FET gate signal (before shoot-through protection)
output wire out_LO,

// Lower FET gate signal (before shoot-through protection)

always @(posedge clk)

count_reg <= count; //counter

always @(posedge clk)
HI_on <= PhiOX;
always @(posedge clk)begin

HI_off <= PhiOX + Half CntMax - Td;
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//generation of top switch PWM with dead time

end

always @(posedge clk)begin
LO_on <= PhiOX+Half_CntMax;

end

always @(posedge clk)begin
if (PhiOX > (Td-1))
LO_off <= PhiOX - Td;
else
LO_off <= PhiOX+Half_CntMax + Half_CntMax - Td;
//generation of bottom switch PWM with dead time

end

endmodule

The PWM sync signal from primary FPGA controller is passed to the secondary side
FPGA controller to generate the PWM signals for leg D and leg F with ¢pr = 180° and
a dead time of 150ns, synchronized with respect to leg A of primary, which is presented

below.

module pwm_gen_2 (clk,
rst,
sync,

gate_sgnl);

input clk;
input rst;

input sync; //PWM synchronization signal from primary



output [3:0] gate_sgnl;

wire hi;

wire lo;

wire [11:0] count;
wire rise;

wire fall;

assign gate_sgnl[0] = hi;
assign gate_sgnl[1] = lo;
assign gate_sgnl[2] = lo;
assign gate_sgnl[3] = hi;

pwmCt1l_2 pwml_inst(.clk(clk),
.rst(rst),
.fall(fall),
.rise(rise),
Hi_0(hi),

.Lo_0(@10));

edge_detector dtct_1(.clk(clk),
.rst(rst),
.puls_in(sync),
.rise(rise),

.fall(fall));

endmodule

//D_top
//D_btm
//E_top

//E_btm
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module pwmCtl_2(clk,
rst,
rise,
fall,
Hi_O,
Lo_0O
)3
parameter max = 9’d462; //180deg - Td
input clk;
input rst;
input rise;
input fall;
output Hi_0;

output Lo_0;

reg PO;

reg Hi_O;

reg Lo_0;

reg [8:0] negCount;
reg [8:0] posCount;
reg neglock;

reg posLock;

always @ (posedge clk or posedge rst)begin
if (rst)begin
negCount <= 9°d0;

neglock <= 1°b0;
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end
else begin
if (fall && negCount < max && !nmeglock)begin
negCount <= negCount + 1;
Lo_0 <= 1’bl;
end
else begin
negCount <= 9°d0;
neglock <= 1’bl;
Lo_0 <= 1’b0;
end
if (rise)
neglock <= 1°b0;
end

end

always @ (posedge clk or posedge rst)begin
if (rst)begin
posCount <= 9°d0;
posLock <= 1°b0;
Hi_0 <= 1°b0;
end
else begin
if(rise && posCount < max && !posLock)begin
posCount <= posCount + 1;
Hi_0 <= 1’bil;
end

else begin
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posCount <= 9°d0;
posLock <= 1’bl;
Hi_0 <= 1’b0;

end

if (fall)
posLock <= 1°b0;
end

end

endmodule

A.2 FPGA Interface through MATLAB
The FPGA code is initiated through serial interface (USB) using MATLAB function as
presented below where different control registers are used for controlling the various phase

shift angle(s) between the legs of H-bridge(s) and enabling the PWM signals.

function [ pg ] = BDPC_LCL_Startup( )

clc;

BDPC_Serial_Open(‘COM42°); % Primary COM port opening
pause (1) ;

BDPC_Serial_Write_Register(9,499) 7’ phi_AB: default 180 deg
pause (1) ;

BDPC_Serial_Write_Register(1,1000) % fs: 250 kHz default with 250 MHz clk

pause(1);
BDPC_Serial_Write_Register(12,1) % ZVS A Phase Angle
pause(1);
BDPC_Serial_Write_Register(13,2) % ZVS B Phase Angle

pause (1) ;



BDPC_Serial_Write_Register(21,0)
pause(1);
BDPC_Serial_Write_Register(22,21)
pause(1);
BDPC_Serial_Write_Register(0,2055)
clc;

end

198

% Active clamp reference

% Phi_AD adj; 1lcount=4ns reduction

% Enable the PWM
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