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ABSTRACT

Design, Control, and Optimization of Unfolding-Based AC-DC Topologies with
Three-Port Resonant Converters for

Electric Vehicle Battery Charging Applications

by

Aditya Zade, Doctor of Philosophy

Utah State University, 2025

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

The global push to reduce greenhouse gas emissions and dependence on fossil fuels
has made electric mobility a key strategy for a sustainable future. This transition drives
demand for efficient grid-tied ac-dc converters, which are essential for EV charging as well
as for integrating renewable sources such as solar, fuel cells, and battery storage into the
grid. Given the high power demands, converters must operate efficiently, reliably, and cost-
effectively. Conventional high-power chargers typically use a two-stage architecture with
an AFE PFC stage followed by a dc-dc stage. While effective, this approach reduces power
density and increases switching losses. To address these challenges, single-stage converters
are being explored for both conductive charging and WPT applications.

The first part of this thesis examines a single-stage topology employing a 3-¢ 480 V
Unfolder with a T-type bridge-based three-port dc-dc converter to achieve efficient EV
battery charging over the 649-755 V range. This configuration enables simultaneous PFC
and output power regulation, allowing efficient ac-dc conversion within a single stage. The
topology is proposed for WPT charging infrastructure for heavy-duty EVs and is realized

using a modular 21 kW building block. The performance of the charger is further optimized



iv
by: (i) introducing a PWM technique that enhances ZVS of the T-type bridge to minimize
switching losses, resulting in 96.51% ac-dc efficiency and reducing radiated EMI by 6 dB;
(ii) improving grid current quality and reducing THD; and (iii) increasing control bandwidth
without passive damping to improve system performance. Furthermore, accurate small-
signal modeling of the 85 kHz HF T-type bridge-based dc-dc converter is carried out to
enhance controllability.

Secondly, this research addresses the limited energy generation capacity amid the rapid
expansion of EV charging. A multiport unfolding-based system is proposed to integrate
battery storage and renewable energy with the grid for EV charging over the 200-800 V
range. A 5 kW prototype with a multi-winding transformer and a 100 kHz HF TAB-based
converter achieves 98.3% peak efficiency. A paralleling approach is proposed to scale the

system to 10 kW, demonstrating its practicality for high-power EV charging.

(316 pages)



PUBLIC ABSTRACT

Design, Control, and Optimization of Unfolding-Based AC-DC Topologies with
Three-Port Resonant Converters for
Electric Vehicle Battery Charging Applications
Aditya Zade

The global effort to reduce greenhouse gas emissions and reliance on fossil fuels has
made electric mobility a cornerstone of sustainable transportation. This transition is driving
demand for advanced charging infrastructure and more efficient power conversion systems.
Power converters play a central role, not only in enabling reliable EV charging but also in
integrating renewable energy sources with the grid. Because of the large amount of power
involved, these converters must operate efficiently, reliably, and at low cost. Conventional
high-power chargers often use two stages of conversion, which are effective but limited by
size and energy losses. To overcome these challenges, there is growing interest in single-
stage converters that can handle EV charging and grid integration in a more compact and
efficient way.

The first part of this research develops an efficient converter designed for wireless EV
charging that performs grid interfacing and battery charging in a single stage. The system
improves efficiency, enhances grid power quality, enables stable operation, and does not re-
quire large passive components. Advanced control and modulation methods are introduced
to strengthen the soft-switching performance of the converter, while modeling approaches
are developed to support accurate control and reliable operation.

The second part of this work addresses the challenge of limited energy generation
capacity as EV adoption grows. A multiport converter system is proposed that allows
renewable energy and battery storage to be integrated directly with the grid and charging

infrastructure. This system improves energy management, supports grid stability, and
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demonstrates scalability for higher-power charging. Together, these innovations support

the development of faster, more compact, efficient, and reliable EV charging solutions.
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tank current, i,, isobtained. . . . . . ... ... oL
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Phasor diagram of the fundamental T-type bridge output voltage, vgy1, and
its components: vzypo1 and vgyen1. The output tank current phasor, i, lags
behind vz, by an angle ¢, determined by the tank design. The figure illus-
trates the phasor diagram for two cases: (a) d, > d,, and (b) d, < dp.

Contour of various phasors over the grid cycle for (a) d, > d,, and (b) dp, < d,
including the fundamental voltage phasor v, and its components: vgy,01 and
Vzyoni. The tank current phasor, i;, consistently lags behind v, by an angle
1. The peak of vy is maintained constant throughout the grid cycle for a
given output power. . . . ... ..o e

(a) Modulation indices, m, and my, and (b) duty ratios, d,, and d,,, over the
grid cycle, considering a &~ 0 and operation at rated output power. . . . . .

(a) The proposed control architecture for leading-edge-aligned modulation,
consisting of an outer loop for output power regulation and two inner loops to
shape the grid currents sinusoidal for PFC; (b) simplified control architecture
of the outer loop to regulate output power by controlling the battery load
current, ipat; and (c¢) simplified control architecture of the p-port inner loop
to shape the grid currents sinusoidal by controlling the current 7,. Since the
relationship between m,, and d, is nonlinear, a small-signal linearization of
this relationship, as provided in (3.26), is necessary to calculate the loop gain
of the inner p-port control loop. A similar simplified control architecture can
be derived for the n-port inner loop, which controls the current i,. . . . . .

Bode plots of the uncompensated outer-loop plant, Gguter, and the compen-
sated plant with the PI controller, G outer- A closed-loop bandwidth of 10 Hz
is selected for the outer loop, and the corresponding PI controller parameters
are Kppr =0, Kipr =76.4. . . . . ... ... ..o

Phasor-transformed small-signal circuit of the T-type bridge-based dec-dc con-
verter, incorporating an LC'C resonant tank with cantilever-modeled isola-
tion, a secondary-side diode bridge, and an output capacitive filter. The net
series resistance of the battery is considered in the small-signal domain.

Comparison of the Bode plots of the p-port inner-loop plant, Ginner-p-port =
ip/d,, of the T-type bridge-based dc-dc conversion system, obtained using
phasor transformation-based small-signal modeling and simulations with the
PLECS multitone analysis tool. . . . . . . .. ... ... ... ... ...,

Bode plots of the uncompensated inner-loop plant, Ginner-p-port, and the com-
pensated plant with the PI controller, G inner-p-port- A closed-loop band-
width of 1.8 kHz is selected for the inner loop, and the corresponding PI
controller parameters are K, pr = 0.001, K; pr =251.4. . .. ... ... ..
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Switching pattern of the T-type bridge when d, > d,,. The leading edges
of the two quasi-square voltages are closely aligned with an intentionally

introduced time delay of T, resulting in four distinct switching transitions.

Equivalent circuits of the T-type bridge and the LCC tank during (a) tran-
sition T and (b) transition II. Dead-time intervals are also shown, during
which the MOSFET output capacitances charge or discharge. The LCC
tank is modeled as an equivalent network with an inductor, L,, and a volt-
age source, Vepp, representing the instantaneous voltage across capacitor Cpp
during the switching transition under consideration. . . . ... ... .. ..

T-type bridge output voltage, v,,, switching pattern, and drain-to-source
voltages, vgs, of the leg-y MOSFETs when (a) the delay time, Ty, is disre-
garded, and transitions I and II overlap, leading to partial ZVS turn-on of
8;3; and (b) a delay time, Ty, is introduced between transitions I and II,
resulting in complete ZVS turn-on of S;s. ...................

Comparison of the actual tank current magnitude, i, (green plots), for various
values of Cps with the minimum current required (orange plots) to achieve
ZVS of the MOSFETSs in the T-type bridge during leading-edge transitions:
(a) T and (b) II. Red-shaded regions indicate insufficient tank current, re-
sulting in partial ZVS or hard-switching. Based on this analysis, C)s values
below 113 nF are found to be suitable for ensuring complete ZVS during both
transitions. . . . . . ..o L oL

Conduction losses of the T-type bridge at rated output power for various
values of U5, combined with the minimum output power required to achieve
ZVS of the T-type bridge MOSFETSs. This combined analysis aids in selecting
an optimal C),s that ensures ZVS while maintaining acceptable conduction
losses. . . . .

Magnitude of the tank current, i,, along with the minimum current required
to achieve ZVS of the T-type bridge MOSFETSs during (a) transition I and
(b) transition II, for the selected value of the capacitor Cps. . . . . . . . ..

ZVS times during transitions I and II, used to determine suitable values for
the dead time and the delay time, Ty, for hardware verification. . . . . . .

A 20-kW hardware setup of an unfolding-based ac-dc system with a T-type
bridge-based dc-dc converter. A California Instruments MX-30 emulates the
grid, while an NH Research 9300 functions as the EV battery load. . . . . .

(a) Steady-state waveforms of the Unfolder input ac phase-a voltage vas,
input phase-a current i,, dc-link voltage v,,, and output battery load current
ibatt at the rated output power of 20 kW; (b) power analyzer data obtained
using the Yokogawa WT1806E, demonstrating a low grid current THD of
2.3% and an ac-dc efficiency of 96.51% at the rated output power of 20 kW.
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T-type bridge output voltage v, and the tank current i, for three different
de-link voltage scenarios: (a) vpo = 512 V and vy, = 130 V, (b) vy, = 413 V
and vy, = 260 V, and (c) vpo = Vo, = 'pn/2 = 339.5 V. A time delay, T, of
200 ns is introduced between transitions I and II when vy, # v, # V2 /2, as
shown in cases (a) and (b), and is gradually reduced to zero as v,, and voy,
approach Yrn /2. as shown in case (¢). . . . . .. ... .. ... ...

T-type bridge output voltage, vy, and current, i,, over the grid cycle.

Variation of the T-type bridge output voltage v;, and tank current i, over
a full grid cycle, captured using the infinite persistence mode of a Tektronix
MDO3014 oscilloscope. Zoomed-in waveforms of the critical transitions I and
ITarealsoshown. . . . . . . . . ... ... .. ... . .. .. ..

State-plane representation of the tank voltage and current, corresponding
to Fig. 3.25, highlighting the proper magnitude and polarity of i, during
switching transitions throughout the grid cycle for ZVS of the T-type bridge.

Verification of ZVS operation for the T-type bridge MOSFETSs by captur-
ing the drain-to-source voltage, v4s, and gate-to-source voltage, v, during
transitions Tand IL. . . . . . . . . . . . .. .. .. ...

Measured ac-dc efficiency of the hardware prototype using the proposed
leading-edge-aligned modulation strategy across various power levels. A peak
efficiency of 96.51% is achieved at the rated output power of 20 kW.

Measured grid current THD of the hardware prototype using the proposed
leading-edge-aligned modulation strategy across various power levels. A high-
quality grid current waveform is maintained throughout the power variation.

Transient performance of the proposed closed-loop control architecture is
verified by applying: (a) a step change in outer-loop battery current reference,
Thatt-ref, from 23.6 A to 27.8 A, increasing output power from 17 kW to 20 kW;
(b) a step change in the inner-loop reference of the peak grid current, Iy,
from 34.8 A to 29.6 A, reducing output power from 20 kW to 17 kW; and
(c) a 10.8% step increase in Unfolder phase-a input voltage from 250 V to
277 V, with closed-loop control maintaining inat¢ and output power properly
with acceptable response time. . . . . . ... ... Lo oL,

Efficiency comparison between the proposed leading-edge-aligned modula-
tion, which enables ZVS of T-type bridge MOSFETSs, and a previously used
center-aligned modulation resulting in hard-switching. Data for the center-
aligned modulation is reproduced from Chapter 2. . . . . .. ... .. ...
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4.1

4.2

4.3

4.4
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Measured radiated EMI spectra of the T-type bridge-based dc-dc converter
with the proposed leading-edge-aligned modulation and the previously used
center-aligned modulation. EMI is measured using a Tektronix RSA306B
spectrum analyzer and an antenna placed 1.5 m from the converter. While
the absolute EMI levels may be affected by measurement biases, the results
are primarily intended for comparative analysis. . . . . . . . ... ... ...

A 3-¢ passive damping network, incorporating RLC' components, utilized
in the development of a 1-MW unfolding-based EV charger at Utah State
University’s power electronics laboratory. . . . . . .. .. .. ... ... ..

(a) Conduction paths for the 3-¢ grid, dc link capacitors (Cpo, Con, and Cpy,),
and T-type output currents during sector 1 (0° < 4,49 < 60°), (b) turn-on of
parallel diodes (D,; / body-diode of Sy;) during the transition from sector 1
to 2 (60° < 04,40 < 120°), which bypasses the dc link capacitor (Cp,) through
D1 and Qa / body-diode of Sy, 8;3, and Sig. . L
Turn-on of parallel diodes when the dc link voltage (v,,) crosses the cut-in
voltage of the diodes in the vicinity of the sector transition from 1 to 2. This
leads to the bypass of the dc link capacitor (Cp,), which causes a deviation
of the capacitor’s average voltage from its ideal value at the sector boundary.
Subsequently, the grid voltage charges the capacitor again in sector 2 to track
the ideal voltage waveform. This charging current causes oscillations in the
dec link voltage. . . . . . . .. Lo

Impression of the higher order harmonic voltage followed by the oscillations
in sector 2 on the grid inductor L, of phasea. . . . . .. ... ... ... ..
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Distortions in grid currents (i, and i.) during the sector transition from 1 to 2.107

(a) Equivalent circuit model used to understand the current distortion prob-
lem, (b) oscillations in the inductor current of the circuit model similar to
the grid current distortion. . . . . . . . . ... ... L.

Control of the T-type converter to achieve PFC, output power regulation by
regulating ip, and ip,, and emulation of the current sources/sinks ipem, and
inemu tO mitigate the sector transition distortion. . . . . . . .. .. .. ...

Control architecture of the T-type converter to regulate output power, main-
tain PFC, and mitigate current distortion. . . . . . . . .. ... ... .. ..

d, and d,, plots at an output power of 21 kW without the current distortion
mitigation logic. . . . . . ..o

d, and d, plots at an output power of 21 kW with the current distortion
mitigation logic. . . . . . . . ..
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21 kW battery charger hardware prototype consisting of a grid-tied Unfolder
and a T-type bridge-based dc-dc converter. . . . . . . . ... ... ... .. 113

Grid voltages and currents without the current distortion mitigation logic.
Distortions can be observed after every 60° interval. . . . .. .. ... ... 114

Grid voltages and currents with the current distortion mitigation logic. Re-
duction in the magnitude of the distortions can be observed.. . . . . . . .. 114

Phase a grid voltage (vqn), current (i,), and soft dc link voltages (vpo, Von)
without the current sources/sinks emulation at 21 kW output power. Phase
a current has significant distortions during sector transitions. . . . . . . .. 115

4.46% THD in phase a current (i,) is measured with Yokogawa WT1806E
power analyser at 21 kW output power without the distortion mitigation logic.115

Phase a grid voltage (vqn), current (i,), and soft dc link voltages (vpo, Von)
with the current sources/sinks emulation at 21 kW output power. Phase a
current has lower distortions during sector transitions. . . . . . . .. .. .. 116

1.94% THD in phase a current (i,) is measured with Yokogawa WT1806E
power analyser at 21 kW output power with the distortion mitigation logic. 116

P, n ports currents (i,, i,), and battery current (ipq) supplying 21 kW
power without the distortion mitigation logic. Battery current has 360 Hz
oscillations caused by the deviation of v,, and v,, affecting the magnitude
of vzy fundamental voltage. . . . . . ... ... o000 117

P, n ports currents (ip, i,), and battery current (ipe) supplying 21 kW
power with the distortion mitigation logic. Battery current has very low 360
Hz oscillations, as the fundamental voltage of v, is being regulated properly
inthiscase. . . . . . . . . 117

For a clearer understanding of the LC interaction, the A-connected dc-link
capacitors can be relocated to the grid side and transformed into equivalent
A-connected capacitors. The output impedance of the LC branch, denoted
as Z,, is a parallel combination of Lyand Cx.. . . . . . ... ... ... .. 119

Small-signal circuit in phasor-transformed representation for the T-type bridge-
based dc-dc conversion system, incorporating an LC'C' resonant tank with a
cantilever-modeled transformer, secondary diode bridge rectifier, and output
capacitive filter. Output battery is represented with its impedance in the
small-signal domain. . . . . . . .. . ... 122
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Comparison of Bode plots of the plant (Gplant-p-port = ir/d,) of the T-type
bridge-based dc-dc conversion system, obtained from the complete higher-
order and simplified phasor transformation-based small-signal modeling. It
can be observed that the simplified modeling closely preserves the magni-
tude and phase of the plant transfer function up to 10 kHz. Since the LC
resonant frequency typically resides below this value, the simplified phasor
transformation-based modeling provides a valuable tool for analysis.

Comparison of Bode plots of the plant (Gplant-p-port = ir/d,) of the T-type
bridge-based dc-dc conversion system, obtained from the complete higher-
order phasor transformation-based small-signal modeling and PLECS multi-
tone analysis-tool-based simulation. . . . . . .. ... ... ... ... ....

Phasor-transformed small-signal circuits of the T-type bridge-based dc-dc
conversion system for the calculation of (a) null double injection driving
point impedance, Z;, p-port and (b) single injection driving point impedance,

Comparison of the magnitude Bode plots of Zg, ot at a grid angle of
foria = m/15 obtained from the complete higher-order and simplified pha-
sor transformation-based modeling. It can be observed that the simplified
modeling closely preserves the magnitude of the single injection driving point
impedance at lower frequencies, where the LC' resonant frequency typically
resides. Therefore, the simplified phasor transformation-based modeling pro-
vides a valuable tool for analyzing the criteria given in (4.12). . . . . . . ..

Comparison of Bode plots of the single injection driving point impedance,
Zg-p-port, at a grid angle of 0449 = 7/15 obtained from the complete higher-
order phasor transformation-based small-signal modeling and PLECS multi-
tone analysis-tool-based simulation. . . . . . .. ... ... ... ... ...,

(a) Variation of |[Zgpport|] at f = frc throughout the grid cycle due to
(b) the variation in the steady-state duty ratios, D, and D, of the T-type
bridge to maintain PFC and output power regulation. . . . . .. .. .. ..

The Bode plots depict: (a) the interaction of LC resonance with the magni-
tude of Zgpport; (b) the correction factor, G.r, showing the deviation from
unity attributed to the LC resonance as given by (4.10); and (c) the original
plant transfer function (Gplant-p-port-original) Undergoing significant modifica-
tions because of the LC' resonance, notably characterized by a ‘—360° phase
shift in the phase Bode plot. The modified plant transfer function is denoted

as Gplant—p—port—modiﬁed- ..............................

The interaction between the grid inductance and dc-link capacitors leads to
LC oscillations in the dc-link voltages, vpo, Von, and vy,. The time period of
these oscillations is given as tyc = 1/frc = 2m\/L,C U
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(a) ip, and ip, supply power to the output battery, while ipemy and ip-emu
are emulated to provide active damping; (b) equivalent A-connected dec-link
capacitors and emulated currents on the grid side; and (c¢) emulated cur-
rent sources/sinks can be viewed as damping resistors, Rgamp-emu, connected
across the grid inductances in the fro-frequency domain. . . . . . .. . ..

The control structure of the T-type bridge-based dc-dc conversion system,
ensuring output power regulation and input PFC through feedback con-
trol. Simultaneously, active damping is provided using emulated current
sources/sinks via a feedforward technique. . . . . . .. ... ... L.
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The Bode plots illustrate (a) the damping of the LC resonance using Ryamp-emu =

9 Q achieved through the current emulation technique; (b) the correction
factor Gy maintained close to unity; and (c) the comparison between the
original plant transfer function (Gplant-p-port-original) and the modified plant
transfer function (Gplant-p-port-modified), indicating that the plant is negligi-
bly affected by the LC resonance due to the current emulation-based active
damping. . . . . . . L

Simulation results of the 20-kW unfolding-based ac-dc system reveal unsta-
ble oscillatory responses in both battery and grid currents when the active
damping based on current emulation is disabled at ¢ = 0.07 sec. In this case,
the closed-loop bandwidth is configured to 1.8 kHz, closely aligned with the
LC resonance at 1.77 kHz. . . . . . . . .. ... o Lo

Simulation-based step response of the unfolding-based ac-dc¢ system at the
closed-loop bandwidth of 1.8 kHz with active damping enabled. The output
power has given a step change from 15 kW to 20 kW at ¢ = 0.06 sec. . . . .

Simulation results of the 20-kW unfolding-based ac-dc system reveal unsta-
ble oscillatory responses in both battery and grid currents when the active
damping based on current emulation is disabled at ¢ = 0.07 sec. In this case,
the closed-loop bandwidth is configured to be 3 kHz, which is much higher
than the LC resonance at 1.77 kHz. . . . . . .. ... .. ... ... ....

Simulation-based step response of the unfolding-based ac-dc system at the
closed-loop bandwidth of 3 kHz with active damping enabled. The output
power has given a step change from 15 kW to 20 kW at ¢ = 0.06 sec. . . . .

A 20-kW hardware setup of an unfolding-based ac-dc system with a T-type
bridge-based dc-dc converter. The California Instruments MX-30 is employed
to emulate the grid, and the NH Research 9300 is used as an EV battery.

Experimental results of the 20-kW unfolding-based ac-dc system operating at
a closed-loop bandwidth of 300 Hz without active damping are illustrated as
follows: (a) oscillatory phase a ac input voltage, phase a grid current, dc-link
voltage (vp0), and output battery current; (b) a high grid current THD of
11.14%, measured using the Yokogawa WT1806E power analyzer. . . . . . .

137

139

139

140

140

142



4.39

4.40

4.41

4.42

4.43

4.44

4.45

(a) Bode plots of the loop transfer function, G'-p-port, indicating a positive
phase margin at the gain crossover frequency of 300 Hz (Gpr parameters:
Kppr = 0.001 and Kjpr = 36.6); and (b) the corresponding Nyquist plot,
which does not encircle the point (—1, j0), confirming a stable closed-loop
operation. . . . . . . .. ..

Experimental results of the 20-kW unfolding-based ac-dc system operating
at a closed-loop bandwidth of 1.8 kHz without active damping are illustrated
as follows: (a) unstable and increasing oscillations in the system waveforms
are observed, leading to grid-overcurrent shutdown; (b) Bode plots of the
loop transfer function, G'-p-port, indicating a negative phase margin at the
gain crossover frequency of 1.8 kHz (Gpr parameters: K, pr = 0.001 and
K;pr = 251.4). A positive phase margin cannot be achieved above the LC
resonant frequency with a PI controller in the absence of active damping,
leading to instability. . . . . . . .. ..o

Experimental results of the 20-kW unfolding-based ac-dc system operating
at a closed-loop bandwidth of 1.8 kHz with active damping are illustrated
as follows: (a) stable phase a ac input voltage, phase a grid current, dc-link
voltage (vpo), and output battery current; (b) a low grid current THD of
2.26%, measured using the Yokogawa WT1806E power analyzer. . . . . ..

(a) Bode plots of the loop transfer function, G'1-p-port, indicating a positive
phase margin at the gain crossover frequency of 1.8 kHz (Gpr parameters:
K, p1 = 0.001 and K, py = 251.4); and (b) the corresponding Nyquist plot,
which does not encircle the point (—1, j0), confirming a stable closed-loop
operation. Active damping is enabled in this case. . . . ... ... ... ..

Experimental results of the 20-kW unfolding-based ac-dc system operating
at a closed-loop bandwidth of 3 kHz with active damping are illustrated as
follows: (a) stable 3-¢ ac input voltages, grid currents, dc-link voltages, and
output battery current; (b) a low grid current THD of 2.29%, measured using
the Yokogawa WT1806E power analyzer. . . . .. .. .. .. .. ......

(a) Bode plots of the loop transfer function, G pport, indicating a positive
phase margin at the gain crossover frequency of 3 kHz (Gpr parameters:
K, p1 = 0.001 and K, p; = 380.1); and (b) the corresponding Nyquist plot,
which does not encircle the point (—1, j0), confirming a stable closed-loop
operation. Active damping is enabled in this case. . . . . ... ... .. ..

An experimental step change in the output power is given from 17.5 kW
to 20 kW by adjusting the amplitudes of the T-type bridge input currents,
ip and ip, from 30 A to 35 A at the closed-loop bandwidth of 3 kHz. This
change causes a step increase in grid currents as well, transitioning from 30 A
peak to 35 A peak. The battery current also undergoes a step change from
24.3 A to 27.8 A. A stable transient response is achieved. . . . . .. .. ..
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(a) Typical circuit configuration of a resonant dc-dc converter with a diode
bridge on the secondary side connected to a generic load; (b) current and
voltage waveforms at the input of the diode bridge; and (c¢) a phasor diagram
of current and voltage quantities in the dc-dc converter. . . . . . . . .. ..

(a) The diode-bridge rectifier with a resistive load can be modeled as an
equivalent resistor in the small-signal domain; (b) the diode-bridge rectifier
with a battery load needs to be modeled as a dependent voltage sink in the
small-signal domain. . . . . . . ... ... ...

Circuit diagram of a T-type bridge-based dc-dc converter featuring a single-
sided or double-sided LCC tank with isolation and a diode bridge in an
unfolding-based battery charger. The closed-loop control regulates the bat-
tery load current. . . . . . ..o Lo oL

(a) Fundamental components of the T-type bridge output voltage, v,,, and
current, i, as well as the diode bridge input voltage, v4, and current, iy. The
operating region where d, > d,, is shown, and the two quasi-square voltages
generated at the output of the T-type bridge using these duty ratios are
center-aligned. (b) Phasor diagram of the voltage and current quantities in
the T-type bridge-based dc-dc converter. . . . . . . . ... .. ... ... ..

T-type bridge-based dc-dc converter with a primary T-type bridge and sec-
ondary diode bridge modeled using phasor transformers, featuring (a) a
single-sided LC'C resonant tank with isolation, and (b) a double-sided LC'C
resonant tank with isolation. . . . . .. .. L0000

Combined steady-state and small-signal phasor-transformed model of the T-
type bridge-based dc-dc system, with a single-sided LC'C tank, a diode bridge
connected to a battery, and isolation represented by the cantilever model.
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Parasitic resistances are not shown but are included in the derived expressions.167

Combined steady-state and small-signal phasor-transformed model of the T-
type bridge-based dc-dc converter, featuring a double-sided LC'C' tank and
a diode bridge connected to a battery load. Isolation is represented by a
two-coupled inductor model, with k..ef as the coupling coefficient. . . . . .

i
Comparison of Bode plots of the plant | Gpjant = l?ad
m

of the T-type bridge-
i

based dc-dc converter with a double-sided LC'C' resonant tank, obtained from
the phasor transformation-based small-signal modeling and PLECS simula-

tion multitone analysis. . . . . . . . ... ...
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A 4 kW hardware setup of a dc-dc conversion system featuring a T-type
bridge, a single-sided LCC tank, and a diode bridge on the secondary side
of the isolation. Two dc power supplies from REGATRON serve as dc input
sources, while the NHR 9300 functions as a battery load. Small-signal pertur-
bations are applied to the modulation index m; using the TMS320F28379D
microcontroller. . . . . . . .. L. 176

Phase deviations (éd), as shown by the arrow, in the diode bridge input
square-wave voltage due to perturbations introduced in the control input,
m;, while the magnitude remains constant. . . . . .. .. .. .. ... ... 177

Analytical Bode plots of Gpjant compared with hardware results, where the
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Analytical Bode plots of Gjant compared with hardware results, where the
diode bridge with a battery load is modeled as a constant independent voltage
sink. The analysis results in excessive resonances. . . . . . . . . .. ... .. 178

Analytical Bode plots of Gjan; compared with hardware results, where the
diode bridge with a battery load is modeled as a dependent voltage sink with
a constant magnitude and variable phase, as proposed in this chapter. The
analysis accurately matches the hardware results. . . . . . . .. .. .. ... 178

Experimental waveform of the diode-bridge rectifier output current, ioys, for
the T-type bridge-based dc-dc converter, superimposed on the envelope pre-
dicted by the small-signal model during a step change in the modulation
index, my, from 0.9 to 1. The diode bridge with a battery load is modeled
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Comparison of Bode plots of the transfer function ———2 obtained from the

P
phasor transformation-based small-signal modeling and hardware testing.

Experimental waveform of the T-type bridge output current, i,, superim-
posed upon the envelope predicted by the small-signal model under a step
change in the duty d, from 0.7068 to 0.9868. . . .. ... ..........

Comparison of Bode plots of the transfer function OAUt, obtained from the

P
phasor transformation-based small-signal modeling and hardware testing.

Experimental waveform of the diode bridge output current, oy, superim-
posed upon the envelope predicted by the small-signal model under a step
change in the duty d, from 0.7068 to 0.9868. . . ... ... .........

Comparison of Bode plots of the transfer function -2, obtained from the

n
phasor transformation-based small-signal modeling and hardware testing.
Experimental waveform of the p-port current, 7,, superimposed upon the

envelope predicted by the small-signal model under a step change in the
duty d,, from 0.4825 to 0.7625. . . . . . . . ...

Comparison of Bode plots of the transfer function —, obtained from the
phasor transformation-based small-signal modeling and hardware testing.
Experimental waveform of the n-port current, 4,, superimposed upon the

envelope predicted by the small-signal model under a step change in the
duty d,, from 0.4825 to 0.7625. . . . . . . . ...

Comparison of Bode plots of the transfer function ———2 obtained from the

phasor transformation-based small-signal modeling and hardware testing.

Experimental waveform of the T-type bridge output current, i,, superim-
posed upon the envelope predicted by the small-signal model under a step
change in the duty d,, from 0.4825 to 0.7625. . . . .. .. ... ... .. ..

Comparison of Bode plots of the transfer function OAUt, obtained from the

phasor transformation-based small-signal modeling and hardware testing.

Experimental waveform of the diode bridge output current, ioy;, superim-
posed upon the envelope predicted by the small-signal model under a step
change in the duty d, from 0.4825 to 0.7625. . . . . . .. ... ... ....

XXIX

181

182

182

182

183

183

183

184

184

184

185



6.1

6.2

6.3

6.4

6.5

6.6

Conventional multiport system architectures for integrating battery stor-
age/renewables with the grid for EV charging: (a) ac-coupled architecture,
where integration occurs at the grid side; and (b) dc-coupled architecture,
where integration occurs at the output of the grid-tied converter. . . . . . .

Proposed multiport system to integrate battery storage/renewables with the
grid for EV charging. The grid-tied ac-dc converter consists of an Unfolder
and a current injection circuit. A TAB-based three-port dc-dc converter
with a three-winding transformer is utilized to integrate the different ports.
Different power flow directions explored in this study are indicated by green
N

Circuit schematic and control structure of the proposed multiport system,
consisting of a grid-tied Unfolder, a current injection circuit, and a TAB-
based three-port de-dc converter. The system integrates battery storage/re-
newables with the grid for EV battery charging applications. These ports are
coupled at the HF ac node using an HF three-winding transformer, which
also integrates the tank components. . . . . . .. ... 0oL

(a) 3-¢ ac input voltages are converted to pulsating dc-link voltages, vpo, Von,
and vpy, by the Unfolder; (b) switching sequence of the Unfolder switches is
determined based on the ac-voltage sectors; (c) sinusoidal 3-¢ grid currents
when the grid supplies rated power; (d) current through the filter induc-
tor, Lei, and its fundamental component, i1, when the grid supplies power;
(e) sinusoidal 3-¢ grid currents when the grid receives rated power; (f) cur-
rent through the inductor, L, and its fundamental component, 4., when
the grid receives power; and (g) duty cycle used to modulate the current
injection half-bridge leg. . . . . . . . . . ... o

(a) Using the FHA, the EV HF side with the LCL tank is modeled as an
inductor, Ljie + Les, in series with the fundamental sinusoidal component
of Vaye, denoted as vyye1, for steady-state power flow analysis; and (b) power
flow analysis is performed by applying a wye-delta transformation to the tank
and associated ports. . . . . . ...

The figure corresponds to the case where the HF ac voltage of the PV port
leads that of the grid port, and both lead the EV port. In this operating
condition, the PV port delivers positive power, while the EV port receives
positive power. The net power supplied by the grid port may be either
positive or negative, depending on the relative phase shifts. (a) Square-
wave voltage waveforms at the HF sides of the respective ports, referenced
to the PV side; (b) phasor diagram of the fundamental components of these
voltages; and (c) corresponding power flow diagram among the three ports.
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The figure corresponds to the case where the HF ac voltage of the grid port
leads that of the PV port, and both lead the EV port. Under this operating
condition, the power demand at the EV port exceeds the available power from
the PV port; therefore, the grid port supplies additional positive power, while
the EV port continues to receive positive power. (a) Square-wave voltage
waveforms at the HF sides of the respective ports, referenced to the PV side;
(b) phasor diagram of the fundamental components of these voltages; and
(c) corresponding power flow diagram among the three ports. . . . . . . ..

(a) Circuit of an LC'L tank, and (b) equivalent Norton form, where the capac-
itor C' resonates with the inductor L; at the switching frequency, generating
a current source that flows through the inductor Lo. . . . . . . . . ... ..

Analytical tank currents referenced to the PV side for the following power
flow conditions: (a) the PV port supplies full power to the EV battery, with
no power delivered to the grid, and (b) the PV port supplies full power to
the grid, while the EV battery is disconnected, resulting in zero power at
the EV port by maintaining a zero ac square-wave voltage on the EV side.
The shape of the tank currents varies throughout the grid cycle due to the
pulsating dc-link voltage, v,,. The waveforms in this figure correspond to
the condition where v, is at its maximum. . .. ... ... ... ......

Equivalent circuits, referred to the PV side, during switching transitions:
(a) I, (b) II, and (c) III, where V?_;; denotes the voltage across the tank
capacitor Ceeq during transition III, referred to the PV side. . . ... . ..

Different values of phase-shift combinations, (¢pg)sweep and (T — dpe)sweep,
are considered. Based on these values, tank components are calculated. The
corresponding analytical tank currents and conduction losses are then evalu-
ated across various operating scenarios: (a) the PV port supplies full power
to the EV port, (b) the PV port supplies power to both the EV and grid
ports, and (c) the PV port supplies all power to the grid port. The pulsating
nature of the dc-link voltage, v,,, is also taken into account. . . . . . . . ..

State-plane diagrams for three phase-shift combinations (#1, #2, and #3)
of (¢pg)sweep and (T — Ppe)sweep, Plotted using the expressions for H-bridge
voltages and tank currents derived in (6.44), (6.45), (6.49), (6.50), (6.54), and
(6.55), during the switching transitions of (a) PV-side H-bridge (transition
I), (b) grid-side H-bridge (transition II), and (c) EV-side H-bridge (transi-
tion III). Phase-shift combinations #1 and #2 result in partial or no ZVS for
the PV and grid-side H-bridge MOSFETSs, whereas combination #3 achieves
complete ZVS across all three H-bridges of the TAB. For phase-shift combi-
nation #3, the respective tank current polarities for all three transitions are
correct and have sufficient magnitude to transition H-bridge voltages from
—V to +V within the dead time. . . . . . . . ... . Lo oL
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Averaged conduction losses of the TAB-based three-port dc-dc converter for
different combinations of phase shifts, (¢pg)sweep and (T — @pe)sweep, cOmM-
bining the operating cases shown in Fig. 6.11. The figure also highlights
non-favorable operating regions where complete ZVS is not achieved or the
ZVS duration exceeds the 150 ns limit. The selected operating point is chosen
to minimize conduction losses and ensure complete ZVS. . . . . . .. .. ..

Flowchart illustrating the process for determining optimized tank compo-
nents to minimize conduction losses and ensure complete ZVS. . . . .. ..

Phase shifts ¢, and (7 — ¢pe) corresponding to various power flow scenarios
considered in this study are shown. The pulsating nature of the dc-link
voltage, v, is also taken into account for each power flow case. . . . . . ..

(a) Pulsating dc-link voltages vpo, Von, and vy, on the grid side. Since the
pulsating v,, connects to the grid-side H-bridge, 360 Hz variations in the
control angles are required to regulate PV and EV currents: (b) ¢4, (¢) (7 —

Boe)e o e e

Combined steady-state and small-signal phasor-transformed representation of
the TAB-based three-port dc-dc converter with a three-winding transformer
and an LCL tank on the EV side. . . . . .. ... ... ... ...,

Comparison of Bode plots of the plant (Gplant-py = isv/dy,) of the TAB-based
three-port dc-dc converter, obtained from the phasor transformation-based
small-signal modeling and PLECS multitone analysis-tool-based simulation.

Comparison of Bode plots of the plant (Gplant-ev = éev/d,.) of the TAB-based
three-port dc-dc converter, obtained from the phasor transformation-based
small-signal modeling and PLECS multitone analysis-tool-based simulation.

(a) Three-winding transformer designed in ANSYS MAXWELL using four
U46/40/28 ferrite cores, with the PV and grid-side windings placed on one
limb and the EV-side winding on the other limb; (b) analytical field distri-
bution for the PV and grid-side windings with the EV-side winding left un-
energized; (c) 3D FEA simulation showing the H-field distribution when the
PV and grid-side windings are energized; and (d) fabricated three-winding
transformer for hardware implementation. . . . . . . ... .. ... .. ...

kVAr/kW ratio of (a) the overall LC'L tank for various EV battery voltages
and turns on the EV-side winding (Ve ), and (b) the averaged kVAr/kW ratio
of the LC'L tank with respect to N.. To minimize the kVAr/kW ratio and
improve efficiency, N = 10 is selected. . . . . . . . .. .. ... ... ....

Current waveform through the capacitor Cp, under the condition where the
grid port receives the rated power P,ateq. The grey-shaded area represents
the value of Qpp- - - - o o o o oo
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Modular IPOP-based configuration of the proposed multiport topology, show-
ing paralleled TAB-based dc-dc converter modules with individual current
injection circuits connected to a single grid-tied Unfolder. . . . . . . .. ..

To evaluate the scalability of the proposed multiport topology, simulations
are carried out with ten paralleled de-dc modules connected to a single grid-
tied Unfolder, corresponding to a total power of 50 kW. The simulation
results for the grid currents, PV bus current, and EV battery current are
shown for: (a) the 500 V PV dc bus supplying 50 kW to the grid with no
EV battery connected; (b) the PV dc bus delivering 50 kW to the 800 V
EV battery load with no power supplied to the grid; and (c) the PV dc bus
unavailable, with the grid supplying the entire 50 kW required by the 800 V
EV battery load. . . . . . . . ..

A 5 kW hardware setup of the proposed multiport system, consisting of an
Unfolder, a current injection circuit, a TAB, a three-winding transformer,
and an LCL tank, for integrating battery storage/renewables with the grid
for EV battery charging. . . . . . . ... oL oo

To validate the scalability of the proposed multiport topology at 10 kW, two
5 kW TAB-based dc-dc converter modules are paralleled, each including an
individual current injection circuit. The paralleled dc-dc system connects to
a single grid-tied 10 kW Unfolder. The figure shows the stacked PCBs for
paralleling: (a) individual current injection circuit and grid-side H-bridges,
(b) PV-side H-bridges, and (c¢) EV-side H-bridges. . . . . . ... ... ...

Pulsating dc-link voltages vpo, Von, and vy, at the output of the Unfolder.
The grid-side H-bridge connects to the dc-link voltage vp,. . . . . . . . . ..

Tank voltages and currents for the case when the grid receives all the power
from the PV port and the EV battery is not connected. The pulsating dc-link
voltage v, results in pulsating tank currents. . . . . . ... ... ... ...

Experimental results for the case where the PV port supplies 5 kW of power,
and the EV port receives between 0 and 5 kW. If the EV port receives less
than 5 kW, the remaining power is delivered to the grid. The PV port
supplies 5 kW to the grid when the EV battery is not connected: (a) grid-
side and Unfolder output waveforms, (b) dc-side waveforms, and (c) tank
waveforms. When a 200 V EV battery is connected and the EV port receives
1.25 kW: (d) grid-side and Unfolder output waveforms, (e) dc-side waveforms,
and (f) tank waveforms. Tank waveforms are captured using the envelope
(persistence) mode of a Tektronix 4 Series oscilloscope to observe variations
over the grid cycle. . . . . . . . . ..
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6.30 Experimental results for the case where the PV port supplies 5 kW of power,
and the EV port receives between 0 and 5 kW. If the EV port receives less
than 5 kW, the remaining power is delivered to the grid. When a 400 V
EV battery is connected and the EV port receives 2.5 kW: (a) grid-side and
Unfolder output waveforms, (b) dc-side waveforms, and (c¢) tank waveforms.
When an 800 V EV battery is connected and the EV port receives 5 kW: (d)
grid-side and Unfolder output waveforms, (e) de-side waveforms, and (f) tank
waveforms. Tank waveforms are captured using the envelope (persistence)
mode of a Tektronix 4 Series oscilloscope to observe variations over the grid

6.31 Experimental results for the case where the PV port cannot supply the full
5 kW required by the EV battery, and the grid provides the deficit. The PV
port supplies 1.25 kW, and the grid supplies the remaining power required
by the EV battery: (a) grid-side and Unfolder output waveforms, (b) dc-side
waveforms, and (c) tank waveforms. In the second case, the PV port supplies
no power as the PV current drops to 0 A, and the grid supplies the full power
to the EV battery: (d) grid-side and Unfolder output waveforms, (e) dc-side
waveforms, and (f) tank waveforms. . . . .. ... .. 000

6.32 Power analyzer data measured using the Yokogawa WT1806E for the follow-
ing cases: (a) the PV port supplies all the power to the grid, achieving a peak
system efficiency of 98.3% and a grid current THD of 2% at this operating
point; (b) the PV port supplies all the power to the EV port with an 800 V
battery; and (c) the PV port supplies no power, and the grid provides all the
power to the EV port with an 800 V battery. . . . .. ... ... ... ...

6.33 Efficiency of the proposed multiport system for different values of grid-supplied
power. Efficiency is also shown for the case when the battery is disconnected,
resulting in 0 V across the EV-side H-bridge dc-link. The power supplied by
the PV port and received by the EV port, represented as (X, Y) kW, is also
provided. A peak ac-dc efficiency of 98.3% is achieved, with efficiency main-
tained above 97% across various operating conditions, power flow directions,
and a battery voltage range of 200-800 V. . . . . . . .. ...

6.34 THD of the grid current in the proposed multiport system for different values
of grid-supplied power and various battery voltages. THD values for cases
with low grid power are disregarded due to the negligible fundamental com-
ponent of the grid current in these scenarios. The power supplied by the PV
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port and received by the EV port, represented as (X, Y) kW, is also provided.241

6.35 Power loss distribution among the Unfolder, current injection circuit, and
TAB-based dc-dc converter of the multiport system when supplying rated
power from the grid to an 800 V EV battery load. . . .. .. .. ... ...
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(a) A step change is applied to the EV battery current, iey, from 4.69 A
to 6.25 A. With the 800 V battery connected, the EV port power increases
from 75% of the rated power (3.75 kW) to 100% rated power (5 kW). (b) A
10% step change is applied to the Unfolder input ac voltages, from 277 V
to 250 V. The closed-loop control maintains the grid, PV, and EV currents
during this grid voltage sag. . . . . . . . . ...

(a) A step change in PV current, iy, from 10 A to 0 A shifts the power
flow from the PV port supplying 5 kW to an 800 V EV battery, to the grid
supplying 5 kW to the battery load. (b) A deviation in PV bus voltage, Vpv,
from 500 V to 470 V is applied in hardware. The control maintains the PV
and EV currents properly during this voltage change. . . . . . . . . . . . ..

Hardware results of the TAB-based dc-dc converter under two operating con-
ditions: when an 800 V EV battery is connected and receives 5 kW from
the PV port, with no power delivered to the grid port, (a) tank-voltage and
tank-current waveforms, (b) waveforms measured at a 588 V grid-port dc-link
voltage, (¢) waveforms measured at a 679 V grid-port dc-link voltage, and
(d) overall loss distribution of the de-dc converter corresponding to a total
loss of 97.5 W at an efficiency of 98.05%. When a 200 V EV battery is con-
nected and receives 1.25 kW from the PV port while the remaining 3.75 kW
is delivered to the grid port, (e) tank-voltage and tank-current waveforms,
(f) waveforms measured at a 588 V grid-port dec-link voltage, (g) waveforms
measured at a 679 V grid-port dec-link voltage, and (h) overall loss distri-
bution of the dc-dc converter corresponding to a total loss of 74.5 W at an
efficiency of 98.51%. Tank waveforms in (a) and (e) are captured using the
envelope (persistence) mode of a Tektronix 4 Series oscilloscope to observe
variations over the grid cycle due to the pulsating grid-port dc-link voltage.

State-plane diagrams for the three transitions discussed in Section 6.4.3 corre-
sponding to (a) the PV-side H-bridge (transition I), (b) the grid-side H-bridge
(transition II), and (c) the EV-side H-bridge (transition III). The analytically
obtained state-plane diagrams are verified by comparison with experimental
plots for the case where an 800 V EV battery is connected and the grid-port
de-link voltage is 679 V. . . . . . oL oo

ZVS verification of the TAB MOSFETSs for 800 V and 200 V EV battery volt-
ages. H-bridge voltages, tank currents, and gate-source voltages for (a) 800 V
battery voltage and 588 V grid-port dc-link voltage, (b) 800 V battery volt-
age and 679 V grid-port dc-link voltage, (c) 200 V battery voltage and 588 V
grid-port de-link voltage, and (d) 200 V battery voltage and 679 V grid-port
dc-link voltage. It can be observed in all cases that the tank-current polarities
and magnitudes during the switching transitions are appropriate such that
the H-bridge voltages transition from —V to +V before the gate pulses turn
on, indicating that the MOSFET output capacitances Cyss charge/discharge

during the dead time. This confirms ZVS operation for all tested conditions.
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Hardware verification of the scalability of the proposed multiport topology
at 10 kW: (a) grid-side voltages and currents when the 500 V PV dc bus
supplies a total of 10 kW to the grid, with no EV battery connected; (b) dc-
side waveforms of the PV and EV ports when the 10 kW output from the PV
dc bus is delivered to the 800 V EV battery load, with no power supplied to
the grid; and (c) grid-side voltages and currents when the PV dc bus cannot
supply power, and the grid provides the entire 10 kW required by the 800 V
EV battery load. . . . . . . ... L

Power analyzer data measured using the Yokogawa WT1806E for the follow-
ing cases: (a) the 500 V PV dc bus supplies a total of 10 kW to the grid,
with no EV battery connected; (b) the 10 kW output from the PV dc bus is
delivered to the 800 V EV battery load, with no power supplied to the grid;
and (c) the PV dc bus cannot supply power, and the grid provides the entire
10 kW required by the 800 V EV battery load. . . . . ... ... ... ...

The structure of the voltage and current sensing circuits used for high-
bandwidth control of the unfolding-based ac-dc system. The sensed voltages,
Vpo and vy, and the sensed currents, i, and i,, are utilized for the feedforward
and feedback controls shown in Fig. 4.31 of Chapter 4. . . . . . . ... ...
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CHAPTER 1
INTRODUCTION

The global drive to reduce greenhouse gas emissions and decrease dependence on fossil
fuels has positioned electric mobility as a key strategy for achieving a sustainable future [1,2].
This transition has intensified the demand for advanced grid-connected charging infrastruc-
ture and high-efficiency grid-tied ac-dc power converters. Such converters are essential not
only for enabling reliable EV charging but also for the seamless integration of renewable
energy sources such as photovoltaic modules, fuel cells, and battery storage systems into
the grid [3]. Given the substantial power demands from the grid, grid-tied converters must
process power efficiently, reliably, and cost-effectively [4].

Conventionally, a two-stage architecture is employed [5-7], involving an AFE PFC
converter [8,9] and a dc-dc converter with an HF isolation transformer [10,11]. The in-
termediate stiff dc link in this architecture facilitates simplified system design and enables
excellent dynamic control. However, the AFE in this setup often suffers from relatively
high switching and reverse recovery losses, constraining its maximum operating switching
frequency. This limitation necessitates a larger filter size, contributing to elevated system
costs. Furthermore, employing two successive full-power processing stages leads to a de-
crease in the overall efficiency of the system [12]. To overcome these challenges, there is
increasing interest in single-stage ac-dc converters for both conductive charging and WPT
applications [12-22]. The architectures of the two-stage and single-stage topologies are
depicted in Fig. 1.1.

Among these, unfolding-based topologies have emerged as promising candidates, as
they allow the concurrent execution of PFC and regulated dc output with efficient ac-dc
power delivery within a single conversion stage [12,18-30]. These architectures employ a
3-¢ Unfolder operating in open loop at a maximum of twice the grid frequency to invert

the negative half-cycles of the ac input, producing two unipolar pulsating dc-link voltages.
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(AFE)

Isolated ac-dc

(a) (b)

Fig. 1.1: Architecture of (a) a two-stage topology; and (b) a single-stage topology.

The dc-dc converter in this unfolding-based topology is precisely controlled to maintain
balanced loading across these pulsating dc-link voltages, resulting in sinusoidal grid currents
and a regulated net power output to the load. Operating the Unfolder at a maximum of
twice the grid frequency with negligible switching losses, while performing all the control-
related tasks using the dc-dc converter, results in improved power density, efficiency, and
design simplicity. Moreover, by eliminating the intermediate stiff dc link with its large
capacitors, and by reducing the requirement for external grid-side inductive filters since the
grid inductance is sufficient for PFC, unfolding-based converters provide a more compact
and efficient solution for high-power applications compared with conventional two-stage
topologies. In this unfolding-based topology, the power from the two pulsating dc-link
voltages can be processed using a dual-input converter, such as a 3-level buck/boost [18-20],
a pair of H-bridges [21,22], or a T-type bridge [12,23-31], thereby establishing the foundation
for a wide range of single-stage unfolding-based ac-dc architectures.

Chapters 2-5 of this thesis employ an unfolding-based single-stage ac-dc topology with
a T-type bridge-based dc-dc converter. The T-type bridge integrates two H-bridges into
a single three-port converter that connects to the pulsating dc-link voltages at the output
of the Unfolder, enabling efficient utilization of semiconductor devices. Additionally, the
T-type bridge allows the use of a single galvanic isolation for dc-dc conversion. As a result,
it offers a power-dense solution well-suited for unfolding-based ac-dc architectures. The
design and operation of the unfolding-based ac-dc converter rated at 21 kW output power

are presented in Chapter 2. To demonstrate the advantages of the proposed unfolding-
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Table 1.1: Comparison between the proposed unfolding-based single-stage and conventional
two-stage topologies (Vy, - peak line-line grid voltage, Pyt - output power, and wy - angular
grid frequency).

Component Parameter Scaling Conventional Proposed
factor two-stage single-stage
(AFE+H- (Unfolder+T-
bridge) type)
Semiconductor - 6 12
devi t
AFE/Unfolder evice coun
Voltage stress Vagm 1.18 1, 0.433
Current stress Pout/ng 0.216, 0.535 0.56, 0.139
(rms)
Semiconductor - 4 8
devi t
H-bridge/T-type evice coun
Voltage stress Vagm 1.18 1, 0.866
Current stress Pout/Vym 0.693 0.89, 0.4
(average rms)
Grid-side Value (mH) V! (wgPout) 10.31 0
inductive filter
Dec/soft-dc link Value (mF) Pout/(wgVi,) 827.23 3 x 20.68
capacitor

based single-stage topology over the conventional two-stage architecture, a quantitative
performance comparison has been done. As discussed above, the unfolding-based topology
utilizes a T-type bridge-based dc-dc converter. On the other hand, the two-stage topology is
typically designed with a grid-tied HF AFE followed by an H-bridge-based dc-dc converter.
Both topologies use a diode-bridge rectifier on the secondary side connected to a battery
load. To perform the comparison, a case study is carried out at the output power level
of Powt = 21 kW, with input and output voltages of Vg, = 48012 V and Viae = 730 V,
respectively. The AFE converter is switched at 100 kHz with an appropriate inductive

filter to match the grid current THD with the unfolding-based topology. An HF grid-tied
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Table 1.2: Loss comparison between the proposed single-stage and conventional two-stage
topologies (Pyyt - output power).

Component Parameter Scaling | Conventional Proposed
factor two-stage single-stage
(AFE-+H- (Unfolder+T-
bridge) type)
Conduction losses | Poyt/100 0.95 0.62
AFE/Unfolder
Switching losses Pyt /100 0.97 0
Conduction losses | Poy/100 0.47 0.61
H-bridge/T-type
Switching losses Pyt /100 0 0.14
- Total power losses | Pyt /100 2.39 1.37

converter designed in [32] is considered for reference. The AFE is controlled using space
vector PWM, while the H-bridge operates at a maximum modulation index with square
wave pulses to achieve complete soft-switched transitions. The control strategy for the T-
type bridge used in the unfolding-based topology is detailed in Chapter 2. Table 1.1 provides
the comparison between the two topologies in terms of the device count, voltage and current
stresses, and filter requirements. It can be observed that the proposed topology provides a
significant reduction in the demand for inductive and capacitive filtering in the conversion
process at the cost of more semiconductor devices. Table 1.2 presents a comparison of
analytical power losses between the two topologies calculated using the analysis presented
in Chapter 2 and [33]. The conventional H-bridge demonstrates higher efficiency compared
to the T-type bridge due to its lower switch count, resulting in reduced conduction losses. It
also benefits from complete soft-switching capability. However, the Unfolder in the proposed
topology exhibits significant power loss reduction when compared to the AFE converter,
mainly due to its negligible switching losses. Consequently, the proposed topology delivers
superior overall efficiency in the conversion process. Moreover, the efficiency of the proposed
unfolding-based topology can be improved further by minimizing the switching losses of the

T-type bridge, as discussed in Chapter 3.



5

While the unfolding-based ac-dc topology presented in Chapter 2 demonstrates signif-
icant advantages, further refinement and optimization are required to enhance its perfor-
mance. The next two chapters of this thesis address these refinements. Chapter 3 proposes
a robust closed-loop control architecture, an appropriate modulation strategy, and an ac-
curate tank design that together ensure soft-switching operation of the T-type bridge in
the unfolding-based ac-dc topology across the entire grid cycle, thereby reducing switching
losses, improving efficiency, and reducing EMI. Chapter 4 proposes a current emulation-
based active damping technique that improves the quality of the grid currents by reduc-
ing their THD, enhances system stability, and enables high-bandwidth closed-loop control,
thereby improving the overall operation of the unfolding-based ac-dc topology. To ensure
the stability and robustness of closed-loop control in the proposed unfolding-based ac-dc
topology, accurate small-signal modeling is required to derive the plant transfer functions
and calculate the controller parameters. A detailed small-signal model of the T-type bridge-
based dc-dc converter, developed using the phasor transformation technique, is presented
in Chapter 5.

Finally, attention is directed toward the constraint of limited electricity generation ca-
pacity amidst the rapidly expanding EV charging infrastructure. In 2023, the United States
consumed approximately 137 billion gallons of gasoline and 46 billion gallons of diesel, cor-
responding to an energy demand of about 6.36 trillion kWh for transportation [34]. In
contrast, the nation’s total electricity generation during the same year was approximately
4.25 trillion kWh [35], underscoring the immense gap between transportation energy con-
sumption and available electricity supply. The distribution of energy sources is illustrated
in Fig. 1.2. This disparity highlights the challenge of transitioning to fully electric mobility
systems, as electrifying the entire vehicle fleet would far exceed current generation capacity.
Therefore, alongside the development of EV charging infrastructure, it is imperative to con-
currently enhance electricity generation and grid support. A promising approach that has
gained significant attention involves integrating renewable generation and battery energy

storage with the grid to support large-scale EV charging [36]. A conceptual representation
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Fig. 1.2: Energy generation sources in the USA in 2023 (source: EIA).

Fig. 1.3: Conceptual image of the integration of battery storage/renewable energy genera-
tion with the grid for EV charging infrastructure (source: Mobility Outlook).

of this integration is depicted in Fig. 1.3.

Chapter 6 focuses on the design, control, and optimization of a multiport system that
leverages the unfolding-based grid connection to integrate battery storage and renewable
energy sources with the grid for EV battery charging. While Chapters 2-5 concentrate on
single-stage unfolding-based topologies for direct and efficient grid-to-EV power transfer,
the final objective of this thesis broadens the scope to system-level integration challenges.
In particular, large-scale EV adoption requires not only efficient converters but also ar-
chitectures capable of coordinating with renewables and battery storage. To address this,
Chapter 6 introduces a multiport architecture that employs the Unfolder for grid interfacing

together with a current injection circuit [44,45] and a TAB-based dc-dc converter [46,47].


https://www.eia.gov/
https://www.mobilityoutlook.com/
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Through this combination, the system effectively integrates the battery storage/renewables
with the grid for EV battery charging. This architecture is distinct from the single-stage
approaches of earlier chapters, yet it still retains the advantages of the unfolding-based
grid connection, such as negligible switching losses, simplified grid interfacing, and compact
filtering requirements. The proposed multiport system demonstrates how unfolding-based
principles can be scaled to more complex system-level architectures essential for future EV
charging infrastructure.

Moreover, the performance of the proposed 3-¢ unfolding-based grid-tied multiport
converter is compared with prior 3-¢ grid-tied multiport converters in Table 1.3. It can
be observed that the proposed system surpasses prior work in key parameters, achieving
higher efficiency through a low-frequency-switched Unfolder and an optimized TAB tank,
lower THD, and reliable operation over a wide EV battery voltage range of 200-800 V.
In addition, the use of an Unfolder, which minimizes grid-side filtering requirements with
grid inductance sufficient for PFC, together with the integrated three-winding transformer
design, reduces the overall count of passive components in the system. The scalability of
the proposed converter is also demonstrated in Chapter 6 through 50 kW simulation results
and 10 kW hardware tests, supporting its potential for practical high-power EV charging
infrastructure.

The remainder of this thesis is organized as follows:

e Chapter 2 presents the design and operation of the proposed unfolding-based grid-tied

ac-dc topology for WPT applications, rated at 21 kW output power.

e Chapter 3 develops a robust closed-loop control architecture, an appropriate modula-
tion strategy, and a precise tank design that together ensure soft-switching operation
of the T-type bridge in the unfolding-based topology across the entire grid cycle,

thereby reducing switching losses, improving efficiency, and reducing EMI.

e Chapter 4 introduces a current emulation-based active damping technique that reduces
grid-current THD, enhances system stability, and enables high-bandwidth closed-loop

control for improved overall performance of the unfolding-based ac-dc topology.
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e Chapter 5 presents a detailed small-signal model of the T-type bridge-based dc-dc
converter in the unfolding-based ac-dc topology, which serves as the foundation for

accurate control design and stability analysis.

e Chapter 6 proposes the design and operation of an unfolding-based grid-tied multiport
system that integrates battery storage and renewable energy sources with the grid for
EV battery charging. A modular approach is adopted, with a single module designed
for a 5 kW power level and scalability demonstrated in hardware at a 10 kW power

level.

e Chapter 7 presents the conclusions.



CHAPTER 2
DESIGN AND OPERATION OF AN UNFOLDING-BASED AC-DC TOPOLOGY

2.1 Introduction

This chapter presents a single-stage topology for a WPT system [48-51] that consists
of a 3-¢ Unfolder followed by a T-type converter-based soft-dc to dc system. The Unfolder
operates close to the grid frequency in order to invert the negative segment of the input ac
voltages to the positive polarity. These positive pulsating voltages are referred to as soft dc-
link voltages in this chapter. The T-type converter is chosen to connect to the Unfolder due
to its dual-input voltage processing capability, which enables efficient utilization of semi-
conductor devices and improves system efficiency and power density. The T-type converter
is switched at a frequency of 85 kHz to ensure interoperability with charging equipment
from various manufacturers, as suggested by the WPT standard J2954 established by the
SAE [52]. To mitigate the control-related complications, this chapter presents a decoupled
control strategy aimed at overcoming the constraints associated with high bandwidth control
and minimizing grid current THD. The proposed control approach enables the management
of input PFC without the need for grid-side current sensors, while simultaneously provid-
ing output power regulation. To ensure proper control of the battery current, a phasor
transformation technique is used to model the T-type converter-based soft-dc to dc system.
In addition, a modular structure of the T-type converter is proposed for efficient power
scalability to develop a WPT infrastructure capable of charging heavy-duty EV batteries in
under an hour with a power rating of 1 MW. A board measuring 26.2 in (L) x 13.2 in (W)
x 4.5 in (H), including the cold plate, is designed to accommodate three T-type converters,
each capable of producing 21 kW of output power. A single Unfolder rated for 1 MW is
developed to interface with multiple parallel-connected T-type converter modules.

The chapter provides comprehensive design guidelines and presents hardware results
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Fig. 2.1: The circuit configuration of a buck-type PFC 3-¢ Unfolder followed by a generalized
soft-dc to dc converter.

for a 21 kW prototype based on a single T-type module. The prototype achieves an ac-dc
efficiency of ~96% in the conversion process from the grid to the battery and a grid current
THD of 1.27%. The modular structure for multiple T-type converters operated in tandem
is demonstrated by testing six T-type converter modules in parallel, and corresponding

hardware results are also presented.

2.2 Circuit Configuration and Operation of the Proposed AC-DC Converter
The unfolding-based ac-dc conversion system, as illustrated in Fig. 2.1, is composed
of ac-side grid inductances, a conventional 3-¢ diode bridge rectifier along with a third-
harmonic injection network (Qx, x € {a,b,c}), soft dc-link capacitors, and a soft-dc to dc
conversion system. In an Unfolder, the input ac phases are connected to the positive,
negative, or midpoint of the soft dc-link based on the specific switching sequence outlined
in Fig. 2.2(d). The phases with the maximum and minimum instantaneous voltages are
linked to the positive (p) and negative (n) nodes of the soft dc-link, respectively, while the
remaining phase is linked to the midpoint (0). As a result, the injection network’s switches

Qa, Qp, and Q. operate with twice the grid frequency, while the rectifier switches D,1, Dasg,
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two ports powers P, and P, combined to give a constant overall output power P,,, and
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Dp1, Dy, De1, and Deo operate with the grid frequency. This switching scheme results
in the soft dc-link voltages, vy, and vy, depicted in Fig. 2.2(a), time-varying from 0 to
(vV/3/2)Vym, where Vi, is the peak of the line-to-line ac input voltages of the Unfolder.
Because of the pulsating soft dc-link voltages, the two output ports of the Unfolder carry
pulsating powers, P, and P,, as shown in Fig. 2.2(c). It should be noted that although
the powers of individual ports are pulsating, the overall power, P,,, is constant as can be
seen in Fig. 2.2(c). Additionally, the soft dc-link does not require large capacitance because
the voltages are not held constant. Two capacitors, Cp, and C,,, are exclusively necessary
and specifically designed to filter out the HF switching ripple produced by the soft-dc to dc
converter. However, having only these two capacitors can result in unbalanced capacitive
loading on the grid side, leading to imbalanced grid currents. To address this issue, a third
capacitor, Cpy, is added which creates a balanced A-connected capacitor configuration.

The soft-dc to dc system must possess dual-input voltage processing capability to man-
age the two soft dc-link voltages and handle two pulsating powers, P, and F,,. One approach
utilized in converter topologies, such as dual active bridge [21], phase-shifted full bridge [22],
and triple active bridge [53,54], involves using two H-bridges to connect to the two soft dc-
link voltages. However, both of these H-bridges need to have a peak power rating of Ppyeqk,
which is twice the average power processed by each H-bridge converter. Additionally, em-
ploying two H-bridges necessitates the use of two wireless coils. These factors contribute to
a decrease in the efficiency and power density of the soft-dc to dc system. Another solution
is the 3-level buck/boost converter [18-20,55,56], which integrates with the two soft dc-link
voltages. However, this topology fails to provide soft-switching for a majority of the grid
angles, leading to a reduction in system efficiency.

The T-type converter, as shown in Fig. 2.3, overcomes these challenges by merging
the two H-bridges into a single three-port converter, efficiently utilizing the semiconductor
devices. It consists of two input ports to integrate with the two soft dc-link voltages and
one output port that requires only one wireless coil. Consequently, the T-type converter,

with most of its semiconductor devices capable of soft-switching for a majority of the grid
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angles, enables an efficient and power-dense solution for the unfolding-based single-stage
topology. The T-type converter emulates balanced loads across the two output ports of the
Unfolder, resulting in sinusoidal currents on the grid side, as presented in Fig. 2.2(b).

The T-type converts the soft dc-link voltages into an HF 5-level voltage, as illustrated in
Figs. 2.4 and 2.5. The converter employs a modulation strategy that regulates the switching
averages of the currents izc and 7% to ensure the grid currents are piece-wise sinusoidal for
PFC. Furthermore, the fundamental component of the resonant tank voltage v, is regulated
over the entire grid cycle to control the output power. An LC'C network is utilized to extract
the fundamental component from the T-type output voltage v;,. The HF current i is
rectified using a full-bridge rectifier on the secondary side and an output filter capacitor
Cout to charge the battery of an EV. While a typical WPT system commonly consists of
an LCC network on both the primary and secondary sides of the wireless coil [48-50,57],
in this study, the WPT system is emulated by incorporating a 1:1 isolation transformer in

conjunction with the primary LCC' resonant network.

2.3 Center-Aligned Modulation Strategy for the T-type Bridge

The T-type converter is operated at the WPT system’s operating frequency of 85 kHz.
Figs. 2.4 and 2.5 depict the switching sequence for the T-type converter for two cases:
d, > dy and d, < d,, where d, and d,, represent the duty ratios corresponding to the soft
dc-link voltages v,, and vy, respectively. Two quasi-square voltage waveforms generated
corresponding to vy, and v,, are center-aligned. To achieve input PFC and regulate output
power, the duty ratios d,, and d,, of the T-type converter are modulated. In steady-state
operation, the LC'C network, diode bridge rectifier, and connected EV battery collectively
act as a passive load given by the FHA. As a result, the output power can be controlled
directly by adjusting the magnitude of the fundamental component of v;,. The voltages
Vpo and vy, fluctuate at three times the grid frequency, as shown in Fig. 2.2(a). Henceforth,
a mathematical evaluation is carried out solely for two sectors, 1 and 2, and subsequent
analysis for other sectors can be conducted through a similar procedure. For the analysis,

it is assumed that using a resonant tank with a suitable quality factor results in sinusoidal
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Fig. 2.4: Switching patterns of the T-type converter when d, is greater than d,,. The
modulation technique used aligns the two quasi-square voltages generated with respect to
d, and d,, in a symmetrical manner around the center. The 5-level T-type output voltage
consists of a fundamental component, v,,1, and a sinusoidal lagging current, i,, is generated
using an LC'C network-based resonant tank.

current and voltage waveforms on both the primary and secondary sides of the soft-dc to dc
system. As a result, the tank current i, is considered a smooth sinusoid for further analysis.

The fundamental component of the resonant tank voltage v;, and the tank current i, are

4 . 7d . wd, .
Vayl = — [vpo sin (2[)) + Vop sin <2>} sin (wst) , (2.1)
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Fig. 2.5: Switching patterns of the T-type converter when d), is less than d,,. The modulation
technique used aligns the two quasi-square voltages generated with respect to d, and d,, in
a symmetrical manner around the center. The 5-level T-type output voltage consists of a
fundamental component, v;,1, and a sinusoidal lagging current, i, is generated using an
LCC network-based resonant tank.

iy = Lym sin (wst — V) | (2.2)

where w; is the angular switching frequency of the T-type converter, I, is the amplitude of
the tank current i,, and 1 is the phase angle difference between the fundamental component
of the tank voltage, v;y1, and tank current, 7,.

Now, the expressions for d, and d,, are derived through a three-step procedure:
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1. For input PFC, the average values of igc and 7% over a switching cycle are equated to
the instantaneous values of required ¢, and i,, respectively. Maintaining the appro-
priate three-pulse i, and i, on the output of the Unfolder makes sure that the grid
currents, which are shaped piece-wise by 4, and i,, are sinusoidal. This step accounts
for the currents flowing into the soft dc-link capacitors due to the three-pulse soft
dc-link voltages across them and guarantees a unity power factor on the input side.
It should be noted that the midpoint current of the Unfolder output does not need
to be regulated as maintaining ¢, and ¢, inherently handles the midpoint current in
accordance with KCL. This step results in

<igc>Ts = ip - <iCpo + icpn>Ts s
(2.3)

<iZC>Ts =ip — <icon + Z.cpn>T5 .

2. The average values of igc and % are determined in terms of d, and d,, by satisfying the
power balance between the input ports and the output port of the T-type converter,
as mentioned below:

2 md,
<iZC>TS = — Iy cos(¢)) sin (p) ,

T 2 (2.4)

2 d,
<Z.frizc>Ts = — Iy cos(1) sin <ﬂ—> .
T 2

3. The average values of z'gc and i;‘?f obtained from the previous two steps are equated to

obtain d, and d,,, as given below:

2 I cm .
dp = — sin_l <7rg Sln(fp(egrida Oé))) 5

T 21, cos(2) (2.5)
d, = 2 gin! <7TIgcmsin(f (@i a))> |
n — = 2I:pm COS(¢) n\Ygrid, )

where
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Igcm = \/ Ig2m + Ic2m ’

o =tan"! (ICM/Igm> ) (2.6)

Icm = \@%mwgcsoft—dc )

where I, represents the peak of grid currents, Vj,, is the peak of line-to-line ac input volt-
ages, wy denotes the angular grid frequency, Cs,ft-dc is the soft de-link capacitance (Cpo, Con,
and Cpy), and f, , are the functions with respect to the grid angle (64,;4) obtained from
the PLL [9] and « introduced by Ciofs-dc-

The equations of d, and d,, are further simplified by introducing a term called steady-

state modulation index (M;) as defined below:

Vayl-rms TVxyl-rms 7rIgcm
‘ V;ﬁyl-rms-max \/é%m COS(a) QIzm COs (¢) ( )

The resulting expressions for d, and d,, provided in Table 2.1 for sectors 1 and 2, ensure
input PFC. If the soft dc-link capacitive currents, resulting from the three-pulse soft dc-link
voltages applied across them, are much lower than the grid currents (\/§ngwngo Ft-de < 1, gm),

angle a =~ 0. The simplified steady-state modulation index is then given by

Vaylrms TVayl-rms Tlgm

M e~ 6V Momcos (@) 28)

As mentioned earlier, the magnitude of voltage v,y1, which is determined by the mod-
ulation index, directly controls the output power and battery current. Therefore, a PI
controller-based closed-loop control architecture, as shown in Fig. 2.3, is developed that
calculates the required modulation index to achieve a certain power level by regulating the
battery current. Subsequently, the calculations of d, and d,, are done, which inherently take
care of the input PFC, based on the appropriate modulation index required for the output
power. Therefore, the proposed modulation strategy and closed-loop control architecture

handle both the control tasks required for battery charging applications. It should be noted
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that the calculations of d, and d,, are decoupled even though the voltage vy is a function
of both d, and d,, as mentioned in (2.1). Additionally, the proposed modulation strategy
elegantly handles input PFC without the need to sense input grid currents or soft dc-link

p and n ports currents.

2.4 ZVS Operation and Motivation for the Modular T-type Architecture

As mentioned in [13,58], in order to achieve ZVS of the MOSFETS, it is necessary
for the converter output current to be sufficiently negative during positive transitions of
the converter output voltage, and conversely, for the current to be sufficiently positive
during negative voltage transitions. Typically, such desired current polarities are achieved
by a certain degree of inductive loading of the converter. This ensures two important
aspects: (i) prior to turning on the MOSFET, its output capacitor (C,ss) is discharged, and
(ii) when the MOSFET is turned off!, the device current is shifted to its C,ss for charging.
This phenomenon, which is also known as soft-switching, effectively avoids overlap and Cjgs
discharging/charging related switching losses.

To understand the soft-switched or hard-switched nature of the T-type converter MOS-
FETs, the scenario when d,, > d,, is considered, while a similar analysis can be done for
d, < dy,. Fig. 2.6 depicts the analytical waveforms of the T-type converter’s output voltage,
Vay, and output current, i, for two scenarios: (i) when d,, is close to unity, and (ii) when d,
is much smaller than unity. In both scenarios, it is observed that all four trailing edge transi-
tions consistently exhibit ZVS due to the presence of the appropriate output current polarity
and magnitude during these transitions. However, the second and fourth leading edge tran-
sitions always occur in a hard-switched manner. The ZVS nature of the first and third
leading edge transitions is conditional based on the following observations: (i) Fig. 2.6(a)
illustrates that when d), is closer to unity, the output current polarity and magnitude en-
able ZVS of the MOSFETSs during these transitions, and (ii) Fig. 2.6(b) demonstrates that

when d,, is much smaller than unity, the MOSFETs undergo hard-switching during these

'To achieve ZVS during turn-off, the MOSFET’s turn-off time needs to be sufficiently fast so that the
device current shifts to its Coss swiftly. Otherwise, the device experiences some degree of overlap losses.
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Fig. 2.6: Analytical v, and i, with (a) d, = 0.9 and d,, = 0.43 which leads to more ZVS
transitions of MOSFETSs including the first and third leading edge transitions as the value
of d,, is higher and closer to unity, (b) d,, = 0.69 and d,, = 0.64 which leads to hard-switched
leading edges as both the duties are much smaller than unity. Trailing edge transitions in
both cases always have ZVS. Higher magnitudes of d, or d,, are favorable for soft-switching.

transitions. The criterion for achieving ZVS of the MOSFETSs during the first and third
leading edge transitions, expressed in (2.9), depends on the minimum values of d, or d,.
The increasing amount of MOSFETSs experiencing ZVS transitions during the first and
third leading edge transitions throughout the grid cycle as d, or d,, approaches a magnitude
of unity is depicted in Fig. 2.7. The classification of all the T-type converter MOSFETSs

into soft-switched or hard-switched categories during different transitions is summarized in
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Fig. 2.7: Various duty ratios, d, or d,, are indicated in green, representing the values at
which the first and third leading edge transitions undergo ZVS of the MOSFETs. As the
modulation index, M;, increases at a specific phase shift between v;,1 and iz, ¥, ZVS is
possible for more values of duty ratios. Consequently, an increase in the modulation index
directly correlates to a greater extent of soft-switching.

A —d ----dy

0 n/3 2n/3 T 4n/3  5m/3 2 Ogia

Fig. 2.8: Variation of d, and d,, with different steady-state modulation indices.

Tables 2.2 and 2.3. The ZVS conditions are

2
d, >1- Ll (dp > dn),

27;} (2.9)
dp >1— — (dn > dp) .

With most of the MOSFETS soft-switching for higher values of duty ratios throughout

the grid cycle, it is required to have a higher modulation index which leads to the attainment



24

Table 2.2: Nature of the switching of the T-type converter MOSFETs when d, > d,.

Transition MOSFETSs dp >1— 2% dp<1- 22
switching

1%¢ leading edge Sy1, S;B ZVS Hard-switched
27d Jeading edge Sy2,Sy3 Hard-switched Hard-switched
3'd leading edge Sx1, S;fg ZVS Hard-switched
4™ leading edge Sx2,553 Hard-switched Hard-switched
15t trailing edge Sy2,Sy3 ZVS ZVS
2nd trailing edge Sy1, 8;3 ZVS ZVS
3" trailing edge Sx2,553 ZVS ZVS
4™ trailing edge Sx1, 53 ZVS ZVS

Table 2.3: Nature of the switching of the T-type converter MOSFETs when d, < d,.

Transition MOSFETSs dp >1—2% dp <1-—2%
switching

1%¢ leading edge Sx2, 553 ZVS Hard-switched
2°d Jeading edge Sx1, S5 Hard-switched Hard-switched
3'd leading edge Sy2,Sy3 ZVS Hard-switched
4™ leading edge Sy1, S;B Hard-switched Hard-switched
15t trailing edge Sx1, S5 ZVS ZVS
2nd trailing edge Sx2,5:3 ZVS ZVS
3 trailing edge Sy1, S;B ZVS ZVS
4™ trailing edge Sy2,Sy3 ZVS ZVS

of larger duty ratios over a major portion of the grid cycle as shown in Figs. 2.7 and 2.8.
This motivates having a modular structure of the T-type converter-based soft-dc to dc
system, as shown later in the experimental validation section. With multiple parallelly
connected T-type converters, operation at a lower load can be achieved by deactivating
some of the converters while maintaining the maximum modulation index for the other

operating converters.
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Fig. 2.9: A simplified closed-loop control architecture to regulate battery current (ipq::) by
controlling the modulation index (m;). A PI controller (G.) is used and a feed-forward
term M;_y; is introduced to improve the speed of response. Moreover, the plant’s transfer
function (G)) is derived using phasor transformation-based modeling.

2.5 Modeling and Control of the T-type Bridge-Based Soft-DC to DC System

As the T-type converter effectively manages all the control-related tasks, such as in-
put PFC and output power regulation, the modeling and closed-loop control analysis are
confined to the soft-dc to dc system, excluding the unfolding part. Moreover, the primary
focus is given to the output power regulation task since the PFC is skillfully handled by
a previously discussed feed-forward technique, which accurately determines the duty ratios
(dp and d,,) based on the modulation index (m;) required to produce the desired output
power. To accurately regulate the output power and control the battery current (ipgs),
it is necessary to design a suitable controller for the T-type converter-based soft-dc to dc
system with an LCC resonant network?, secondary diode bridge rectifier, and output ca-
pacitive filter. The utilization of a resonant tank with an appropriate quality factor enables
the attainment of sinusoidal current or voltage waveforms in the tank. In this scenario,
the use of a phasor transformation-based modeling approach, as discussed in Chapter 5
and [25,60-63], is deemed appropriate.

Since the modulation index serves as a crucial control parameter in determining the
duty ratios that ultimately determine the battery current, a small-signal transfer function is
derived between ipqy and 7i;, which acts as a plant (Gp) in the closed-loop control architec-
ture shown in Fig. 2.9. The modeling process involves mainly three steps: (i) steady-state
calculation to establish the relationship between Ijqy and M; given in (2.10), (ii) derivation

of a phasor-transformed stationary circuit for the T-type converter, resonant network, along

2This work involves the emulation of a WPT system by employing a tightly coupled transformer.
Therefore, a cantilever model is utilized for the purpose of modeling. However, in the case of a system
incorporating a wireless coil, it is possible to substitute the cantilever model with a two-coupled inductor
model [48,59,60]. The remaining steps of the modeling procedure would remain unchanged.
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Fig. 2.11: Comparison of the bode plots of the T-type converter-based soft-dc to dc sys-
tem’s plant (G,) obtained from the phasor transformation-based small-signal modeling and
MATLAB/PLECS multitone analysis tool-based simulation.

with the diode bridge on the secondary side, as shown in Fig. 2.10, and (iii) small-signal
derivation of the plant’s transfer function based on the aforementioned phasor-transformed

circuit, as mentioned in (2.11) and (2.12). Equations (2.10), (2.11), and (2.12) are

_ AVBM Vg,
Ty = 23V (2.10)
mews Ly,
: A"L'secfen'u A'm‘ A‘Gsec A?’)’L'
m; _ tout _ lout Lsec-env Lout Hselc (2 11)
7 - A~  Sms A Ay ~ 9 .
out my; lsee-eny i Oget M
i ™my
; Lpatt H;
— my a _ Lout
Gy = Hj, = 2 = o (2.12)
m; + Tbatt Cout S

where iiijtc‘e"” and %Offtc represent perturbations in the output current (io,:) of the diode

.
iy
sec-env

bridge that are contingent upon the small-signal change in the envelope ( and phase

(ég@g) of the diode bridge’s input current phasor (z;;), respectively. These perturbations
arise due to small-signal deviations in m;. The plant’s transfer function, G, is evaluated
by combining HZZ; with a first-order pole that originates from the net series resistance of
the battery, rpqi, and the output capacitive filter, Cyyy.

Fig. 2.11 compares the bode plots of the plant GG}, obtained through two different meth-
ods: phasor transformation-based modeling and the multitone analysis (MATLAB/PLECS

simulation tool) of the soft-dc to dc system. The bode plots derived at the rated load con-
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Fig. 2.12: Simulation result of the battery current superimposed upon the envelope pre-
dicted by the small-signal model under the step change in modulation index from 0.95 to 1
at time = 0.05 msec.

dition display a close resemblance. In addition, the model-generated envelope curve of the
battery current closely matches the simulation result when evaluated under a step change of
modulation index from 0.95 to 1, as shown in Fig. 2.12. The soft-dc to dc system exhibits
considerable dynamics at higher frequencies, but since the steady-state battery current
changes gradually, the closed-loop system’s bandwidth is limited to 100 Hz. This analysis
is utilized to compute the PI controller’s (G.) parameters and the resulting uncompensated
and compensated bode plots are shown in Fig. 2.13. Moreover, the Nyquist plot of the
open-loop transfer function (G.G)), as given in Fig. 2.14, for the T-type converter-based
soft-dc to dc system provides valuable insights into the stability of the controller design.
As can be seen in this figure, the Nyquist plot does not encircle the point (-1, jO), without
any poles of the open loop transfer function on the right half-plane, indicating a stable
controller design [58]. Accurate small-signal analysis of the T-type converter-based soft-dc
to dc system assists in regulating the battery current effectively, as demonstrated in the
experimental validation section along with the information about the system parameters

used for small-signal modeling.
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Fig. 2.13: Uncompensated and compensated bode plots of the T-type converter-based soft-
dc to dc system’s plant (Gp). The closed-loop bandwidth is set to 100 Hz with the help of
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Fig. 2.14: Nyquist plot of the open loop transfer function (G.G)) of the T-type converter-
based soft-dc to dc system. With no poles of the open loop transfer function on the right
half-plane, the Nyquist plot not encircling (-1, jO) point shows a stable controller design.

2.6 Design Guidelines and Analytical Loss Calculation
This section focuses on the design of the crucial components in the proposed single-stage

topology. Moreover, loss calculation is provided for the Unfolder and T-type converter.

2.6.1 Soft DC-Link Capacitor Design
The representation of the input current (igc) of the T-type converter as a function of

the output current phasor (1:) and the switching function phasor (s,) can be expressed as,
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e = R[57% 0] + Rl5pize? "], (2.13)

which clearly states that the input current has dc and twice the switching frequency com-
ponents. The HF components flow through the soft dc-link capacitors, which leads to HF
ripples in the soft dc-link voltages vpo, Von, and vp,. To ensure the voltage ripple (Ave goft)
remains within an acceptable threshold, the soft dc-link capacitors should be sized ac-
cordingly. As the soft dc-link capacitors solely serve the purpose of bypassing HF current

components, the following factors are considered during the calculation process:

1. Currents flowing into the capacitors due to the low frequency three-pulse soft dc-link

voltages are considered negligible.

2. Fundamentally, only two capacitors (Cp, and C,y,) are required to bypass the HF
current components, and the third capacitor (Cpy,) is used to create a symmetric A-
connected configuration for balanced loading purposes. As a result, for the sake of
simplifying the calculations, a configuration involving only two capacitors (Cp, and

Copn) is considered.

The RMS current of the HEF component flowing into Cp, is given by

icpo-rms = \/ (ides)” = ((ide)1,)?,
de Lim d,+ cos (2¢) sin (7d,,)

lp—rms - W T )

2 wd
-dc .
<Zp )T, = ;Ixm cos(1)) sin <2?> )

(2.14)

The variation of 7cpo-rms across the grid cycle is evident from above equations, depending
on the value of d,. The specific value of d,, at which C,, carries the highest RMS current is

given by

e (T~ tan? in~! il
dp|1cpo-rms-ma.r = p { ta (4 (1 ta (1/’))) +s (\/160084 <w> T+ 7T2 C032 (Qw)> } .
(2.15)
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Now, to ensure the peak-peak voltage ripple of the capacitor Cy, stays within a maxi-

mum acceptable limit of AV, s, fi-maz, the capacitance is derived below using the equation

Qcpo—ma:c = CpoA‘/c—soft—max:

2-[37771 (1 - dp|lepo_7,ms_maz) CO8 (¢) Sin (% dp|Icpo-rms-mal)

Cho = , 2.16
be WSAV;:—soft—max ( )
which can be written in terms of the output power, P, as
27 Pout (1 — dpl; ) sin (g dpl; )
Cpo _ cpo-rms-max cpo-rms-max . (2‘17)

\/g‘/gmws A‘/c—soft—maa:

Since a symmetric A-connected configuration is employed, the two other capacitors, C,,
and Cpy,, with the identical capacitance value as determined by (2.17), can be used. Fur-
thermore, the capacitors must have a minimum RMS current rating of Icpo-rms-maz at twice

the switching frequency.

2.6.2 Resonant Tank Design

In this work, the WPT system is emulated using a tightly coupled 1:1 isolation trans-
former along with the primary LC'C resonant network. This setup allows the resonant tank
to emulate a load similar to that of a WPT system under this specific configuration. The

design of the LC'C tank is given below.

Design of L,
As indicated by (2.10), the battery current and the resulting output power, Py, exhibit
an inverse relationship with the inductance L,. Therefore, the determination of L, is

contingent upon the power requirement for the battery, as described below:

P 7T2Wspout ‘ ‘
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Design of C,,

Hlustrated in Figs. 2.4 and 2.5, v, represents a 5-level voltage waveform characterized
by its fundamental component at the switching frequency. In order to extract this fun-
damental component while attenuating undesired higher-order frequency components, the
capacitance value of (), is chosen to resonate with L, at the switching frequency, as defined
in (2.19). This ensures that the tank current exhibits a well-defined sinusoidal waveform
with a dominant fundamental component. By suppressing the higher-order harmonics of
the tank current, the conduction losses in the conversion process are effectively reduced.

The value of Cp, is calculated as
1

— -
wiLy,

Cpp = (2.19)
Design of C), and L;

As mentioned earlier, the diode bridge connected to an EV battery on the secondary
side functions as a voltage and power-dependent resistive load in steady-state, denoted as
Rcq in (2.20) and (2.21). In the case of an LCC tank, if the combined impedance of the
transformer leakage inductor, L;, and series capacitor, C,s, matches the impedance of L, at

the operating frequency, the impedance perceived by the T-type converter becomes purely

Ly

resistive and equal to [64]. Consequently, to minimize the requirement of Cps and

eq“pp
avoid the reactive loading of the converter, the transformer is designed such that L; closely
matches the inductance of L,. However, in order to achieve ZVS for the maximum number
of T-type converter MOSFETS, a certain level of inductive loading is necessary. To attain

this inductive loading by introducing a phase lag in the converter output current, denoted

by 1, the value of C); is derived as

Chs = 1 (2.20)
P Ws (Req tan (1) + ws(Ly — Lp)) ’ '
where
2
Req = 8 You (2.21)

2 Pout
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2.6.3 Output Capacitor Design

The output capacitor, Cy,, carries twice the switching frequency component present in
the diode bridge output current. This HF current leads to ripples in the output voltage. To
constrain the peak-peak voltage ripple within a maximum acceptable value of AV, sut-maz,
the capacitance is calculated as follows considering that C,,; carries all the HF component.

The value of C,,; is calculated as

Pout
Cout = — . 2.22
out W Vout AVe-out-maa ( )

2.6.4 Analytical Loss Calculation

Unfolder

As mentioned earlier, the Unfolder functions with a maximum of twice the grid fre-
quency. Consequently, the Unfolder’s switching losses can be disregarded. The primary
impact of the Unfolder lies in the conduction losses, which are dependent on the average

and RMS currents passing through the diodes and IGBTSs, as given below:

Pcond—loss—unfolder =6 {Vf—diodeIaUg—diode + Rf—diodefgms_diode'i_
(‘/ce—igbt + Vf—apdiode—igbt)ng—igbt"" (223)

2
(Rce—igbt + Rf-apdiode—igbt)Irms-igbt} )

where

Iavg—diode =

1
Irms—diode = Igm 6 +

> (2.24)

Irms-igbt = Igm 12 st

I
Iavg—igbt = <1 -

s
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T-type converter

The T-type converter incurs both conduction and switching losses. The conduction
losses are determined by the RMS currents that flow through the MOSFETSs, as given in
(2.25) and (2.26). These equations are applicable when d,, > d,,. However, a similar analysis
can also be performed for the case when d, < d,,. In the following equations, the term Ry, p.
represents the on-resistance of the MOSFETS carrying higher currents (Sx1, Sx2, Sy1, and

Sy2). On the other hand, Rg4s.c denotes the on-resistance of the midpoint MOSFETSs that

+

carry lower currents (S5, S.3, Syss

and 8;3). The conduction losses are given as

-2 -2
Pcond—loss—t—type - 2 (Zrms-sx]_7sy1RdS—hC + Zrms-sgj273y2Rd8—hC+

(2.25)
Z‘72“7T18-$£L“3+,S:L“E')-‘RUlS-lC + Z‘72"7’ns-‘<5y?)+,sy3-‘Rds—lc) s
where
) Lim cos (22) sin (wd )
Yrms-sxl,syl = 9 \/(2 - dp) - ( ¢)ﬂ_ ( p) y
. Lim cos (2v) sin (mwd,,
lrms-sx2,5y2 — 9 \/dn + ( ¢)7_‘_ ( ) s
. Iom 2 ™ . m
Urms-sed+,sa3- = (dp — dn) + — cos (2¢) cos (i(dp + dn)> sin <§(dp — dn)> ,
) Lom 2 T Loy
Urmes-sy3+,sy3- = 5 (dp —dpn) + — cos (21)) cos (E(dp + dn)> sin <§(dp — dn)> )
(2.26)

As mentioned in Tables 2.2 and 2.3, all the trailing edge transitions of the T-type
converter exhibit soft-switching characteristics. On the other hand, depending on the mag-
nitude of d, or d,, either two or all four of the leading edge transitions demonstrate hard-
switching behavior, as discussed earlier. The switching losses associated with these hard-
switched transitions can be computed by utilizing the specified turn-on and turn-off energy
losses provided in the datasheet. It is necessary to scale these energy values based on the
voltage and current levels at which the switching of the MOSFETs happens, as well as the
chosen gate resistance within the circuit. Moreover, additional C,4s-related losses must be

taken into account for the MOSFET that is not actively turning on or off, but experiences
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a voltage change across its C,ss due to the switching transitions of the other MOSFETs in

the same leg. This phenomenon has been explained in detail in [29,65,66]. The following

equations have been derived for the scenario where d, > d,,. However, it is also possible to

conduct a similar analysis for the case when d, < d,,.

2
When d, > 1 — 2%,
™
Psw-loss-t-type = PQ"d—leading—edge + P4th—leading—edge

= 2fs (Eon-scaled-syQ + Eoff—scaled-sy3- + Ecoss—syl) .

p
When d,, < i
™

Psw-loss-t-type = Plst—leading—edge + PQ”d—leading—edge+
P3Td—leading—edge + P4th—leading—edge
= 2fs (Eoff—scaled—syl + Eon—scaled—sy3+ + Ecoss-sy2+

Eon—scaled—sy2 + Eoff—scaled—sy3— + Ecoss—syl) .

In the above equations,

Ecoss—syl = (Qoss‘

Ecoss—sy2 - (Eass’

- Qoss|vpo)vpn - (Eosslvpn - E088|vpo) )

- Eoss‘von) - (Qoss| - Qass’

Vpn

Won »

Vpn Vpn Von

(2.27)

(2.28)

(2.29)

where Qoss\vk and E053|vk represent the charge and energy stored in the Cyss of Sy1 and Sy

at voltage vy, as defined in [30, 65, 66].

By examining (2.25)-(2.29), it becomes evident that the conduction and switching losses

exhibit variations dependent on the duty ratios. However, in order to obtain a consistent

and single value, the average of both losses can be computed over the entirety of the grid

cycle.
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Table 2.4: Hardware parameters of the ac-dc conversion system with a single T-type con-
verter module.

Parameter Value
Nominal input voltage 480 V (I-1), 60 Hz ac 3-¢
Battery voltage 649 V - 755 V
Nominal output power 21 kW
Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz
T-type converter switching frequency 85 kHz

2.7 Experimental Validation

A hardware prototype of an ac-dc conversion system based on a single T-type con-
verter module is demonstrated in Fig. 2.15(a) with a power rating of 21 kW. The hardware
parameters are summarized in Table 2.4, while Table 2.5 provides a detailed list of the
semiconductor devices and passive components utilized in the prototype. The Unfolder?
employs IXYS W1263YC200 diodes and Infineon FZ1200R17KF6C-B2 IGBTs, while the
T-type converter uses NVH4L020N120SC1 and NVH4L040N120SC1 SiC MOSFETSs from
Onsemi. The midpoint switches (S;(rg, Seas 8;3, and 8;3) carry lower RMS currents, as given
by (2.26), so lower current devices are used to reduce the cost of the system. The use of
a TO-247-4L package with a Kelvin source connection helps to reduce gate ringing and
switching losses. Body diodes of CREE CCS050M12CM2 MOSFETs are utilized for the
diode bridge rectifier on the secondary side. The California Instruments MX-30 and NH
Research 9300 are used to emulate the grid and EV battery, respectively.

In order to facilitate the efficient paralleling of multiple modules and optimize the usage
of the TMDSCNCD28379D microcontroller used in this system, a circuit board measuring
26.2 in (L) x 13.2 in (W) x 4.5 in (H) has been developed, as shown in Fig. 2.15(b),
featuring three T-type converter modules rated for 21 kW output power each. The circuit
board incorporates a cold plate for liquid cooling purposes [67]. To evaluate the functionality
of this modular configuration when multiple T-type converters are operated together, six T-

type converter modules are connected in parallel and subjected to testing at a 21 kW output

3Unfolder is designed for a 1 MW of output power which is the end goal of the project.
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Table 2.5: List of components employed in the prototype.

Component Description
IXYS W1263YC200
(2000 V, 1263 A)
Infineon FZ1200R17KF6C-B2
(1700 V, 1200 A)
Onsemi NVH4L020N120SC1
(1200 V, 102 A)
Onsemi NVH4L040N120SC1
(1200 V, 58 A)
CREE CCS050M12CM2
(1200 V, 87 A)
Grid inductance 600 pH (5% impedance of 50 kVA grid)

Unfolder diodes

Unfolder IGBTs

T-type converter MOSFETs

Secondary bridge diodes

Soft dc-link capacitance

(Cpos Con, and Cy,) 45 plt
Ly
Single T-type module testing 28.3 uH
Six T-type modules testing 64.5 uH
Cpp
Single T-type module testing 123.1 nF
Six T-type modules testing 54.3 nF
Chs 160.3 nF
Transformer parameters
L 37.5 pH
L, 996.2 uH
Cout 161.5 uF
Tbatt 60 mQ?

power level, as shown in Fig. 2.15(c). It should be emphasized that the six T-type converter
modules have a combined output power of 126 kW. While testing is currently limited to
21 kW of output power, the current testing results provide valuable insights and pave the
way for higher output power in the future. Moreover, as the Unfolder mainly contributes
to the conduction losses, an approach utilizing a single high-power Unfolder interfaced with
multiple parallel-connected T-type converter modules is employed to effectively minimize

these losses by leveraging high-current, low-resistance semiconductor devices.
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2.7.1 Hardware Results

Fig. 2.16(a) presents the hardware results of the 3-¢ grid voltages, currents, and their
corresponding soft dc-link voltages of an ac-dc conversion system based on a single T-type
converter module. The figure also shows that a higher THD of 3.86% is observed in the
grid current, as depicted in Fig. 2.16(b). This increase in THD is caused by the periodic
current distortions that occur during the sector boundaries of the grid voltage associated
with each sector of the unfolding action during a line cycle. The HF operation of the T-type
converter gives rise to the HF currents, which are bypassed by the soft dc-link capacitors.
These currents lead to HF ripples in the soft dc-link voltages which cause undesirable
turn-on of the Unfolder diodes, mainly leading to this phenomenon. A detailed analysis
of these distortions and their mitigation technique can be found in Chapter 4 and [68].
The distortion mitigation technique has resulted in improved grid currents, as shown in
Fig. 2.17(a), with a lower current THD of 1.27% given in Fig. 2.17(b). Fig. 2.18 illustrates
the output voltage of the T-type converter and the battery current when supplying 21 kW of
power to the battery. The T-type converter’s output voltage exhibits a six-pulse waveform
but, its fundamental magnitude is consistently maintained by regulating the widths of the
T-type converter’s duty ratios, dj, and d,,. This control method ensures appropriate output
power regulation. Fig. 2.19 shows the variation in the grid current THD as the output
power changes. Consistent with expectations, a decrease in power level correlates with an
increase in THD.

Figs. 2.20 and 2.21 present the transient response analysis of the controller in relation to
dynamic load and grid voltage variations. Fig. 2.20 demonstrates the controller’s response
in effectively adjusting the battery current to accommodate a 20% step change in output
power, transitioning from 17.5 kW to 21 kW. Furthermore, as depicted in Fig. 2.21, the
controller regulates the battery current when the grid phase voltage experiences a 10.8%
increase from 250 V to 277 V.

The waveforms of the T-type converter’s output voltage and current are displayed in

greater detail in Fig. 2.22. It is evident from Fig. 2.22(a) that when d, exceeds d,, by a
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Fig. 2.16: Experimental results showing (a) grid voltages, currents, and soft dc-link voltages
and (b) a higher grid current THD of 3.86% measured with Yokogawa WT1806E power
analyzer at 21 kW of output power caused by the presence of periodic distortions in the
grid currents. An ac-dc efficiency of 95.95% is achieved.

significant amount, or vice versa, the MOSFETs during the first, third leading edges and

all trailing edges undergo ZVS as discussed earlier, while the second and fourth leading
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Fig. 2.17: Experimental results showing (a) grid voltages, improved currents, and pulsating
soft dc-link voltages and (b) a lower grid current THD of 1.27% measured with the power
analyzer at 21 kW of output power attributed to the application of control-based current
distortion mitigation logic. An ac-dc efficiency of 95.94% is achieved.

edges are hard-switched at higher current levels. When d, is closer to d,, as depicted

in Fig. 2.22(b), all the leading edges are hard-switched, while all trailing edges are soft-
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Fig. 2.18: Experimental results of the T-type converter’s output voltage and battery current
at 21 kW of output power. The output voltage has a six-pulse waveform, but the magnitude
of its fundamental is maintained by controlling the duty ratios of the converter. This ensures
that the battery current is regulated as shown.
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Fig. 2.19: The variation in the grid current THD is measured experimentally at different
output power levels using a single T-type converter module. A minimum THD of 1.27% is
observed at a rated power of 21 kW.

switched. Thus, the proposed topology is capable of achieving soft-switching over a signifi-
cant portion of the grid cycle at higher modulation indices when d, and d,, can attain higher
values. This phenomenon is illustrated in Figs. 2.23 and 2.24, which show the increase in
the T-type converter’s contribution to the overall system losses as the power level drops
from 21 kW to 12.4 kW by reducing the modulation index. The rise in this contribution to
overall losses is caused by the increase in switching losses when the power level is brought
down. Meanwhile, the contribution of other system components to overall losses decreases
as the power level decreases. Fig. 2.25 displays the efficiency characteristics of the proposed

ac-dc conversion system utilizing a single T-type converter module. The system attains a
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Fig. 2.20: An experimental step change in the load is given from 17.5 kW to 21 kW (20%
rise) by changing the battery current (ipqs) from 24 A to 28.6 A. The controller exhibits its
capability to accurately track the battery current, highlighting its proficiency in effectively
managing transient load variations.
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Fig. 2.21: Experimental results upon subjecting the grid voltage (vaz) to a step change
of 10.8% from 250 V to 277 V. The controller maintains the battery current (ipqy) while
ensuring an acceptable response time.

full-load ac-dc efficiency of 95.94%, while delivering 94% efficiency at 59% load (12.4 kW).

Fig. 2.24 shows some differences between the analytical and experimental T-type con-
verter losses. Mainly two factors contribute to this inconsistency. Firstly, the energy loss
measurements provided in the datasheet are typically acquired using a two-level half-bridge
double pulse tester [69], which introduces errors when calculating losses for the multi-
level T-type converter. To accurately determine energy loss, it is imperative to directly
record switching transients with the T-type converter across various commutation voltages,
currents, and temperatures [70]. Secondly, the turn-off of the MOSFETSs during the soft-
switched transitions is considered completely lossless, which may not be the case in the

actual hardware, as it depends upon the turn-off time of the MOSFETSs [58]. However, de-
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Fig. 2.22: A detailed view of the T-type converter’s experimental output voltage and cur-
rent at two operating conditions. (a) At the first condition, d, is much higher than d,,
which facilitates ZVS of the MOSFET'Ss during the first and third leading edges. A similar
phenomenon can be observed when d,, is much higher than d,. (b) At the second operat-
ing condition, d, equals d,, resulting in a three-level waveform with hard-switched leading
edges. The trailing edges in both operating conditions always exhibit ZVS.
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Fig. 2.23: The loss distribution of the ac-dc conversion system with a single T-type converter
module.

spite the observed discrepancy in loss values, the analytical loss calculation offers valuable
insights into the anticipated losses during experimentation, enabling informed selection of
MOSFETs.

Figs. 2.26 and 2.27 depict the results obtained from a paralleling test of six T-type

converter modules. To restrict output power to 21 kW at the moment, the experiment
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Fig. 2.24: Analytical and experimental power losses of the T-type converter.
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Fig. 2.25: An efficiency curve for the ac-dc conversion system using a single T-type converter
module is obtained through experimentation. A peak efficiency of 95.94% is achieved at
21 kW of output power.

is conducted at a reduced grid voltage of 330 V (line-line) as shown in Fig. 2.26(a). The
output voltages and currents of all six T-type converters are shown in Fig. 2.26(b). The
modules exhibit nearly equal power-sharing with a maximum deviation below 1%. The slight
variations in tank inductance L, primarily contribute to this deviation. The experiment
reveals a grid current THD of 4.1% and an ac-dc efficiency of 94%, as shown in Fig. 2.27.
However, the efficiency achieved is lower than the full load efficiency of the ac-dc conversion
system with a single T-type module, due to higher switching losses. This is because all six

modules operate at a lower power of 3.5 kW each in this test.
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Fig. 2.26: Experimental results showing (a) grid voltages, currents, soft dc-link voltages,
and battery current when six T-type converter modules are tested together in a parallel
configuration and (b) T-type output voltages and currents sharing approximately equal
power of 3.5 kW each.

2.7.2 Analysis and Mitigation of the Incorrect Switching Pattern for d, = d,
In the context of the TMDSCNCD28379D microcontroller, the PWM peripheral gen-

erates two complementary PWM signals with the necessary dead band [71]. These PWM
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Fig. 2.27: Paralleling testing results with a grid current THD of 4.1% measured using
Yokogawa WT1806E power analyzer. An ac-dc efficiency of 94% is achieved. To limit the
output power to 21 kW, testing is done with a lower 330 V grid voltage (line-line) and 400 V
battery voltage.

signals are used to drive four pairs of MOSFETS in a T-type converter: (i) Sxq, Si}), (ii) Sx2,

S, (iii) Sy1, Si:

y3» and (iv) Syo, Sy3- The switching patterns for these MOSFETS, as shown

in Figs. 2.4 and 2.5, are generated using two modulating signals per MOSFET pair (eight
modulating signals in total) which are functions of d, and d,, and are compared with
the carrier signal generated by the microcontroller. For example, as shown in Figs. 2.28
and 2.29, in the case of the third pair, Sy; and S;rg, when the modulating signal MSZTZZ is

equal to the carrier signal, the PWM signal for Sy is switched high while the PWM signal

for 8;3 is switched low. Conversely, when the modulating signal M st

- 1s equal to the carrier
signal, the PWM signal for Sy is switched low while the PWM signal for S;@) is switched
high. Similar comparisons between modulating signals and the carrier signal are made for
the other MOSFET pairs to determine the corresponding high or low switching of PWM

signals.

Now, two different scenarios are being considered for analysis: (a) carrier starting from
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t = 0 of the switching period, as depicted in Fig. 2.28, and (b) carrier starting from ¢ = 7 /4
of the switching period, as shown in Fig. 2.29. In scenario (a), during the transition of
the switching pattern from d, > d, to d, < d, it is observed that MOSFET Sy; remains
turned on at the beginning of the next switching period, which is not the desired behavior
as Sy1 should have been turned off at the start of the switching period when d, < d,, as
illustrated in Fig. 2.28. As a result, Sy; remains turned on for a longer duration, and S;f3
remains turned off for a longer duration than intended. Similar inaccuracies in switching
patterns can also be observed for other pairs of MOSFETSs during the transition. These
inaccuracies result in an erroneous output voltage v, for the T-type converter.

On the contrary, in scenario (b), where the switching pattern transitions from d, > d,,
to d, < dp, as illustrated in Fig. 2.29, the MOSFET Sy remains turned off and S;,rg remains
turned on as intended, as the transition occurs at ¢ = 57 /4. Similarly, the switching patterns
for other pairs of MOSFETSs are also accurate in this scenario when the carrier is shifted by
90°. This ensures that the waveshape of the voltage v, remains correct. Thus, by aligning
the carrier in such a manner that its zero crossing occurs at the time when the PWM signals
for all the MOSFETSs remain the same just before and after the transition from d, > d,, to
d, < d, and d, < d, to d, > dy, erroneous switching patterns and incorrect T-type output

voltage during these transitions can be avoided.

2.7.3 Comparison with the Conventional Two-Stage Topology

A detailed comparative analysis is conducted between the proposed single-stage topol-
ogy and the conventional two-stage configuration, which comprises a grid-tied AFE followed
by a dc-dc converter. The de-dc converter utilizes an active H-bridge on the primary side
and a diode bridge rectifier on the secondary side. To perform the comparison, a case study
is carried out at the same output power level of P,,; = 21 kW, with input and output
voltages of Vi, = 4802 V and Vji = 730 V, respectively. The AFE converter is switched
at 100 kHz with an appropriate inductive filter to match the grid current THD with the
single-stage topology. An HF grid-tied converter designed in [32] is considered for refer-

ence. The AFE is controlled using space vector PWM, while the H-bridge is operated at
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Table 2.6: Comparison between the proposed unfolding-based single-stage and conventional
two-stage topologies (Vy, - peak line-line grid voltage, Py, - output power, and wy - angular
grid frequency).

Component Parameter Scaling Conventional Proposed
factor two-stage single-stage
(AFE+H- (Unfolder+T-
bridge) type)
Semiconductor - 6 12
devi t
AFE/Unfolder evice coun
Voltage stress Vagm 1.18 1, 0.433
Current stress Pout/ng 0.216, 0.535 0.56, 0.139
(rms)
Semiconductor - 4 8
devi t
H-bridge/T-type evice coun
Voltage stress Vagm 1.18 1, 0.866
Current stress Pout/Vgm 0.693 0.89, 0.4
(average rms)
Grid-side Value (mH) V! Wy Pout) 10.31 0
inductive filter
Dec/soft-dc link Value (mF) Pout/(wgVi) 827.23 3 x 20.68
capacitor

a maximum modulation index with square wave pulses to achieve complete soft-switched
transitions. Table 2.6 provides the comparison between the two topologies in terms of the
device count, voltage and current stresses, and filter requirements. It can be observed that
the proposed topology provides a significant reduction in the demand for inductive and
capacitive filtering in the conversion process at the cost of more semiconductor devices.
Table 2.7 presents a comparison of analytical power losses between the two topologies
calculated using (2.25)-(2.29) and [33]. As the 1 MW rated Unfolder used in this work

benefits from reduced conduction losses due to the use of higher current devices, a 21 kW

Unfolder with lower current diodes and IGBTSs is considered for the purpose of unbiased
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Table 2.7: Loss comparison between the proposed single-stage and conventional two-stage
topologies (P, - output power).

Component Parameter Scaling | Conventional Proposed
factor two-stage single-stage
(AFE-+H- (Unfolder+T-
bridge) type)
Conduction losses | Ppyy:/100 0.95 0.62
AFE/Unfolder
Switching losses P,,:/100 0.97 0
Conduction losses | Ppy:/100 0.47 0.61
H-bridge/T-type
Switching losses Pyt /100 0 0.14
- Total power losses | Ppyyt/100 2.39 1.37

power loss comparison. The conventional H-bridge demonstrates higher efficiency compared
to the T-type converter due to its lower switch count, resulting in reduced conduction losses.
Furthermore, the H-bridge has the advantage of a complete soft-switching capability. How-
ever, the Unfolder in the proposed topology exhibits significant power loss reduction when
compared to the AFE converter, mainly due to its negligible switching losses. Consequently,
the proposed topology showcases better efficiency in the overall conversion process. More-
over, the efficiency of the proposed unfolding-based topology can be improved further by

minimizing the switching losses of the T-type converter, as discussed in Chapter 3.

2.8 Conclusion

The utilization of a single-stage ac-dc converter has the potential to enhance the effi-
ciency and power density of WPT systems for battery charging applications. This chapter
presents a single-stage topology and control scheme for an ac-dc conversion system that
employs a 3-¢ Unfolder and a T-type converter. The proposed topology eliminates the need
for an input inductive filter as the grid inductance is sufficient for PFC. The T-type con-
verter is capable of handling pulsating dc input voltages, resulting in a smaller capacitive

soft dc-link filter. These advantages contribute to a high power-dense and efficient ac-dc
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conversion system compared to the conventional two-stage approach. A mathematical anal-
ysis of the modulation strategy that takes into account the reactive power of the soft dc-link
capacitors is presented which also gives the benefit of performing PFC without any current
sensors. Small-signal modeling of the conversion system for the proper regulation of the
output power is discussed and comprehensive design guidelines are presented, accompanied
by analytical loss equations, to facilitate the selection and optimization of various compo-
nents within the topology. Hardware results of a 21 kW prototype with a single T-type
converter module demonstrate an ac-dc efficiency of 95.94% from the grid to the battery
and a grid current THD of 1.27%. The modular structure of the proposed system allows
for efficient power scalability. In addition, the modular nature of the system is exemplified
through the parallel operation of six T-type converter modules.

In summary, the analysis and results indicate that the proposed system is capable of
achieving high efficiency, high power density, low grid current THD, and appropriate output
power regulation, making it suitable for wireless charging applications. Furthermore, the
proposed modular architecture can be used to achieve power-level scalability, making it a

versatile solution for a wide range of applications.



CHAPTER 3
MODULATION, CONTROL, AND TANK DESIGN FOR ZVS OF THE T-TYPE
BRIDGE IN AN UNFOLDING-BASED TOPOLOGY

3.1 Introduction

This chapter focuses on ZVS of the resonant T-type bridge in an unfolding-based ac-dc
conversion system shown in Fig. 3.1. As the Unfolder operates at a low switching frequency
in open loop, it cannot perform any control tasks. Furthermore, since a passive diode
bridge rectifier is employed on the secondary side of the isolation, control parameters such
as the phase shift between the primary and secondary bridges and the duty cycle of the
secondary bridge are not available. In this scenario, all key control tasks, including grid-side
sinusoidal current shaping for PFC and output power regulation, must be handled entirely
by the HF switched T-type bridge. Since the T-type bridge is operated at HF, achieving
ZVS of the MOSFETSs is essential to minimize switching losses and EMI. Managing all
control requirements while maintaining ZVS, therefore, becomes a significant challenge.
This chapter proposes a modulation strategy with closed-loop control and an appropriately
designed resonant tank, guided by accurate ZVS analysis that accounts for the nonlinear
behavior of MOSFET output capacitance, to simultaneously accomplish these control tasks
and ensure ZVS of the MOSFETSs throughout the grid cycle.

The T-type bridge, which is a series combination of two H-bridges, is modulated using
two duty ratios across the grid cycle. These duty ratios generate two quasi-square voltages
at the T-type bridge output, and their relative alignment critically determines whether
the MOSFETSs achieve ZVS. In Chapter 2 and [12,23], center-aligned modulation is used,
which results in the T-type bridge output voltage waveform shown in Fig. 3.2(a). As detailed
in Chapter 2, center-aligned modulation simplifies control by allowing analytical derivation

of the duty ratios. However, as shown in Fig. 3.2(a) and discussed in Chapter 2, the
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Fig. 3.2: T-type bridge output voltage, v,y, and current, i,, when controlled using (a) center-
aligned modulation and (b) leading-edge-aligned modulation.

second and fourth leading edges, highlighted in red, consistently encounter hard-switching
due to incorrect tank current polarity. Additionally, the first and third leading edges may
also face hard-switching when the duty ratio reduces at certain grid angles. This hard-
switching behavior leads to increased switching losses and higher radiated EMI, both of
which are undesirable in HF converters. To address these limitations and ensure ZVS of
the MOSFETSs throughout the grid cycle, the leading-edge-aligned modulation aligns the
leading edges of the two quasi-square voltages to maintain correct tank current polarity and
sufficient magnitude at the switching transitions, as shown in Fig. 3.2(b) [24,26-30].

In [28], leading-edge-aligned modulation is used with phase-shift control between the
primary and secondary active bridges for output power regulation and adjustment of the
ratio of the T-type bridge input currents to shape sinusoidal grid currents. However, these
strategies are not applicable in this study. The proposed ac-dc converter is designed for
WPT applications, where a passive diode bridge rectifier on the secondary side is used due to
isolation requirements, making phase-shift control infeasible. Furthermore, input current ra-
tio control does not facilitate output power regulation in the proposed configuration. A ZVS

analysis is also not provided in this previous work. In [24], leading-edge-aligned modulation
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is implemented using analytically derived feedforward duty ratios, without closed-loop regu-
lation of the T-type bridge input currents that shape the grid currents. While this simplifies
implementation, it results in poor dynamic regulation of the grid currents and increased
sensitivity to variations in grid voltages and load conditions. The study also employs an
active secondary bridge with phase-shift control to achieve ZVS, which is unsuitable for this
work, as a passive diode bridge is used on the secondary side. Furthermore, the ZVS analy-
sis in [24] is incomplete, as it considers only the polarity of the tank current while neglecting
the required current magnitude calculation necessary to ensure reliable ZVS. In [26], the
T-type bridge is also operated with leading-edge-aligned modulation based on analytically
derived feedforward duty ratios, without closed-loop regulation of the input currents that
shape the grid currents. This results in relatively high grid current distortion, with THD
of about 5% at rated power. Furthermore, the ZVS analysis neglects the nonlinear behav-
ior of the MOSFET output capacitance, reducing the accuracy of the prediction. In [27],
the T-type bridge is controlled with a leading-edge-aligned modulation strategy combined
with hybrid frequency control (40-200 kHz). This approach, however, is not applicable to
the proposed ac-dc converter in this work, which is designed for WPT applications where
the de-de converter switching frequency is constrained to 81.39-90 kHz (typically fixed at
85 kHz) [52]. Moreover, both [26] and [27], discussed above, use an inductor between the
primary and secondary bridges of the dc-dc converter for power transfer. However, this
approach is not suitable for the WPT application considered in this work, as it requires a
higher-order resonant tank, such as an LCC tank [48,49], thereby introducing additional
challenges in ZVS analysis.

It should also be noted that, to achieve complete ZVS of all T-type bridge MOSFETsS,
the leading edges of the two quasi-square output voltages must have a time delay on the
order of the dead time and should not be perfectly aligned. This phenomenon is analyzed in
detail in this study, but has been overlooked in the prior works discussed above [24,26-28].
While [29, 30] address the ZVS operation of the T-type bridge using leading-edge-aligned

modulation, key aspects such as the overall ac-dc converter operation, duty ratio calculation,
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closed-loop control implementation, small-signal modeling, and tank component selection
based on ZVS remain unaddressed. In response to the limitations identified in prior works,
this study presents a comprehensive study of an unfolding-based ac-dc¢ system incorporat-
ing a T-type bridge-based dc-dc converter operated with leading-edge-aligned modulation
to achieve ZVS of the MOSFETSs. A closed-loop control architecture is developed to simul-
taneously realize grid-side PFC and output power regulation, and small-signal modeling is
presented to ensure robust dynamic performance. Additionally, a detailed ZVS analysis
is presented, taking into account the nonlinear behavior of the MOSFET output capaci-
tance. Based on this analysis, combined with conduction loss calculations, an optimized
tank component design is provided.

Moreover, the proposed leading-edge-aligned modulation and control structure are ex-
perimentally validated using a 20 kW, 480 V, 3-¢ grid-tied ac-dc hardware prototype. The
results demonstrate complete ZVS operation over the grid cycle, a peak ac-dc efficiency of
96.51%, and a low grid current THD of 2.3% at the rated output power. Additionally, the
hardware results are compared with those of a center-aligned modulation strategy, which
suffers from hard-switching, using the same hardware prototype. This comparison demon-
strates that the proposed approach achieves 0.76% higher efficiency and a 6 dB reduction

in radiated EMI.

3.2 Overview of the Circuit Configuration and Operation of the Unfolding-
Based Converter

Fig. 3.1 illustrates the circuit schematic of the unfolding-based ac-dc converter em-
ployed in this work. The architecture comprises ac-side grid inductances, a conventional
3-¢ diode bridge rectifier equipped with a third-harmonic injection network, dec-link capaci-
tors, and a T-type bridge-based dc-dc converter. In the Unfolder circuit, the input ac phases
connect to either the positive (p), negative (n), or midpoint (o) of the dc-link based on the
switching sequence shown in Fig. 3.3(c). As observed in the figure, the injection network
switches, Qa, Qp, and Q., operate at twice the grid frequency, while the rectifier diodes,

Da.1, Dag, Dp1, Dpa, D1, and Do, operate at the grid frequency. This switching sequence
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results in time-varying Unfolder dc output voltages, vp, and voy,, as depicted in Fig. 3.3(a)

and expressed as

Vmsin <0gﬂd n 2’“7”) for odd k:
Vpo(Ugria) = (3.1)
Vymsin <9grid + M) for even k;
and
Vomsin (0gsia + 25527)  for odd k;
Von(egrid) = (32)
ngmsin <0grid + @) for even k;

where 0giq is the angle of the line-to-line Unfolder input voltage vz, determined by the

PLL, which varies within the range (k_gl)ﬂ < Ogria < %’r for the k'™ Unfolder sector, and Vigm

denotes the peak value of the Unfolder’s line-to-line ac input voltages. The pulsating nature
of the dc-link voltages reduces the need for energy storage and, consequently, large dc-link
capacitors. Instead, relatively small capacitors, Cpo, Copn, and Cy,, are employed to bypass
the HF switching current ripple introduced by the dc-dc conversion system. To interface
with these two time-varying dc-link voltages, the dc-dc conversion system may consist of
either two independent converters or a unified converter topology capable of processing
power from both pulsating dc¢ voltages.

This work utilizes a three-port dc-dc converter based on a T-type bridge, as shown in
Fig. 3.1, to process power from the Unfolder output. The T-type bridge architecture in-
tegrates two H-bridges into a unified three-port topology, enabling efficient semiconductor
utilization and allowing the use of a single HF transformer for galvanic isolation, thereby
improving overall system efficiency. The T-type bridge converts the pulsating dc-link volt-
ages into an HF five-level output voltage, v;,. As the proposed ac-dc converter is designed
for WPT applications, an LC'C resonant tank, which is typically employed in such appli-
cations [48,49], is used to attenuate higher-order harmonics and achieve a near-sinusoidal
tank current, i,. Moreover, the HF secondary current, g, is rectified through a diode
bridge and filtered by the output capacitor, Coyt. The resulting rectified current, ip,t, is

then used to charge the EV battery load. Since the Unfolder operates at a low switching
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(b)
A
Sectors | X 1 X 2 X 3 X 4 X 5 X 6 X
. D, Da Da Dy | Du | Dy

Dy, Dy, D, De, Dy Da
Qa Qc Qb Qa Qc Qb
0 w/3 2n/3 m  4n/3 Su/3 2 O
(c)

Fig. 3.3: (a) 3-¢ ac input voltages are converted to pulsating dc-link voltages, vj, and vy,
by the Unfolder; (b) sinusoidal grid currents are shaped piece-wise by controlling the p-port
and n-port output currents of the Unfolder, 4, and i,; and (c) switching sequence of the
Unfolder devices is determined based on the ac voltage sectors.

A -

frequency, control tasks such as grid-side sinusoidal current shaping for PFC and output
power regulation are handled through the closed-loop control of the T-type bridge-based

dc-dc converter.
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Fig. 3.4: Switching pattern of the T-type bridge when d, > d,. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two quasi-square
voltages, generated with respect to d, and d,,, with an intentionally introduced time delay,
Tstg. The five-level T-type bridge output voltage contains a fundamental component, vyy1.
Moreover, a near-sinusoidal lagging tank current, ¢, is obtained.

3.3 Proposed Leading-Edge-Aligned Modulation for the T-Type Bridge

The switching sequence for the proposed leading-edge-aligned modulation applied to
the T-type bridge is shown in Figs. 3.4 and 3.5 for both cases: d, > d,, and d, < d,,, where
d, and d,, denote the duty ratios corresponding to the dc-link voltages vy, and vy, respec-

tively. To achieve ZVS by ensuring the desired polarity and magnitude of the tank current
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Fig. 3.5: Switching pattern of the T-type bridge when d, < d,. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two quasi-square
voltages, generated with respect to d, and d,,, with an intentionally introduced time delay,
Tistg- The five-level T-type bridge output voltage contains a fundamental component, vgy.
Moreover, a near-sinusoidal lagging tank current, i,, is obtained.

during switching transitions, the leading edges of the two quasi-square voltages, generated
with d,, and d,,, are closely aligned with an intentionally introduced time delay, T, Addi-
tional details regarding the ZVS operation and time delay are provided in Section 3.5. The
fundamental component of the T-type bridge output voltage, vy, shown in Figs. 3.4 and

3.5, is formed by the sum of the fundamental components of the two quasi-square voltages,
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Vx_}fon 1

(@) )

Fig. 3.6: Phasor diagram of the fundamental T-type bridge output voltage, vy, and its
components: Vzypo1 and vgyon1. The output tank current phasor, i, lags behind vz, by an
angle v, determined by the tank design. The figure illustrates the phasor diagram for two
cases: (a) d, > dp, and (b) d, < d,.

Vi1 /6 ="yl /6
— lx
Vxypol
== Vayonl /12 /12
< 0 0
0
-/12 -1/12
0.5
1 —7T/6 1 -71'/6
(a) (b)

Fig. 3.7: Contour of various phasors over the grid cycle for (a) d, > d,, and (b) d, < d,
including the fundamental voltage phasor v, and its components: vgypo1 and vgyen1. The
tank current phasor, i, consistently lags behind vgy, by an angle 1. The peak of vy is
maintained constant throughout the grid cycle for a given output power.

given by

Vayl = Vaypol + Vayonl
4 d
= —Vpo sin (%) sin (wst + g(l — dp)> +
4 . [ 7d ) T
;von sin <7n> sin (wst + 5(1 — dn))

= Vayl-m Sin<wst + ¢) ’

where wy is the angular switching frequency of the T-type bridge, and V1., denotes the
peak value of its fundamental output voltage. Due to the higher-order nature of the LC'C

tank, which filters out higher-order harmonics, a near-sinusoidal tank current is obtained
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at the output of the T-type bridge, given by
iy = Iymsin(wst — 0,) , (3.4)

where [, is the peak of the tank current. Phasor diagrams of the T-type bridge voltages and
the corresponding current for both cases, d, > d, and d, < d,, are presented in Fig. 3.6.
Moreover, during steady-state operation, the LCC' resonant tank network, diode bridge
rectifier, and connected EV battery collectively behave as a passive load as characterized
by the FHA. As a result, the output power can be directly controlled by adjusting the peak
of the fundamental component of the T-type bridge output voltage, v;,1. For a certain
power flow, the peak of v, must be kept constant throughout the grid cycle via closed-loop
control. This constant-peak characteristic of vy, maintained by the leading-edge-aligned
modulation-based closed-loop control architecture for a given output power, is illustrated
in Figs. 3.7(a) and 3.7(b). These figures show the contours of the per-unit v, and i,
phasors, along with the components of v,y1, namely vzypo1 and vgyon1, throughout the grid
cycle for both d,, > d,, and d, < d,,. It can also be observed from these figures that the tank
design, as detailed in Section 3.5, ensures that the current i, remains lagging with respect
to wst = 0, which corresponds to the angle of the first leading edge shown in Figs. 3.4 and
3.5, so that the ZVS of the T-type bridge MOSFETS is maintained throughout the grid
cycle.

The duty ratios d, and d,, are modulated throughout the grid cycle to generate the
desired 180 Hz p-port and n-port currents, i, and i,, as shown in Fig. 3.3(b), which shape
the grid currents to be sinusoidal. The analytical duty ratios can be derived through a

four-step procedure:

1. For input PFC, the average values of igc and i9°¢ over a switching cycle are equated
to the instantaneous values of the desired 7, and i,. These Unfolder output currents,
ip and i,, shape the grid currents sinusoidal in a piecewise manner. This step also

accounts for the currents flowing into the dc-link capacitors due to the dc-link voltages
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Table 3.1: Values of f, and f, used to calculate d,, and d,, for different ac-voltage sectors.

Sector | Grid angle (Zv;3) o In
1 0 < Ogria < /3 Ogrid + /2 — & | Ogria + /6 —
2 T/3 < Ogriq < 27/3 Ooria — /6 — v | Ogria + 76 —
3 2m/3 < Ogrig < T Ooria — /6 — @ | Ogria — T2 —
4 T < bgria < 47/3 Ogria —°7f6 — v | Ogria — T2 —
5 Anf3 < Ogria < 57/3 | Ogria — 576 — ¢ | Ogria — 77/6 — <
6 57/3 < Ogriq < 2 Ogria +7/2 — & | Ogria — 776 —

across them and ensures unity power factor at the input. This step results in the

following expressions:
<igc>Ts = Z.p - <icpo + icpn)Tg
= Lgem Sin(fp(egrid) Oé)) )
<irdzC>Ts =ip — <Z'con + ’L'Cpn>TS

= Igcm Sln(fn(egrlch O[)) )

where

Tgem =\ 12, + 12, (3.7)

o =tan~! (Icm/lgm) , (3.8)

Lo = V3VgnweriaCe (3.9)

where Iy, represents the peak of the grid currents, wgiq denotes the angular grid
frequency, and Cy. refers to the dc-link capacitors (Cpo, Con, and Cpy,) connected

at the Unfolder output. The functions f, and f, depend on g4 and the phase

introduced by Cy., as specified in Table 3.1.
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2. The average values of igc and 9¢ are expressed in terms of d, and d,, as

2 wd
-dc o .
<Zp >Ts = ;ImeOS(T/)po) sin <2p> ) (3.10)
({97, = gIg[;mcos(@l)on) sin <7T;ln> : (3.11)
T

where 1, and 1., denote the phase lags of the current i, with respect to the voltages

Vaypol and Vzyon1, Tespectively, as shown in Fig. 3.6.

3. The average values of igc and i4¢ obtained from the previous two steps are equated to

obtain d, and d,,, as given below:

. g .1 WIgcm . ]

d, = —sin <21_$m cos(Tpo) sm(fp(egrld,a))) , (3.12)
. g .1 7TIgcm . )

dp, = —sin (21zm cos(ton) sin( fn (Ogrid, a))> . (3.13)

4. The equations for d, and d,, are further simplified by introducing the p-port and n-
port modulation indices, m, and m,, respectively. These modulation indices are the
outputs of the PI controllers in the proposed closed-loop control architecture detailed

in Section 3.4. The simplified duty ratios are given in the following:

2 . _ .
dp = . sin™"! (my Sm(fp(ggrida a))) , (3.14)
2
d, = - sin~ ! (M sin( fr (Ogria, @))) (3.15)
where
my = 1 gem _ TVay1-m cos(¥) 7 (3.16)
2Lm c08(Vpo)  2v/3Vgm cos(a) cos(vpo)
m, — Tl gem T Vay1-m cos () ’ (3.17)

2L cos(Yon) 2v/3Vm cos(a) cos(ton)
where 9 is the phase lag of the tank current i, with respect to the voltage vgy.

As discussed in Section 3.2, the unfolding-based ac-dc topology utilized in this work requires
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Fig. 3.8: (a) Modulation indices, m, and m,,, and (b) duty ratios, d, and d,, over the grid
cycle, considering o = 0 and operation at rated output power.

smaller dc-link capacitors. Therefore, the currents flowing into these capacitors, due to the
voltages across them, are typically lower than the grid currents (/en, < Igy). This results
in the angle a ~ 0, as derived in (3.8). The analytical values of the modulation indices, m,,
and m,,, and the corresponding duty ratios, d, and d,,, considering o = 0 and operation at

rated output power, are illustrated in Fig. 3.8 throughout the grid cycle.

3.4 Modeling and Control of the T-Type Bridge-Based DC-DC Converter

As discussed earlier, the Unfolder operates in an open-loop mode at a low frequency.
Consequently, tasks such as grid-side sinusoidal current shaping for PFC and output power
regulation are handled simultaneously by the closed-loop controlled T-type bridge-based dc-
dc converter. The proposed control strategy is illustrated in Fig. 3.9(a). In this architecture,
the outer loop regulates the power delivered to the battery load by controlling the battery
current, ipatt, while two inner loops ensure sinusoidal grid current shaping by regulating
the p-port and n-port output currents of the Unfolder, ¢, and i,. Based on the output
power demand, the PI controller of the outer loop determines the peak value of the current

references, I4y,, for the inner loops controlling 7, and %,. Using this value of I, along with
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Fig. 3.10: Bode plots of the uncompensated outer-loop plant, Gouter, and the compensated
plant with the PI controller, G _outer- A closed-loop bandwidth of 10 Hz is selected for the
outer loop, and the corresponding PI controller parameters are K, p; = 0, K; p; = 76.4.

the functions g, and g,,, defined as

gp(egrid) = fp(egridy a)‘a:() ) (3.18)

gn(egrid) = fn(egrida a)’a:() ) (319)

the current references for regulating 7, and 7,, are generated. The inner loops then accurately
track these current references by modulating the duty ratios, d, and d,, throughout the
grid cycle. These duty ratios are determined based on the modulation indices, m,, and m,
generated by the PI controllers of the inner loops. The simplified control architectures of
the outer and inner loops are illustrated in Figs. 3.9(b) and 3.9(c), respectively.

It is important to note that the controlled currents, i, and i,, are 180 Hz quantities,
corresponding to three times the grid frequency, faiq, as illustrated in Fig. 3.3(b). To ensure
effective regulation of these currents under both steady-state and dynamic conditions, the
control bandwidth of the inner loops should be designed to be significantly greater than
180 Hz. In addition, to achieve proper decoupling between the inner and outer loops, the
outer loop can be designed with a lower bandwidth. The appropriate selection of control
bandwidths requires the derivation of the plant transfer functions for the control loops. The

plant transfer function for the outer loop is derived by satisfying the power balance between
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the input grid side and the output battery load side, which is expressed as follows:

Gouter — thate _ V3 Vom (3.20)
onrer Lgm 2 Vhatt (1 + mpattCouts) ’

where %batt and %gm denote the small-signal variations in the battery load current and the
peak of the grid current, respectively. Moreover, rp..t represents the net series resistance of
the battery load, and Cqy, denotes the output filter capacitor. The loop transfer function

of the outer loop is given by

GL-outer = GPI-outer Gouter ; (321)

where Gprouter represents the PI controller used in the outer loop for closed-loop control.
The Bode plots of the uncompensated outer-loop plant, Gouter, and the compensated plant
with the PI controller, G_outer, are shown in Fig. 3.10, along with the corresponding con-
troller parameters.

Now, given the symmetry between the p-port and n-port inner control loops, the sub-
sequent analysis primarily focuses on the p-port current control. A similar approach can
be applied to the n-port current control as well. In this control architecture, the plant
transfer function of the inner p-port current control loop, denoted as Ginner-p-port, relates
the small-signal p-port current ﬁp to the small-signal p-port duty ratio dp, and is expressed
as

Ginner—p—port = (3 . 22)

"BQO‘E -2

The implementation of a higher-order LC'C' resonant network with an appropriate quality
factor enables the realization of sinusoidal current or voltage waveforms within the tank.
In this context, employing a small-signal modeling approach based on phasor transforma-
tion is considered suitable [25,60-62]. The modeling procedure for calculating Ginner-p-port

primarily involves three steps:
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Fig. 3.12: Comparison of the Bode plots of the p-port inner-loop plant, Ginner-p-port = »/dy,

of the T-type bridge-based dc-dc conversion system, obtained using phasor transformation-
based small-signal modeling and simulations with the PLECS multitone analysis tool.

1. A steady-state analysis is conducted to derive the relationship between the steady-
state p-port current, I,,, and the corresponding steady-state p-port duty ratio, D,, as

given below:

2 D
Ip = I cos (gu — D)+ @x) sin <7T2”> , (3.23)

where I, and O, represent the steady-state quantities of the T-type bridge-based
dc-dc conversion system, evaluated at a specific grid angle at which the plant transfer

function, Ginner-p-port, is derived.

2. The small-signal phasor-transformed circuit is derived for the T-type bridge-based dc-
dc converter, incorporating an LCC resonant tank with isolation and a diode bridge

on the secondary side, as illustrated in Fig. 3.11.

3. The plant transfer function is calculated using the phasor-transformed small-signal

circuit, as given below:

7 ~d 20, pd ~d,
g la-env 2 P = 9 P 7 P
D 2-env p Uz D
CTyinner-p-port = ~d,, x Ay -+ =, (324)
lx-env dp 0 dp dp

where %;I-env and %gw represent the perturbations in the p-port current, i,, of the T-

type bridge, which arise due to small-signal changes in the envelope (%ﬁ?env) and phase

(éﬁp ) of the T-type bridge output tank current phasor (z—;), respectively. These per-
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Fig. 3.13: Bode plots of the uncompensated inner-loop plant, Ginner-p-port, and the com-
pensated plant with the PI controller, G inner-p-port- A closed-loop bandwidth of 1.8 kHz
is selected for the inner loop, and the corresponding PI controller parameters are K, p; =
0.001, K;.pr = 251.4.

turbations are caused by small-signal variations introduced in the p-port duty ratio,
dp. Additionally, %g” captures the direct effect of the small-signal change in d, on the

p-port current, iy.

The loop transfer function of the p-port inner loop is given by

d
GL—inner—p—port = GPI—inner Krrprinner-p-port ) (325)

where Gprinner represents the PI controller used in the p-port inner loop for closed-loop

control and Kﬁl,{’p is the small-signal gain that relates ch and M, as

Kl — D _ 2 sin(Jfp(Ogria; @) (3.26)

my 7w cos(EDp)

which is derived by linearizing (3.14). Here, Kgfp represents a linearized, constant gain
evaluated at the steady-state operating point. The Bode plots of Ginner-p-port; obtained
from the phasor transformation-based modeling, are validated through comparison with
those obtained via multitone analysis using the PLECS simulation tool, as illustrated in
Fig. 3.12. The Bode plots of the uncompensated p-port inner-loop plant, Ginner-p-port, and
the compensated plant with the PI controller, G inner-p-port, are shown in Fig. 3.13. Further

details on the small-signal phasor modeling are provided in Chapter 5.
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3.5 Selection of Tank Components

The selection of the LC'C resonant tank in the T-type bridge-based dc-dc converter is
based on three primary design criteria: (i) satisfying the power requirements of the battery
load, (ii) achieving an appropriate lagging characteristic of the tank current to ensure the
desired current magnitude and polarity during switching transitions for ZVS of the T-type
bridge MOSFETS, and (iii) minimizing conduction losses at the rated output power. The
tank inductor, L,, is selected based on the first design criterion, which is satisfying the

power requirement of the battery load. Its value is calculated as

_ 2‘/anyl—m Vbatt

3.27
Tws Phatt ( )

Ly

The capacitor Cp, is selected such that it resonates with L, at the switching frequency.
This resonance helps establish a current-source characteristic for the LCC' tank, which is

necessary for WPT-based battery charging applications. The value of Cp, is calculated as

1

Cw= L,

(3.28)

As discussed earlier, during steady-state operation, the diode bridge rectifier and the con-
nected EV battery collectively behave as a passive load, as characterized by FHA. The value
of this passive resistive load is given as

i Vb2att

Re = .
q
7T2 Pbatt

(3.29)

In an LCC tank, when the combined impedance of the isolation leakage inductor, L;, and
the series capacitor, Cs, matches the impedance of L, at the switching frequency, the
impedance seen by the T-type bridge becomes purely resistive and is given by L;/(ReqCpp)-
Consequently, to minimize the required value of C),s and reduce the reactive loading of
the T-type bridge for lower conduction losses, the tank isolation is designed such that
L; closely matches the inductance of L,. However, achieving ZVS for the T-type bridge

MOSFETS requires a certain level of inductive loading. To achieve this inductive loading,
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a phase lag, v, is intentionally introduced between the T-type bridge output current, i,
and the fundamental component of the T-type bridge output voltage, vz,1. Accordingly,

the capacitance value of Cj is determined as follows:

1

O = o (Retan () + an(Li — L)

(3.30)

based on the required value of ¢). Now, to select an appropriate value of ¢, and accordingly
Cps, a ZVS analysis of the T-type bridge is required to determine the necessary tank current
magnitude with the appropriate polarity during the switching transitions. Moreover, a
conduction loss analysis of the T-type bridge is also needed to optimize the reactive nature
of the tank design and ensure that conduction losses remain at a reasonable level. By

combining these analyses, an optimized value of Cps can be selected.

3.5.1 ZVS Analysis of the T-Type Bridge Considering Nonlinear MOSFET
Output Capacitance

To accurately calculate the tank current required to charge or discharge the output

capacitance, Cygg, of the T-type bridge MOSFETS for achieving ZVS, the nonlinear nature of

the output capacitance must be considered. To address this, energy- and charge-equivalent

capacitors are defined [29,30,72,73], as given below:

Ve 2 Ve

Ceq,E' = 2/ 4 Coss|v dv, (331)
0 Ve 0
Ve 1 Ve

Ceq| = — / Coss|y dv, (3.32)
0 Ve Jo

where the energy stored in Ceq g at a voltage v. is equal to the energy stored when the
voltage across Cyss rises from 0 to v.. Similarly, the charge stored in Ceq g at v, is equal to
the charge stored when charging Cs from 0 to v., where v, can take any value between 0 and

the rated operating voltage of the MOSFET. Moreover, the energy- and charge-equivalent
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Fig. 3.14: Switching pattern of the T-type bridge when d, > d,,. The leading edges of the
two quasi-square voltages are closely aligned with an intentionally introduced time delay of
Ttg, resulting in four distinct switching transitions.

capacitors for the scenario where Cygs charges from v; to vo is given by

V2
V2 Oeq7E

2
v —_—
0 2

Coor|
eq,B
%o

vt

Ceq,E 5

V2

V2
V2 CBQ:Q 0

- Ceq,Q

2

Vi VQ - V1

V1

0

)

Ceq,Q

V1 Vo — V1

(3.33)

(3.34)
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Table 3.2: Cygs charging and discharging during transitions I and II.

e, . + J—
Transition Sy1 Syo Sy3 Sy3
I 0 tovpo | Vpn t0 Von | Vpo to 0 -
II Vpo 10 Vpn | Von t0 0 - 0 to von

where v; and vy can be any values from 0 to the rated operating voltage of the MOSFET.

As shown in Figs. 3.4 and 3.5, the switching pattern of the T-type bridge MOSFETSs
is symmetric for both d, > d,, and d,, < d,,. Therefore, the subsequent analysis focuses on
the switching transitions during d, > d,,, while a similar analysis applies for d,, < d,,. The
leading-edge-aligned switching pattern of the T-type bridge, along with the on/off states
of all MOSFETS, is shown in Fig. 3.14 for the case of d, > d,,. It can be observed from
this figure that transitions III and IV readily achieve ZVS for the MOSFETs due to the
higher magnitude and appropriate polarity of the tank current, i,, during these intervals.
In contrast, transitions I and II are more critical and require careful analysis, as the tank
current is relatively low during these transitions. Consequently, the subsequent analysis
focuses on these two transitions to determine the minimum required tank current and the
duration necessary to achieve ZVS. The equivalent circuits for transitions I and II are
shown in Fig. 3.15, while Table 3.2 summarizes the voltage changes across the MOSFET
output capacitances. In these circuits, the LC'C tank is modeled by an equivalent network
consisting of an inductor, L,, and a voltage source, vy, which represents the instantaneous
voltage across the capacitor Cp, during the switching transition under consideration. Since
the capacitor voltage remains nearly constant during the dead time, it is modeled as a
constant voltage source in the ZVS analysis. However, different v.,, values are considered

for the respective switching transitions and for the variation over the grid cycle.

Transition 1
During transition I, the MOSFETSs Sy1, Sy, and 5;3 of the y leg remain part of the

active commutation loops. Meanwhile, MOSFET Sy; is turned on, connecting the x-leg
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switch node to the p node of the dc-link. To achieve ZVS during this transition, the tank
current, i,, flowing into the x leg is required. To determine the energy required from the tank
inductor, Ly, during this transition for the ZVS of the MOSFETS, the energy contributions
from all sources, namely vpo, Von, and vy, in the circuit shown in Fig. 3.15(a) must be

calculated during the dead time, as given below:

Evpo = vpo( - / csy2 dt — / iceys 4 dt)
Von 0
= Vpo ( / C’oss-sy2 dv + / Coss-sy3+ dV)
Vpn Vpo
n (3.35)

0
o)
0
V. ) ' )

po

Von

= Vp0<("on — Vpn) Ceq,Q-sy2
Vpn

(—Vpo) Ceq,Q-sy3+

Von

2
= Vpo( — Ceq,Q-sy2 — Ceq,Q-sy3+

pn

Similarly,

Von
: (3.36)

pn

% Von

po
+ Cqu-sy? + Ceq7Q-sy3+
0 Vpn

Evon = —VonVpo Ceq,Q—syZ

’ ) (3.37)

Vpo

Evepp = VeppVpo <Ceq7Q-sy1

Es 1 = Evpo + Eyon + Evcpp . (338)

Following this, the total change in the capacitive energy associated with the MOSFET

output capacitances during transition I is determined, as given below:

1 Vpo

AEc-syl = §V12)00eq,E—sy1 Op 9 (339)

1 Von
ABesy2 = —5 (v = Vi) Ceq,-sy2| (3.40)

Vpn

_ 15 0
AE‘c—sy3+ = _ivpoceq,E—syiH- . (3.41)
po

AFE. 1= AEc—syl + AEC_SyQ + AEc—sy3+ . (342)
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Now, the energy required from the inductor, L,, is given by
ELp—trI = Fgr1 — AE‘c—trI ) (3'43)

and finally, the magnitude of the minimum tank current required to achieve ZVS during
the switching transition in the T-type bridge is calculated as
2 |EL,-t|

I:r—min-zvs-trI = Li . (344)
p

Moreover, the time required to achieve ZVS for the T-type bridge MOSFETs is also a
critical design parameter. This calculation plays a critical role in establishing the correct
dead time in hardware verification, thereby preventing the MOSFETSs from turning on
prematurely, before their output capacitance has fully charged or discharged. The ZVS
time is evaluated under two scenarios: (i) the magnitude of the tank current, i,, is equal to
Iy min-zvs-t:1 and is just sufficient to achieve ZVS, and (ii) the magnitude of the tank current,
iz, €xceeds the minimum magnitude required for ZVS. The determination of the ZVS time
for transition I involves applying KCL at node y in Fig. 3.15(a), which can be expressed in

the form given below:

—lg = Z'csyl + Z'csy2 + Z'Csy3+ ) ( )
3.45
dVds-syQ

dt

dvds-sy 1

dvds-sy3+
dt '

- Coss-sy3+ dt

= C’oss-syl - Coss-sy2

Using this, the charge required by the MOSFET output capacitances can be equated to the
charge supplied by the tank current, 7,, which corresponds to the area under the current

waveform. The required time for ZVS is then calculated as

% Vo

po
+ Ceq,Q-sy2
0 V.

2 Vpo (Ceq7Q-sy1 + Ceq,Q-sy3+

)
Vpo

P

(3.46)

tyve-trl =
1 r-min-zvs-trl

Moreover, if the tank current exceeds the minimum ZVS current required during transition

I, (3.46) can be modified as
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Ipter — \/I2 trl WsLgm Lo min-zvs-trl tzvs-trl
- : (3.47)

tex-zvs-trl = w
sdzm

where I,.,1 denotes the tank current at the beginning of transition I.

Transition II

Similar to transition I, the minimum required tank current for ZVS and the duration
to achieve it can be calculated for transition II. The energy contributions from all sources,
namely Vpo, Von, and vepp, in the circuit shown in Fig. 3.15(b) during the dead time must

be evaluated, as given below:

0 Von
Evpo = VpoVon( — Ceq,Q-sy2 — Ceq,Q-sy3- 0 ) ) (3.48)
9 0
Eyon = _Vonceq,Q—sy2 , (349)
Vpn 0 Von
Eyepp = VeppVon (Cequ-syl , + Ceq,Q-sy2 ’V + Ceq,Q-sy3- 0 ): (3.50)
po on
ES—trH = Evpo + Evan + Evcpp . (351)

Following this, the total change in the capacitive energy associated with the MOSFET

output capacitances during transition II is determined, as given below:

Vpn

1
AEC_Syl = 5 (V?m — v1270) Ceq,E—syl ) y (3.52)
po
1,4 0
Ach—syQ = _Qvonceq,E—syQ ) (353)
]_ 2 Von
AElc-sy?)- = ivonceq,E-syZS- 0 (354)
A-Ec—trH = A-Ec-syl + AFE -sy2 + AE, -Sy3- - (355)

Now, the energy required from the inductor, L,, is given by

Er, -t = Esun — AEc g, (3.56)
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and finally, the magnitude of the minimum tank current required to achieve ZVS during

the switching transition in the T-type bridge is calculated as

2|Ep, t1
Iﬂv—min—zvs—trH = ‘Lpr‘ . (357)
p

Furthermore, the ZVS time for transition II is expressed as:

Vpn

+ Ceq,Q-Sy2

Von)
0

0
+ Ceq,Q—sy?)—

Vo

2Von (Ceq,Q—syl

Vp

: (3.58)

tyvs-trll =
Iq:—min—zvs—trH

and can be further modified if the tank current exceeds the minimum ZVS current required

during transition II, as given below:

2
Ix—trII - \/Iz—trII - Wstm I:r—min—zvs—trH tavs-trll

, (3.59)

tex-zvs-trll = ol
sdam

where I+ 11 denotes the tank current at the beginning of transition II.

Requirement for Delay Time (T,)

As discussed earlier, an intentional time delay, T, is introduced between transitions
I and II. If this delay is not provided, the MOSFETSs Sy; and S_; turn off simultaneously,
while Syo and 8;3 turn on at the same instant after the dead time. For ZVS turn-on of
Sy2 and 8;3, the output capacitances Cyss of these devices must discharge during the dead
time prior to switching on. As detailed in Table 3.2, the Cyss of Syo should discharge from

+

v3 1S common-source

vpn to zero, and that of S;fg should discharge from v, to zero. Since S
connected with 5;3, their output capacitances are effectively connected in series. Compared
to the single output capacitance on the top and bottom sides of the T-type bridge, this series
configuration causes the rate of decrease of v4s.y3+ to be approximately half that of vgs_gyo.
When vy, = vop, = Ven /2, both vgssy3+ and vgesy2 can reach zero by discharging their

respective Cygs using energy from the tank inductor, L,. However, in the unfolding-based

topology, vp, and v, are not always equal to Ve /2, as discussed in Section 3.2. When v, >
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Fig. 3.16: T-type bridge output voltage, v, switching pattern, and drain-to-source voltages,
Vds, of the leg-y MOSFETs when (a) the delay time, Ty, is disregarded, and transitions
I and IT overlap, leading to partial ZVS turn-on of S;FB; and (b) a delay time, Ty, is

introduced between transitions I and II, resulting in complete ZVS turn-on of 8;3.

Vpn/Z, the slower decrease rate of vgsgy34 causes vgsgy2 to reach zero first. This bypasses
the tank current through the body diode of Sy2 and leads to partial ZVS turn-on of S;%, as
shown in Fig. 3.16(a).

By introducing a delay time of T, between transitions I and II, the series-connected
MOSFETSs S;% and 8;3 are prevented from turning on/off simultaneously. This ensures
that MOSFET 8;3 undergoes ZVS turn-on first during transition I, followed by MOSFET
Sy2 during transition II, as depicted in Fig. 3.16(b). The delay time T, should be greater
than the ZVS time required for transition I, given by either t,vs 1 OF tex-zvstr- 1t should be
noted that the delay time T, is necessary when vy, # Ven /2 and can be set to zero when
Vpo = Von = Vpn/?, which occurs at grid angles g4 = § + (K — 1)%, as discussed above.

Therefore, in this work, a staggered time delay is implemented that is kept greater than
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Table 3.3: Analytical RMS currents of the T-type bridge.

Current Expression for d, > d,

- (1)l o (Pt 0

Lom sin(wd,,) cos(wd,, — 20,
Irms—bot < 2 > \/dn - < ( ) 7_‘_( )>

s | (%52) \/ N

Current Expression for d, < d,

I <Izm> \/d B (sin(wdp) cos(mdy, — 291))
rms-top 9 D -

Ly, in(md, dy, — 20,
Trms-bot ( > ) \/(2 —dy) + <Sln(7T )COjT(T(' ))

Toewa | (%22) V ) — (<l ) 20 it — )

2 T

Tavs-trl OF texzvs-trI, DUt is also reduced to zero near the grid angles where vy, = vy, = Vrn /2.

Further details on the delay time are given in [30].

3.5.2 Conduction Loss Analysis of the T-Type Bridge

Accurate conduction loss estimation of the T-type bridge is essential for optimizing
the reactive behavior of the LC'C' tank and ensuring that conduction losses remain within
acceptable limits. This analysis is particularly important for selecting an appropriate ca-
pacitor value, Cps, which defines the overall reactive nature of the tank, as given in (3.30).
This estimation requires analytical computation of the RMS currents in the T-type bridge.
These currents are summarized in Table 3.3 for both d, > d,, and d, < d,,. Here, Iims top
corresponds to the RMS current through the top-side MOSFETSs, Sy and Sy1, while Iy bot
corresponds to the RMS current through the bottom-side MOSFETSs, Sy and Syo. The
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Fig. 3.17: Comparison of the actual tank current magnitude, i, (green plots), for various
values of Cp, with the minimum current required (orange plots) to achieve ZVS of the
MOSFETS in the T-type bridge during leading-edge transitions: (a) I and (b) II. Red-shaded
regions indicate insufficient tank current, resulting in partial ZVS or hard-switching. Based
on this analysis, C,s values below 113 nF are found to be suitable for ensuring complete
ZVS during both transitions.

term I.ms.miq denotes the RMS current through the common-source-connected MOSFETS,

+

namely S;g, S Sy3,

and S_;.
3.5.3 Optimized Selection of the Capacitor C;

The ZVS analysis of the T-type bridge during transitions I and II, together with con-
duction loss estimation, can be used to determine an optimized value for the LCC tank

capacitor, Cps, which defines the reactive behavior of the tank. To achieve this, the value
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Fig. 3.18: Conduction losses of the T-type bridge at rated output power for various values
of Cps, combined with the minimum output power required to achieve ZVS of the T-type
bridge MOSFETs. This combined analysis aids in selecting an optimal C),s that ensures
ZVS while maintaining acceptable conduction losses.

of Cps is swept, and the corresponding magnitude of the tank current, i, during transi-
tions I and II is calculated over the grid cycle using the FHA, since the current remains
nearly sinusoidal. Due to the periodic nature of the T-type bridge input dc-link voltages
over the grid cycle, as depicted in Fig. 3.3, the tank current behavior also exhibits period-
icity over the grid cycle. As a result, the analysis can be limited to the grid angle range
0 < Ogria < %. The computed tank current magnitudes for these transitions are then com-
pared with the minimum currents required to achieve ZVS of the T-type bridge MOSFETsS,
obtained from (3.44) and (3.57), as shown in Figs. 3.17(a) and 3.17(b) for transitions I and
IL, respectively. The red-shaded regions in these plots indicate unsuitable values of Cps,
where the reactive behavior of the tank is insufficient to achieve ZVS, as the corresponding
tank current magnitudes during transitions fall below the required threshold. Based on this
analysis, capacitor values below 113 nF are found to be suitable for ensuring ZVS operation
during both transitions I and II. To finalize the value of the capacitor, conduction losses
of the T-type bridge at the rated output power are calculated for various values of C;.
Additionally, this conduction loss analysis is combined with the minimum output power
required to achieve ZVS of the T-type bridge MOSFETs. The combined result is shown in

Fig. 3.18. Based on the ZVS and conduction loss analyses presented in Figs. 3.17 and 3.18,
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Fig. 3.19: Magnitude of the tank current, i,, along with the minimum current required to
achieve ZVS of the T-type bridge MOSFETSs during (a) transition I and (b) transition II,

for the selected value of the capacitor Cp,.
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Fig. 3.20: ZVS times during transitions I and II, used to determine suitable values for the

dead time and the delay time, Ty, for hardware verification.

an optimized value of Cs is selected as 112.1 nF. This value ensures a suitable reactive
behavior of the LC'C' tank for achieving complete ZVS of the MOSFETSs while maintaining
acceptable conduction losses at rated output power.

Finally, for the selected value of the capacitor Cy, the magnitude of the tank current, i,

along with the minimum current required to achieve ZVS of the T-type bridge MOSFETS,
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Table 3.4: Hardware parameters of the unfolding-based ac-dc converter.

Parameter Value
Nominal input voltage 480 V (I-1), 60 Hz
Battery voltage 649 V- 755V
Output power 20 kW
T-type bridge switching frequency 85 kHz
Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz
Grid inductance (L) 600 pH
Dc-link capacitors (Cpo, Con, Cpn) 4.5 puF
L, 29.3 uH
Cop 120.1 nF
Chs 112.1 nF
Cantilever model-based isolation parameters Ly =375 pH, Ly, =996.2 uH
Cout 161.5 uF

is illustrated in Figs. 3.19(a) and 3.19(b) for transitions I and II, respectively. It can
be observed that the tank current remains higher than the minimum required for ZVS
throughout the grid cycle for both transitions I and II. In addition, the corresponding ZVS
times during these transitions are presented in Fig. 3.20. These ZVS time calculations are
particularly important for determining suitable values of the dead time and the delay time,

Tit4, to be used during the hardware implementation and verification process.

3.6 Experimental Validation

A 20-kW hardware prototype of an unfolding-based ac-dc system incorporating a T-
type bridge-based dc-dc converter, as shown in Fig. 3.21, is developed and tested to validate
the proposed leading-edge-aligned modulation strategy. The key hardware parameters are
summarized in Table 3.4. The 3-¢ Unfolder is designed using IXYS WT1263YC200 diodes
and Infineon FZ1200R17KF6C-B2 IGBTs. The T-type bridge is implemented using Onsemi
NVH4L020N120SC1 and NVH4L040N120SC1 MOSFETSs, where the NVH4L020N120SC1

devices are employed in the top and bottom positions, and the NVH4L040N120SC1 devices
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serve as common-source-connected switches. The body diodes of CREE CCS050M12CM2
MOSFETS are used to construct the secondary-side diode bridge. Grid emulation is carried
out using a California Instruments MX-30, while an NH Research 9300, operated in battery
mode, emulates the EV battery at the output. The proposed leading-edge-aligned modula-
tion strategy and the corresponding closed-loop control architecture are implemented using
the TMS320F28379D microcontroller.

Hardware verification begins with validating the steady-state operation of the proposed
leading-edge-aligned modulation strategy by observing the input grid-side, output, and reso-
nant tank waveforms. The ZVS operation of the T-type bridge MOSFETsS is also confirmed.
Subsequently, the results for ac-dc efficiency and grid current THD are presented. Tran-
sient response results are included to evaluate dynamic operation. Finally, the performance
of the ac-dc system using the proposed modulation, enabling complete ZVS of the T-type
bridge MOSFETS, is compared against the center-aligned modulation previously employed

in Chapter 2, which results in hard-switching.

3.6.1 Steady-State Operation

Fig. 3.22(a) presents the steady-state waveforms of the Unfolder input ac phase-a volt-
age Vg, input phase-a current i,, de-link voltage v,,, and output battery load current ipag;
at the rated output power of 20 kW. The corresponding power analyzer data recorded using
the Yokogawa WT1806E is shown in Fig. 3.22(b). These results confirm that the proposed
leading-edge-aligned modulation strategy, combined with the closed-loop control, achieves
a high-quality grid current waveform with 2.3% THD and leads to an ac-dc efficiency of
96.51%. Figs. 3.23(a), 3.23(b), and 3.23(c) depict the T-type bridge output voltage v,
and the tank current i, for three different dc-link voltage scenarios: (i) vy, = 512 V and
Von, = 130 V, (ii) vpo = 413 V and vy, = 260 V, and (iii) vpo = von = Vpn/2 = 339.5 V.
A time delay, Ty, of 200 ns is introduced between transitions I and II when vy, # von #
Vpn/2, and is gradually reduced to zero as vy, and v,, approach Vpn/2. The T-type bridge
output voltage, v;y, and current, i,, over the grid cycle are shown in Fig. 3.24. Although v,

exhibits a 6-pulse waveform due to unfolding operation, its fundamental component, v;,1,
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Fig. 3.24: T-type bridge output voltage, v4,, and current, i;, over the grid cycle.

remains constant for a given power level, as discussed in Section 3.3.

The appropriate magnitude and polarity of the tank current, i,, achieved using the
leading-edge-aligned modulation strategy for various voltage transitions within a switching
period, are illustrated in Fig. 3.25. This figure captures the tank waveforms across the entire
grid cycle using the infinite persistence mode of the Tektronix MDO3014 oscilloscope. A
zoomed-in view highlighting critical transitions I and II is also included, demonstrating the
appropriate tank current that enables ZVS for the T-type bridge MOSFETSs throughout
the grid cycle. Additionally, Fig. 3.25 is represented as a state-plane diagram in Fig. 3.26
to further emphasize the appropriate magnitude and polarity of ¢, during switching tran-
sitions across the grid cycle. Finally, the ZVS operation of the T-type bridge MOSFETSs
is verified by simultaneously monitoring the drain-to-source voltage, v4s, and the gate-to-
source voltage, vy4s, waveforms during transitions I and II, as depicted in Fig. 3.27. It can
be observed that vgssy3+ and vgssy2 fall to zero before the corresponding gate voltages rise
to turn on S;fg and Syo, confirming the ZVS operation of the MOSFETSs during these two
critical transitions.

The ac-dc efficiency curve of the hardware prototype using the proposed leading-edge-
aligned modulation at various power levels is shown in Fig. 3.28, demonstrating a peak
efficiency of 96.51% at the rated output power of 20 kW. Additionally, the corresponding

grid current THD across these power levels is presented in Fig. 3.29. The proposed control
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Fig. 3.25: Variation of the T-type bridge output voltage v;, and tank current i, over a full
grid cycle, captured using the infinite persistence mode of a Tektronix MDO3014 oscillo-
scope. Zoomed-in waveforms of the critical transitions I and II are also shown.

i, (A)
(e

-50

-800 -600 -400 -200 0 200 400 600 800
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Fig. 3.26: State-plane representation of the tank voltage and current, corresponding to
Fig. 3.25, highlighting the proper magnitude and polarity of i, during switching transitions
throughout the grid cycle for ZVS of the T-type bridge.
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Fig. 3.27: Verification of ZVS operation for the T-type bridge MOSFETSs by capturing the
drain-to-source voltage, v4s, and gate-to-source voltage, vy, during transitions I and II.
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Fig. 3.28: Measured ac-dc efficiency of the hardware prototype using the proposed leading-
edge-aligned modulation strategy across various power levels. A peak efficiency of 96.51%
is achieved at the rated output power of 20 kW.
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Fig. 3.29: Measured grid current THD of the hardware prototype using the proposed
leading-edge-aligned modulation strategy across various power levels. A high-quality grid
current waveform is maintained throughout the power variation.

strategy ensures low THD across various power levels, validating the effectiveness of the

modulation scheme.
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3.6.2 Transient Responses

To verify the performance of the proposed closed-loop control architecture, designed
with appropriate bandwidth levels as shown in Figs. 3.10 and 3.13, the transient responses
of the ac-dc system are evaluated under three scenarios. In the first scenario, the battery
current reference, ipattref, i the outer loop is subjected to a step change from 23.6 A
to 27.8 A, resulting in an increase in output power from 17 kW to 20 kW, as shown in
Fig. 3.30(a). The hardware response confirms stable outer-loop operation. In the second
scenario, the reference for the peak grid current, I, is changed from 34.8 A to 29.6 A,
reducing the output power from 20 kW to 17 kW. Here, the outer loop is bypassed, and the
inner-loop reference is directly modified. The hardware response in Fig. 3.30(b) confirms
that the inner loops operate properly under such transient conditions. Finally, in the third
scenario, a 10.8% step change is applied to the Unfolder phase-a ac input voltage, increasing
it from 250 V to 277 V. The closed-loop control maintains the load current and output power

while ensuring acceptable transient response time, as shown in Fig. 3.30(c).

3.6.3 Comparison of Leading-Edge-Aligned and Center-Aligned Modulation
Strategies

Fig. 3.31 compares the measured ac-dc efficiency of the proposed leading-edge-aligned
modulation, which enables complete ZVS of the T-type bridge MOSFETSs, with a previously
utilized center-aligned modulation resulting in hard-switching. The efficiency data for the
center-aligned modulation is reproduced from Chapter 2. Both modulation strategies have
been implemented on the same 20 kW hardware platform. The proposed leading-edge-
aligned modulation achieves up to 0.76% higher efficiency at 20 kW output power. This
improvement may result from a combination of factors, including reduced switching losses
due to ZVS operation of the T-type bridge.

Moreover, the radiated EMI of the T-type bridge-based dc-dc converter within the
ac-dc system is measured using an antenna and a Tektronix RSA306B spectrum analyzer,
as shown in Fig. 3.32. While the absolute EMI levels may be influenced by measurement

bias, the results are primarily intended for comparative analysis between the proposed
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Fig. 3.31: Efficiency comparison between the proposed leading-edge-aligned modulation,
which enables ZVS of T-type bridge MOSFETs, and a previously used center-aligned mod-
ulation resulting in hard-switching. Data for the center-aligned modulation is reproduced
from Chapter 2.
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Fig. 3.32: Measured radiated EMI spectra of the T-type bridge-based dc-dc converter with
the proposed leading-edge-aligned modulation and the previously used center-aligned mod-
ulation. EMI is measured using a Tektronix RSA306B spectrum analyzer and an antenna
placed 1.5 m from the converter. While the absolute EMI levels may be affected by mea-
surement biases, the results are primarily intended for comparative analysis.

leading-edge-aligned modulation and the previously used center-aligned modulation. The
EMI spectra indicate that the leading-edge-aligned modulation consistently exhibits lower
radiated EMI, attributed to the ZVS operation of the T-type bridge. A reduction of ap-

proximately 6 dB, equivalent to a twofold decrease, is observed at the 85 kHz switching
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frequency.

3.7 Conclusion

This chapter presents a detailed investigation of a leading-edge-aligned modulation
strategy in combination with a closed-loop control architecture to achieve ZVS in a resonant
T-type bridge used within an unfolding-based ac-dc conversion system for WPT applica-
tions. Various modulation strategies, including center-aligned and leading-edge-aligned, are
analyzed, highlighting the importance of the leading-edge-aligned approach in enabling ZVS
of the T-type bridge MOSFETs. The study confirms that accurate alignment of the leading
edges of the T-type bridge output quasi-square voltages is essential for maintaining ZVS
throughout the grid cycle. Analytical duty ratio expressions are derived and modulated
by a multi-loop closed-loop control architecture to simultaneously achieve PFC and output
power regulation through control of the HF T-type bridge operating at 85 kHz. The outer
loop regulates output power, while two inner loops maintain sinusoidal grid currents. Small-
signal modeling is employed to analyze system dynamics and ensure appropriate bandwidth
levels for each control loop, ensuring robust and stable dynamic performance under vary-
ing operating conditions. Additionally, a detailed ZVS analysis is presented to examine
critical switching transitions, incorporating the nonlinear behavior of the MOSFET output
capacitance through energy- and charge-equivalent capacitors. ZVS times are calculated to
determine appropriate timing parameters for hardware validation. The tank design is then
guided by this accurate ZVS analysis, combined with conduction loss calculations, to ensure
correct polarity and sufficient magnitude of the tank current during switching transitions,
while also minimizing conduction losses.

Finally, the proposed leading-edge-aligned modulation strategy, along with its control
architecture and comprehensive ZVS analysis, is experimentally validated on a 20 kW,
480 V grid-tied ac-dc hardware prototype. The results demonstrate complete ZVS opera-
tion throughout the grid cycle, achieving a peak ac-dc efficiency of 96.51% and a low grid
current THD of 2.3% at rated output power. Furthermore, a comparison with the center-

aligned modulation strategy, which exhibits hard-switching and is implemented on the same
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hardware prototype, shows a 0.76% improvement in efficiency and a 6 dB reduction (cor-
responding to a twofold decrease) in radiated EMI with the proposed leading-edge-aligned

modulation.



CHAPTER 4
GRID CURRENT IMPROVEMENT & HIGH-BANDWIDTH CONTROL USING
CURRENT EMULATION-BASED ACTIVE DAMPING

4.1 Introduction

Chapter 2 and Chapter 3 have employed an unfolding-based ac-dc system with a T-
type bridge-based dc-dc converter due to its dual-input voltage processing capability, which
enables efficient utilization of semiconductor devices. The T-type bridge-based dc-dc con-
verter maintains grid-side PFC, regulates output power, and provides galvanic isolation.
Operating the Unfolder at a maximum of twice the grid frequency with negligible switching
losses, while centralizing all control functions within the dc-dc converter, enhances power
density, efficiency, and design simplicity.

Despite their many advantages, unfolding-based topologies encounter two major chal-
lenges: input grid current distortion and instability caused by LC-resonance. Grid current
distortion arises at the sector boundaries of the grid voltages during each grid cycle, pri-
marily due to the HF operation of the dc-dc converter that generates HF currents bypassed
to the dc-link capacitors. These distortions increase the THD of the ac input currents.
Prior works [19, 56, 74] have addressed this issue by controlling the Unfolder or its third-
harmonic injection network. A passive damping network has also been suggested, which
affects the cost, efficiency, and power density of the system. Although effective, these solu-
tions tend to minimize the advantages of the low-frequency-switched Unfolder. In addition,
unfolding-based converters are prone to LC-resonance issues arising from the interaction
between the grid inductance and dc-link capacitors. This resonance detrimentally affects
closed-loop control by reducing the phase margin and rendering the closed-loop system un-
stable [58]. While the utilization of passive physical damping networks can alleviate this

control challenge [75], their integration results in heightened system costs and reduced power
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Fig. 4.1: A 3-¢ passive damping network, incorporating RLC components, utilized in the
development of a 1-MW unfolding-based EV charger at Utah State University’s power
electronics laboratory.

density. Also, the approach of parallel connection of physical damping resistors across in-
put inductive filters, as done in [19,44], becomes unfeasible when utilizing the inherent grid
inductance for PFC, rather than incorporating additional inductive filters. Furthermore,
the dimensions and costs of such passive networks experience a substantial increase with
higher power levels, as exemplified in Fig. 4.1. The figure illustrates a cabinet with a passive
damping network comprising RLC' components with dimensions of 6 ft (L) x 2 ft (W) x
7.5 ft (H), developed for a 1-MW unfolding-based EV-battery charging system [12], without
incorporating the contributions presented in this work. The overall cost of this cabinet with
a 3-¢ passive damping network is around $15,000.

This chapter provides a comprehensive analysis of the fundamental cause of the current
distortion problem. An equivalent circuit model is developed to facilitate a better under-
standing of the issue. Furthermore, a control-based solution is proposed that leverages
the HF dc-dc converter through a current emulation technique [55,76-78] to charge/dis-
charge the dc-link capacitors without disturbing the Unfolder. Moreover, given the severity

of the stability-related problem, this chapter undertakes a comprehensive examination of
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the unwanted LC' resonance through the application of the EET as introduced by R. D.
Middlebrook [79-81]. EET is an effective tool for design-oriented analysis, aiding in the ex-
amination of complex circuits and systems to derive manageable equations crucial for design
purposes. This theorem allows one to quantify the impact of the additional impedance ele-
ment on any transfer function of interest [58], eliminating the need for re-solving the system.
In this study, an unfolding-based topology with a T-type converter and an LC'C resonant
tank is utilized. This configuration heightens the complexity of deriving the plant transfer
function due to the increased number of tank elements and the variation of the pulsating
input voltages of the T-type bridge. Additionally, incorporating the interaction between the
grid inductance and dc-link capacitors further complicates the process of deriving the plant
transfer function. On the other hand, the application of EET helps to derive the modified
plant transfer function with the effect of this LC interaction without solving for the plant
transfer function all over again [58,82-85]. Moreover, in unfolding-based topologies, where
the dc-dc converter undergoes variations in dc input voltages and corresponding duty ratios
throughout the grid cycle, the extent of the LC-resonance effect on the plant transfer func-
tion changes accordingly. Consequently, it becomes imperative to assess this LC-resonance
effect over the grid cycle. In this scenario, EET facilitates the identification of the worst-
case operating point when the impact of the LC' interaction is most pronounced [58,82,84],
thereby minimizing the effort of performing the analysis throughout the grid cycle. Due to
these benefits, the EET becomes an effective and beneficial tool for comprehending and mit-
igating the adverse effects of the LC' resonance on the closed-loop control of unfolding-based
converters. The application of the EET-based analytical framework involves deriving the
plant transfer function along with the EET parameters. This is accomplished through the
phasor transformation-based small-signal modeling given in Chapter 5 and [60-62, 86, 87].
In addition to analyzing the stability-related issue, a control-based approach is presented,
involving the utilization of the current emulation technique [68,88-90] to actively damp
the LC resonance. This is achieved by modifying the control structure of the HF T-type

bridge-based dc-dc converter employed after the Unfolder. This solution eliminates the
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requirement for physical damping circuits, thereby enhancing power density and reducing
system costs.

The efficacy of the proposed current emulation-based active damping approach in miti-
gating both problems, grid current distortion and stability-related issues, is evaluated using
an EV battery charger circuit based on unfolding technology. Simulation results confirm
the stable operation of the overall control structure. Subsequently, a hardware prototype is

developed and tested, validating the effectiveness of the proposed solution.

4.2 Analysis and Mitigation of Sector Transition Distortions for Unfolding-
Based AC-DC Converters

4.2.1 Analysis of Current Distortions at Sector Boundaries

The transition of the switching state from sector 1 (0° < 6,54 < 60°) to sector 2 (60° <
O4ria < 120°) on the unfolding side, as shown in Fig. 2.2(d), is selected to understand
the cause of sector transition distortion. Conduction paths for the 3-¢ grid and dc link
capacitors (Cpe, Con, and Cpy,) currents during sector 1 are shown in Fig. 4.2(a). Only one
of the possible conduction paths on the T-type side is shown, and all others are mentioned
in [74].

The phasor representation of the input current (is) of a de-de converter as a function

of the output current (i,) and the switching function (s) can be expressed as,
is = R[s%io) + R[si,e2ws!], (4.1)

which clearly states that the input current has dc and twice the switching frequency compo-
nents. The HF components present in the input currents of p and n ports (igc and igc) flow
through the dc link capacitors, which leads to HF ripples in the dc link voltages vpo, Von,
and vp,. Due to these ripples, the soft dc link voltage vp,, which is approaching zero in the
vicinity of the sector transition, crosses the cut-in voltage of Dy / body-diode of Syi. This

leads to an undesirable turn-on of these diodes, which bypasses the dc link capacitor Cp,



105

#4g pue ‘€ig ‘14g jo aporp-£poq / "ty pue 1 ysSnoxyy (°%)) 1oyedes syuif op oty sessedAq om0z

> PHBy S 09) g 03 T 103098 WOIj UOTHISURI) oﬁ Surmp (14g jo wwo%-boo& / 1) soporp parrered jo uo-umy (q) ‘(,09 > PP = 0)
T 103008 Surmp sjuermd jndino adL)-T, pue ‘(¥ pue ‘40 0dn) s1oqoedes yurl op ‘pis ¢-¢ oy 10§ syjed uononpuo)) (€) gy S

@

od;
Lo

EQ ZD

&




106

150 -
100 -
& znl o — Vpo 1deal
= 50 P - — v avg
Turn-on Vpo
0 of diodes i

0.0514 0.0515 0.0516 0.0517 0.0518 0.0519 0.052
time (sec)

Fig. 4.3: Turn-on of parallel diodes when the dc link voltage (vy,) crosses the cut-in voltage
of the diodes in the vicinity of the sector transition from 1 to 2. This leads to the bypass
of the dc link capacitor (Cp,), which causes a deviation of the capacitor’s average voltage
from its ideal value at the sector boundary. Subsequently, the grid voltage charges the
capacitor again in sector 2 to track the ideal voltage waveform. This charging current
causes oscillations in the dc link voltage.
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Fig. 4.4: Impression of the higher order harmonic voltage followed by the oscillations in
sector 2 on the grid inductor L, of phase a.

momentarily through D,; and Q, / body-diode of Sy, S¥;, and S

Y v3» s shown in Fig. 4.2(b).

As the capacitor current becomes zero because of this bypass, it cannot charge/discharge,
which leads to a deviation in the capacitor average voltage from its ideal value at the sector

boundary, as shown in Fig. 4.3. This gives rise to the following circumstances:

1. The capacitor voltage deviation at the sector boundary impresses higher-order har-

monic voltages on the grid-side inductors L, of phases a and c, as shown in Fig. 4.4.
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Fig. 4.5: Distortions in grid currents (i, and i.) during the sector transition from 1 to 2.

2. As Q, turns off in sector 2 after the sector boundary, the bypass is removed and the

grid voltages charge the capacitor again to track the ideal voltage waveform. The

charging current of the capacitor flows through the grid inductors, which leads to

second-order system oscillations in the dc link voltage vy, shown in Fig. 4.3.

Both of these factors cause oscillations in the grid currents i, and i. starting from the

sector boundary until they are completely damped by the reflected load resistance. These

distortions in grid currents are shown in Fig. 4.5.

An equivalent circuit model with fewer circuit components is developed to understand

the correlation between the current distortion magnitude and system parameters, as shown

in Fig. 4.6(a). In this model, the dc link capacitor is reflected on the grid side and a voltage

source vstep is connected, which is equal to the step voltage applied by the grid when the

bypass of the capacitor is removed after the sector boundary. This is analogous to the sector

transition scenario. Oscillations similar to the sector transition distortion are observed in

the inductor current of the circuit model, as shown in Fig. 4.6(b). Moreover, an equation

for these oscillations (icq) is derived below:

Z.cd =

(%

v

Ustep —at B .
—_ t+0
Rref ( \% 2/3 -1 Sln(fy " )> ’
C2RC T Ly

=oay/28—1, 6 =tan™? <12€_51> ,

(4.2)
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Fig. 4.6: (a) Equivalent circuit model used to understand the current distortion problem,
(b) oscillations in the inductor current of the circuit model similar to the grid current
distortion.

Table 4.1: Current distortion magnitude obtained from the simulation of the system for
different parameters.

Parameter Value Current distortion
magnitude (A)

Ly 100 pH 4.37
(Cpojonpn = 7-5 uF, 200 pH 3.93
Output power = 21 kW) | 433 pH 3.13
Cofon/pn 92 uF 2.53
(Ly = 433 pH, 5 uF 2.75
Output power = 21 kW) | 7.5 uF 3.13
Output power 10 kW 1.57
(Ly = 433 pH, 16 kW 92.77
Crofonspn = T:5 uF) | 21 kW 3.13

where R,..r is the reflected load resistance and C. is the equivalent A connected capacitor
reflected on the grid side given by 3C,/on-

According to (4.2), the magnitude of the current distortion increases with the increase
in dc link capacitance, decrease in grid inductance, and increase in load. wgp is also a
major factor that affects the current distortion. Table 4.1 shows the correlation between
the current distortion magnitude and system parameters, obtained from the simulation of

the system for different values of the dc link capacitance, grid inductance, and load. It can
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be observed that the correlation predicted by (4.2) matches the simulation results.

4.2.2 Mitigation of Current Distortions

The T-type converter connects to the two soft dc link voltages, vp, and vo,. So,
two duty ratios, d, and d,, corresponding to v, and v,,, respectively, are modulated
to achieve the PFC action. Moreover, the T-type output voltage v, is regulated for an
appropriate power transfer. As discussed earlier, sector transition distortion originates from
the deviation of the soft dc link voltages from their ideal values. Therefore, to mitigate the
problem, dc link voltages are made to track their ideal waveforms by charging/discharging
the capacitors as needed. To accomplish this, two current sources/sinks ipemqy and inemq, are
emulated by controlling the T-type converter such that the capacitors Cp, and C,, can be
charged/discharged whenever their voltages deviate from the ideal values. Fig. 4.7 shows
the T-type converter supplying power to the load with the current sources ip, and ip,, and
also emulating the current sources/sinks ipemqy and ipems, to mitigate the sector transition
distortion.

From Fig. 4.7,
(4.3)

tepo = tp — P, — lpemu-

The T-type converter is controlled such that the switching average of the current i p, matches
the required wave-shape of i, over an entire grid cycle. This makes sure that grid currents

are piece-wise sinusoidal for PFC. Thus,

(4.4)

lepo = —lpemu-

S0, pemy can be controlled to charge/discharge the capacitor Cp, as needed. To match the

soft dc link voltage vy, closely to its ideal value,

(4.5)

lpemu = kemu(vpo - vpoideal) = kemuAvpm

where ke, is used to control the magnitude of the capacitive current. It can be observed
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Fig. 4.7: Control of the T-type converter to achieve PFC, output power regulation by
regulating ip, and ip,, and emulation of the current sources/sinks ipemy and ipemy tO
mitigate the sector transition distortion.

out sz — dP
PFC and sector
fpem distortion mitigation
Vpoideal logic given in (4.7)
Vor ) —>d,

lnemu

Vonideal Qgri Y

Fig. 4.8: Control architecture of the T-type converter to regulate output power, maintain
PFC, and mitigate current distortion.

from (4.5) that when the p port capacitor voltage vy, becomes higher than vpideqs, the
capacitor Cp, is discharged by positive ipem,, (i.e. negative icp,), and vice versa. This makes
sure that the capacitor tracks the ideal waveform correctly.

Similarly,
Z.nemu = kemu (Uon - Uonideal) - kemuAvon; (46)
which makes sure that the n port capacitor voltage v,, does not deviate. Combining the

PFC, output power regulation-based calculations given in Chapter 2 (which utilized center-

aligned modulation), and the sector transition distortion mitigation technique discussed
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Fig. 4.9: d, and d,, plots at an output power of 21 kW without the current distortion
mitigation logic.
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Fig. 4.10: dp, and d,, plots at an output power of 21 kW with the current distortion mitigation
logic.

here, the values of d, and d,, are given as,

2 ) eEMmu
d, = — sin~! (MZ <Sin(fp(egm'd)) + ZpI >> )

s

d, = g sin~?! (Ml (sin(fn(egmd)) + Zn;mu>> )

™

(4.7)

where M; is the modulation index of the T-type converter, 04,4 is the angle of vy, f, and
fn are the functions with respect to the grid angle, and I, is the peak of grid currents.
The overall control structure of the T-type converter is shown in Fig. 4.8. A PI controller
is used to regulate the output power by controlling M;. Equation (4.7) uses M;, 0454, and
feed-forward terms ipemy and ipems to calculate d, and d,,. The values of d, and d,, with

and without the distortion mitigation logic are shown in Figs. 4.9 and 4.10.
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Table 4.2: Simulation and hardware parameters of the grid-tied EV-battery charger system.

Parameter Value
Nominal input voltage 480 V (1-1), 60 Hz ac 3-¢
Nominal battery voltage 710 V
Output power 21 kW
Grid inductance 433 uH
Dc link capacitance 75 uF
(Cpos Con, and Cy,)
L, 28.42 uH
Cop 129.23 nF
Cps 175.29 nF
Transformer parameters
(Cantilever model)
Licakage 34.69 uH
Liagnetizing 782.76 pH
Cy 157.89 uF
kemu 0.1 A/V

4.2.3 Simulation Results and Experimental Validation

A 21 kW grid-tied unfolding-based EV-battery charger system is simulated in MATLAB
with a PLECS blockset. Moreover, a hardware prototype, as shown in Fig. 4.11, is built and
tested to prove the proposed control solution for the sector transition distortion problem.
The simulation and hardware parameters for the system are listed in Table 4.2. kepy iS
selected such that the oscillations in d, and d,, shown in Fig. 4.10, do not exceed 10%
of their peaks. This makes sure that the emulated current sources/sinks do not affect the

output power drastically.

Simulation Results
The simulation results of the grid voltages and currents without the sector transition

distortion mitigation logic are shown in Fig. 4.12. It can be observed that grid currents
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Fig. 4.12: Grid voltages and currents without the current distortion mitigation logic. Dis-
tortions can be observed after every 60° interval.
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Fig. 4.13: Grid voltages and currents with the current distortion mitigation logic. Reduction
in the magnitude of the distortions can be observed.

have undesirable distortions at every mains voltage sector boundaries. After implementing

the mitigation logic, the grid current waveforms are improved and are shown in Fig. 4.13.
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Fig. 4.14: Phase a grid voltage (va,), current (i,), and soft dc link voltages (vpo, Uon)
without the current sources/sinks emulation at 21 kW output power. Phase a current has

significant distortions during sector transitions.
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Fig. 4.15: 4.46% THD in phase a current (i,) is measured with Yokogawa WT1806E power
analyser at 21 kW output power without the distortion mitigation logic.

Experimental Validation

QRD6516001 diodes and QIC6508001 IGBTs are used to design the Unfolder. The
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Fig. 4.16: Phase a grid voltage (vgn), current (i), and soft dc link voltages (vpo, Uon) with
the current sources/sinks emulation at 21 kW output power. Phase a current has lower
distortions during sector transitions.
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Fig. 4.17: 1.94% THD in phase a current (i,) is measured with Yokogawa WT1806E power
analyser at 21 kW output power with the distortion mitigation logic.

T-type converter is designed using NVH4L020N120SC1 MOSFETSs, and body-diodes of
CCS050M12CM2 MOSFETSs are used for the diode bridge rectifier on the secondary side.
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Fig. 4.18: P, n ports currents (ip, i,), and battery current (ipq) supplying 21 kW power
without the distortion mitigation logic. Battery current has 360 Hz oscillations caused by
the deviation of vy, and v,, affecting the magnitude of v, fundamental voltage.
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Fig. 4.19: P, n ports currents (ip, i,), and battery current (ip:) supplying 21 kW power
with the distortion mitigation logic. Battery current has very low 360 Hz oscillations, as
the fundamental voltage of v, is being regulated properly in this case.

California Instruments MX-30 is used to emulate the grid, and NH Research 9300 is used
in battery mode to emulate an EV battery, as shown in Fig. 4.11.
The hardware results of the phase a grid voltage, current, and soft dc link voltages

without the sector transition distortion mitigation logic are shown in Fig. 4.14. Distor-
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tions in phase a current can be observed, which leads to a higher 4.46% THD shown in
Fig. 4.15. Fig. 4.16 shows the reduction in the distortions in phase a current when the
current sources/sinks emulation logic is turned on. A significant improvement in phase a
grid current THD to 1.94% is observed, as shown in Fig. 4.17.

Figs. 4.18 and 4.19 show the p, n ports, and battery currents with and without the
current sources/sinks emulation. It can be observed that 360 Hz oscillations in the battery
current shown in Fig. 4.18 are reduced due to this emulation technique, as shown in Fig. 4.19.
This is because of vy, and v,,, following their ideal values correctly, which helps to accurately

regulate the fundamental component of the T-type output voltage vy, .

4.3 High-Bandwidth Control of Unfolding-Based AC-DC Converters
As discussed in Chapter 3, leading-edge-aligned modulation requires high-bandwidth
closed-loop control to regulate the Unfolder output currents, ¢, and %,, and shape the grid

currents sinusoidal. This section focuses on achieving such high-bandwidth control.

4.3.1 Review of Extra Element Theorem

As previously explained, the Unfolder switches are strategically operated at a maximum
of twice the grid frequency, converting every negative segment of ac input voltages into
a positive polarity. While advantageous in terms of reducing switching losses, the use
of low switching frequency introduces the possibility of LC' resonance between the grid
inductance (L4) and dc-link capacitors (Cpo, Con, and Cpy,). To better understand this
resonance phenomenon, a transformative approach is taken by relocating the A-connected
dc-link capacitors to the grid side and representing them in a A\-connected configuration
(Ci= 3Cpo = 3Co, = 3Cyy), as depicted in Fig. 4.20. It is crucial to highlight that the
occurrence of the LC resonance and the consequent reconfiguration of dec-link capacitors
to the grid side, essential for comprehending this resonance, are both made possible by

the lower switching frequency of the Unfolder. This frequency remains well below the LC
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Unfolder Viatt
with de-dc pp—
converter

Fig. 4.20: For a clearer understanding of the LC interaction, the A-connected dc-link ca-
pacitors can be relocated to the grid side and transformed into equivalent A-connected
capacitors. The output impedance of the LC' branch, denoted as Z,, is a parallel combina-
tion of Ly and C)).

resonant frequency'. On the other hand, such a scenario is not possible for HF-switched
grid-tied converters with stiff dc-link voltages. In these systems, the HF switching does not
allow sufficient time for the grid inductance and dc-link capacitors to interact with each
other, thereby effectively ensuring decoupling between the grid and dc sides.

The LC' resonance causes changes in both the magnitude and phase of the plant in the

closed-loop control system. These changes can be quantified using the EET [58,79-81] as

Gplant-modiﬁed = Gplant-original Gcf ) (48)
where
Gplant—original = Gplant|ZO*>0 ) (49)
Z
(1 + Z)
Gop = ~—2nL (4.10)

Z,\
1 -
( +Zd>

In the above equations,

In this study, the Unfolder switches operate at a maximum of 120 Hz, while the LC' resonant frequency
is 1.77 kHz, as detailed in the experimental validation section.
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Zo=5sLg

1 sLg
= 4.11
(sC)\> 1+ s2L,C ( )

is the output impedance of the parallel-connected grid inductance, L,, and equivalent A-
connected capacitor on the grid side, C., as depicted in Fig. 4.20. Z,, and Z; are the
null double injection driving point impedance and single injection driving point impedance,
respectively.

The correction factor, Gy, is a function of Z,, Z,, and Z;. It quantifies the extent to
which the original plant transfer function, Gpjant-original, is modified to Gplant-modifiea due to
the interaction of the output impedance, Z,, with the null double injection driving point
and single injection driving point impedances, Z, and Z;. Normally, when the resonance
is undamped, the magnitude of Z,, denoted as || Z,||, exceeds || Z,]|| or || Z4|| around the LC
resonant frequency, frc, leading to a deviation of Gy from unity. This leads to unfavorable
alterations in the original plant transfer function, causing instability in the closed-loop
system due to a decrease in the phase margin. Equations (4.8)-(4.10) suggest that to
maintain the plant transfer function unaffected by ensuring Gy ~ 1, the magnitude of Z,

must be kept much lower than the magnitudes of Z,, and Z;. These criteria are given below:

1Zo]l < | Znll, and
(4.12)

1 2ol < [| Zall -

4.3.2 Plant Transfer Function and EET Parameters of the T-type Bridge-

Based DC-DC Converter

Computation of the Plant Transfer Function

As the Unfolder operates in open-loop mode, switching at a maximum of twice the grid
frequency, the closed-loop control architecture is designed solely for the HF T-type bridge-
based dc-dc converter to modulate the duty ratios, d, and d,,, as demonstrated in Fig. 3.9.
Consequently, this study analyzes the effect of LC resonance on this closed-loop system,

which is designed for achieving grid-side PFC and output power regulation. These control
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objectives are achieved by maintaining waveshapes and amplitudes of the input p-port and
n-port currents (i, and i,) of the T-type bridge. By separately controlling i, and i,, the
grid currents, which are piece-wise functions of these p-port and n-port currents (refer to
Fig. 3.3(b)), are kept sinusoidal. Furthermore, maintaining the required amplitudes of i,
and 4, ensures the proper regulation of the output power. Due to the symmetry between p-
port and n-port controls, the analysis ahead mainly focuses on the p-port control. However,
a similar analysis is applicable to the n-port control as well. In this closed-loop control
architecture, a plant transfer function of the p-port (Gplant-p-port) is calculated between the

small-signal p-port current (%p) and the small-signal p-port duty ratio (cfp), given as

i
Gplant-p-port = — - (4.13)
dp

The implementation of an LCC resonant tank with a suitable quality factor facili-
tates the achievement of sinusoidal current or voltage waveforms on both the primary and
secondary sides of the dc-dc conversion system. In this context, employing a small-signal
modeling approach based on phasor transformation, as outlined in Chapter 5 and [25,60-62],
is considered suitable. The modeling procedure for calculating Gjant-p-port involves mainly

three steps:

1. Steady-state analysis to derive the relationship between steady-state p-port current,

I,,, and corresponding steady-state p-port duty ratio, D, given as

2 D
I, = —Lam cos (g(l — D) + @x) sin <7T2p> . (4.14)

2. Derivation of a small-signal phasor-transformed circuit for the T-type bridge, LCC
resonant network with a transformer, along with the diode bridge on the secondary

side, as shown in Fig. 4.21.

3. Calculation of the plant transfer function using the phasor-transformed small-signal

circuit, given as
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/ziz-env gg?env 267 égp %dp
Glt—— t:Ap x ApT—F]f, (415)
plant-p-por igf’env d, egp d, d,
where
%iw—env 2 T 7TD
p _“ 1 : p
%g?env = TI'COS (2 (1-D,) + @m) sin ( 5 ) , (4.16)
20
W 2 . (j B ) . (7D,
éﬁp = FIxm sin 2(1 D,) + O, sin — ) (4.17)
7
L = Lynsin(nD, — 0,) , (4.18)
dp
%ﬁf}nv S (4.19)
dp Bi1s + By
Ad
0" C
Z =" (4.20)
d, Dis+ Do

Due to the complexity of small-signal modeling for the T-type bridge-based dc-dc sys-
tem with an LCC tank, this study provides only first-order simplified expressions for if%,, /d,
and 637 /d, to maintain brevity; these quantities, in fact, represent tenth-order behavior. It
should be noted that these simplifications still accurately preserve the magnitude and phase
of the plant transfer function, Gplant-p-port, With precision in the vicinity of the LC resonant
frequency, as depicted in Fig. 4.22, providing readers with a valuable tool for analysis. The
expressions for Ay, By, By, Co, Do, and D; are provided in [25].

In (4.14)-(4.20), Dy, Oz, Lum, Lury Inis Voo, Osecs Isec-ms Lsee-rs Lsec-i, and Viee.m are the
steady-state quantities of the T-type bridge-based dc-dc conversion system calculated at
a specific grid angle where the plant transfer function, Gplant-p-port, is being derived. ©,
represents the amount of phase lag of the T-type bridge output current. I, I.., and I,;
correspond to the magnitude, real, and imaginary components of the T-type bridge output
current phasor (j?;), respectively. Oge. denotes the amount of phase lag of the secondary-side
current flowing into the diode bridge. Isecm, lsecr, and Igec; refer to the magnitude, real,

and imaginary components of the secondary-side current phasor (Is_e(:), respectively. Viecm,

Vsecr, and Vgee; are the magnitude, real, and imaginary components of the secondary-side
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Fig. 4.22: Comparison of Bode plots of the plant (Gplant-p-port = ir/d,) of the T-type bridge-
based dc-dc conversion system, obtained from the complete higher-order and simplified
phasor transformation-based small-signal modeling. It can be observed that the simplified
modeling closely preserves the magnitude and phase of the plant transfer function up to
10 kHz. Since the LC resonant frequency typically resides below this value, the simplified
phasor transformation-based modeling provides a valuable tool for analysis.
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Fig. 4.23: Comparison of Bode plots of the plant (Gplant-p-port = i»/d,) of the T-type
bridge-based dc-dc conversion system, obtained from the complete higher-order phasor
transformation-based small-signal modeling and PLECS multitone analysis-tool-based sim-
ulation.

voltage phasor (‘Zec)), respectively.

Moreover, %y—env and fzgﬂ” are perturbations in the p-port current, i,, of the T-type bridge
that depend upon small-signal changes in the envelope (%ﬁ_”em) and phase (éﬁp ) of the T-
type bridge output tank current phasor (2_;), respectively. These perturbations occur due to
small-signal deviations introduced in the p-port duty ratio, d,. Furthermore, %Zp represents
the direct effect of the small-signal change in d, on p-port current, i, The p-port plant

transfer function, Gplant-p-port is calculated by combining all these perturbations together,
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as given by (4.15).

For a thorough examination, a complete higher-order plant transfer function without
any simplifications is considered in subsequent sections for analyzing the effect of the LC
resonance phenomenon. The Bode plots of Gplant-p-port derived from the complete higher-
order phasor transformation-based modeling are validated by comparison with Bode plots

obtained using the multitone analysis (PLECS simulation tool), as illustrated in Fig. 4.23.

Computation of 7,

Fig. 4.24(a) illustrates the circuit utilized to calculate null double injection driving
point impedance, Z, pport, for the p-port closed-loop control of the T-type bridge-based
dc-dc conversion system. In the presence of cip, a current s 18 injected at the input p-port
of the T-type bridge, and the ch and %test are adjusted in such a way that the output of the
plant transfer function (Gplant-p-port), Which is ﬁp, is nulled. Under these conditions, Viegt 1S

computed, and

7 _ Vtest
n-p-port — & ull

. (4.21)
Ltest 1, —0

However, in this case where ic; equals 7, and the latter is nulled to zero, Z,,_p-port Temains
consistently infinite,

Zn-p-port = 00. (422)

Intuitively, as mentioned in [58], the null double injection driving point impedance,
Zn-p-port, can be understood as the impedance that would be measured at the input p-
port terminals of the T-type bridge if an ideal feedback loop perfectly regulated the p-port

current, thus making the disturbance in the current, %p, equal to zero.

Computation of 7,
Fig. 4.24(b) illustrates the circuit utilized to calculate single injection driving point
impedance, Zg.pport, for the p-port closed-loop control of the T-type bridge-based dc-dc

conversion system. The input ch is made equal to zero, and the current ftest is injected at
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the input p-port of the T-type bridge. The quantity Zg , port is then derived as

\A}test
Zd—p—port = = . . (423)
Ltest |d,p=0

Intuitively, as mentioned in [58], the single injection driving point impedance, Zg.p-port,
can be understood as the impedance that would be measured at the input p-port termi-
nals of the T-type bridge if the dc-dc converter is operated in open-loop, thus making the
disturbance in the duty, cip, equal to zero.

The three-step procedure for the phasor transformation-based small-signal modeling

discussed earlier is employed to calculate Zg p port, as given by

1
Zd— -port — s
p-port Sigrenv Viest %0, évtest (4 24)
Ltest larenv Yest Uz .
%;E%%v Vtest é;tesc Vtest
where
%;L;z—etnv - 2 T ) 7TDp
ﬁ = —cos (5(1 — D) + @z> sin (2 , (4.25)
)
Utost 2 (T ) mD,
Qe ;Ixm sin (5(1 D,) + @x) sin (2 , (4.26)
gy _ 70 (4.27)
‘A}test FO
9}“}“ = @' (4.28)
Vtest Hy

Similar to the procedure for calculating the plant transfer function, deriving Zg , port
using phasor transformation-based modeling for the T-type bridge-based dc-dc conversion
system involves complexities. Therefore, simplified expressions for @it /iese and 05 foyes
are provided to maintain brevity. It is important to note that these simplifications approx-
imately preserve the magnitude of Zgp, por¢ around the LC resonant frequency, as depicted

in Fig. 4.25, offering readers a valuable tool for analyzing the criteria given in (4.12). The

expressions for Ey, Fy, Go, and Hy are provided in [25].
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Fig. 4.25: Comparison of the magnitude Bode plots of Zj ot at a grid angle of g9 =
/15 obtained from the complete higher-order and simplified phasor transformation-based
modeling. It can be observed that the simplified modeling closely preserves the magnitude
of the single injection driving point impedance at lower frequencies, where the LC' resonant
frequency typically resides. Therefore, the simplified phasor transformation-based modeling
provides a valuable tool for analyzing the criteria given in (4.12).
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Fig. 4.26: Comparison of Bode plots of the single injection driving point impedance,
Zgpport, at a grid angle of g9 = 7/15 obtained from the complete higher-order pha-
sor transformation-based small-signal modeling and PLECS multitone analysis-tool-based
simulation.

In (4.24)-(4.28), 2i=» and 292 are perturbations in the p-port injected test current
(itest) Of the T-type bridge that depend upon small-signal changes in the envelope (i}t )
and phase (9?6“) of the T-type bridge output tank current phasor (i—;), respectively. These
perturbations occur due to small-signal deviations in viest. The p-port single injection driv-
ing point impedance, Zgp-port, is calculated by combining all these perturbations together,
as given by (4.24).

For a thorough examination, the analysis ahead utilizes a complete higher-order Zg , port
without any simplifications to analyze the effect of the LC resonance phenomenon. The
Bode plots of Zgp port, derived by the complete higher-order phasor transformation-based

modeling, have been verified by comparing them with Bode plots given by multitone analysis
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Fig. 4.27: (a) Variation of || Zgpport]| at f = frc throughout the grid cycle due to (b) the
variation in the steady-state duty ratios, D, and D,, of the T-type bridge to maintain PFC
and output power regulation.

(using the PLECS simulation tool), as depicted in Fig. 4.26, at a grid angle of fgiq = 7/15.
Due to the variation of steady-state duty ratios of the T-type bridge across the grid cycle
to maintain PFC and output power regulation, as illustrated in Fig. 4.27(b), the magnitude
and phase Bode plots of Zg port also undergo changes throughout this grid cycle. The
corresponding variation of || Zjp-port| at the LC resonant frequency over the grid cycle is

depicted in Fig. 4.27(a).

4.3.3 Effect of LC Resonance on Closed-Loop Control of the T-type Bridge-
Based DC-DC Conversion System

It can be observed from the criteria given in (4.12) that the plant transfer function
gets more significantly influenced by the LC' resonance when the || Z,|| or || Z4|| are lower.
Consequently, the subsequent analysis focuses on the worst-case scenario observed over the
grid cycle, particularly when ||Zgpport| f=f. reaches its minimum value of 41.27 dB at
Ogria = (2nm/3 + w/15), where n € {0,1,2,3, ...}, as illustrated in Fig. 4.27(a). It is crucial
to reiterate that || Zp p-port| maintains an infinite value throughout the grid cycle, thereby

eliminating the need for further analysis, as it being infinity consistently satisfies one of the
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criteria outlined in (4.12).

In Fig. 4.28(a), the presence of LC' resonance is evident from the magnitude plot of Z,,
occurring at the resonant frequency of 1.77 kHz ( fre =1/ (277\/%70)\)). This resonance
interacts with || Zgpport|| and significantly impacts the correction factor, Gs, causing it to

deviate from unity, as calculated below using (4.10)

<1 i ZO )
G o Zn—p—port
of (4.29)

N Z
()
Zd—p—port

and shown in Fig. 4.28(b). The deviation in G.¢ from unity results in modifications to
both the magnitude and phase Bode plots of the original plant transfer function, denoted
as Gplant-p-port-original 111 this section and given in (4.15). These modifications are calculated

using (4.8) as given below

Gplant—p—port—modiﬁed = Gplant—p—port—original Gcf (430)

and are depicted in Fig. 4.28(c). It is observable that the modified plant transfer function,
G plant-p-port-modified, Nas experienced significant changes as a consequence of the resonance
between the grid inductance and dc-link capacitors, leading to an additional ‘—360°’ phase
shift in the phase Bode plot at the resonant frequency.

The negative phase shift introduced by the LC resonance in the plant transfer function
poses challenges for a PI controller in achieving a positive phase margin and, consequently,
stable closed-loop control. This challenge becomes particularly pronounced when the control
bandwidth closely approaches or exceeds the LC resonant frequency. It is important to note
that the controlled currents, i), and iy, are 180 Hz quantities (three times the grid frequency,
feria), as illustrated in Fig. 3.3(b). To effectively regulate these currents under both steady-
state and dynamic conditions, it is advisable to have a control bandwidth greater than ten
times their fundamental frequency of 180 Hz. However, this preference brings the control

bandwidth close to the LC' resonant frequency, posing challenges for a PI controller to
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Fig. 4.28: The Bode plots depict: (a) the interaction of LC' resonance with the mag-
nitude of Zjp port; (b) the correction factor, G.¢, showing the deviation from unity at-
tributed to the LC resonance as given by (4.10); and (c) the original plant transfer function
(Gplant-p-port-original) undergoing significant modifications because of the LC' resonance, no-
tably characterized by a ‘—360°" phase shift in the phase Bode plot. The modified plant
transfer function is denoted as Gplant-p-port-modified-
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maintain stable closed-loop operation at such a higher bandwidth level due to the negative

phase shift caused by the resonance.
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Fig. 4.29: The interaction between the grid inductance and dc-link capacitors leads to LC
oscillations in the dc-link voltages, vpo, Von, and vy,. The time period of these oscillations

is given as tpc = /frc = 2m\/LyCy.

4.3.4 Active Damping Using Current Emulation Technique

The interaction between the grid inductance and dc-link capacitors causes oscillations
in dec-link voltages, vpo, Von, and vy, as depicted in Fig. 4.29. To actively damp these oscilla-
tions, current sources/sinks (Zp-emu and ip-emu) are emulated using the T-type bridge-based
dc-dc converter, in conjunction with current sources ip, and ip, responsible for powering
the output battery. These emulated currents, illustrated in Fig. 4.30(a), either charge or
discharge the dc-link capacitors when their voltages deviate from ideal values because of
LC oscillations. These current sources/sinks, which help eliminate the LC oscillations in

dc-link voltages, are given as

ip—emu = Kemu (Vpo-ideal - Vpo) = kemuAvpo ) (431)

In-emu = Kemu (Von-ideal - Von) = kemulQvon , (432)

where kepmy denotes the proportionality constant. It is important to note that addressing v,,
and v,,, inherently takes care of LC' oscillations present in v, as per KVL. The voltages v,

and v,,, affected by the LC resonance, predominantly consist of the fundamental compo-
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nents of 3 fyiq and fro frequencies (neglecting switching frequency components caused by
the dc-dc converter operation). Additionally, as the 3 fgriq-frequency components of these
dc-link voltages closely match the ideal waveforms, and the ideal dc-link voltages do not

have fro-frequency components, (4.31) and (4.32) can be simplified to

ip—emu :kemu (Avpo|3fgrid + AVP0|fLC> = _kemu vpo|fLC ) (433)

Inemu = Kemu (Avon ’3fgrid + Avon |ch) =—FKemu Von|ch , (4-34)

where vp,| fro and vop| fro are LC oscillations present in the actual vy, and v,, voltages.
Consequently, the emulated current sources/sinks, ipemu and ip-emu, comprise only frc-
frequency components.

Furthermore, by disregarding the negligible grid-frequency voltage drop across the grid
inductances?, the voltages across these inductances primarily exhibit frc-frequency com-
ponents. This phenomenon arises due to LC oscillations present in the Unfolder’s input
line-to-line voltages, which are essentially piece-wise related to the dc-link voltages, vpo, Von,

and vp,. These voltages across the grid-side inductances are therefore given by

Vityls, . == Vinly,, ~J € {abic}, (4.35)

where v3, (j € {a,b,c}) are the Unfolder input phase voltages. By combining (4.33)-(4.35)
with the understanding that v, are fundamentally related to dc-link voltages, the voltages

across grid inductances can be expressed as

Vj'L9|ch - f(vp0|ch ’ v0”|fLC)

— f <ip—emu in-emu) (4‘36)

)
kemu kemu

As the T-type bridge-based dc-dc system provides balanced loading at the output of the

Unfolder which operates at a much lower frequency than the LC' resonant frequency, a

2The grid inductance required for PFC in unfolding-based ac-dc topologies is significantly low [12].
Hence, the voltage drop across this inductance, proportional to wgriaLg, is considered negligible [19].
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transformative approach can be taken. This involves relocating the A-connected dc-link
capacitors along with the emulated currents, ip.emu and ip-emu, to the grid side and rep-
resenting them in a A-connected configuration, as depicted in Fig. 4.30(b). The values of

these individual emulated phase currents are

lg-emu = —Kemu <V65|ch - VEZL|fLC) = 3kemu Va—Lg‘fLC s (437)
Up-emu = —Kemu (v65|fLC - Va[}’fLC> = 3kemu Vb-Lg|ch , (4.38)
le-emu = —Kemu (VE&|fLC - vBE’fLC) = 3kemu Vc—Lg‘fLC . (439)

From the above equations, it becomes apparent that the emulated current sources/sinks
introduce additional currents into the system, which are directly proportionate to the volt-
ages across the grid inductances. Consequently, these currents mimic virtual resistors placed
across the grid inductances by emulating additional currents that should flow into the vir-
tual resistors (= vj_Lg| o /Rdamp-emu). Designated as Rgamp-emu, the virtual resistor is
emulated in the higher frco-frequency domain and is a function of the parameter kepmy. An
illustration of this interpretation of the emulated currents is presented in Fig. 4.30(c). Upon
examination of (4.37)-(4.39), the value of Rqamp-emu can be computed as 1/(3kemu)-

ip-emu aNd ip_emu are emulated by incorporating feedforward terms in the closed-loop
control of the T-type bridge-based dc-dc system, as depicted in Fig. 4.31, while determining

the duty ratios d, and d,,. These modified duty ratios are given as

dy = s~ (o (sin(yOp) — 222 ) (1.40)
gm

gy = 2 sin! (m (sin<fn<9grid>> - m)) , (4.41)
s Igm

where m,, and m,, represent the p-port and n-port modulation indices, respectively, which
are outputs of the PI controllers. 6gq is the angle of v;; determined by the PLL. f, and
fn denote functions with respect to 044, as specified in Table 4.3, and I, is the peak of

grid currents.
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Fig. 4.31: The control structure of the T-type bridge-based dc-dc conversion system, en-
suring output power regulation and input PFC through feedback control. Simultaneously,
active damping is provided using emulated current sources/sinks via a feedforward tech-

nique.

Table 4.3: Values of f, and f, used to calculate d,, and d,, for different ac-voltage sectors.

Sector | Grid angle (Zvg;) fp In
1 0 < Ogria < 7/3 Osrid +7/2 | Ogria + /6
2 /3 < Bgriq < 27/3 Ogria — /6 | Ogria + /6
3 2/3 < Ogria <7 | Ogria — /6 | Ogria — /2
4 T < Ogria < 47/3 Ooria — 57/6 | Ogria — /2
5 /3 < Ogria < 57/3 | Ogria — 57/6 | Ogria — /6
6 57/3 < Ogria < 2 Ogria + /2 | Ogria — 77 /6

Utilizing the current emulation-based active damping, the LC resonance between the

grid inductance and de-link capacitors is effectively damped, as illustrated in Fig. 4.32(a).

The chosen value of Rqamp-emu = 9€2 is considered suitable. This ensures that, over the grid

cycle, the magnitude of the damped LC' resonance, || Z-damped || f=f.c = Rdamp-emu = 19.08

dB, remains at least 20 dB lower (i.e., 1/10**) than the minimum value of || Zgpport| f=f.c

= 41.27 dB (check Fig. 4.27(a)) at the resonant frequency. This meets the criteria® out-

3In this study, the condition related to | Zn-p-port|| is always satisfied due to its infinite value.



137

@ 60
§ 20 —ll dpport”
2 220 - ” damped||
10 100 1000 10000 85000
Frequency (Hz)
| @)
) 10
Z
o 0 —
.10 /
& 30
2
B A
g 0
10 100 1000 10000 85000
Frequency (Hz)
| (b)
% 40 - _Gplant-p-port-original '"Gplant -p-port-modified
< 30
<
S 20 * | | |
ﬁ 90
o 45
g 0
&~ 45 | | L |
10 100 1000 10000 85000
Frequency (Hz)

()

Fig. 4.32: The Bode plots illustrate (a) the damping of the LC' resonance using Riamp-emu =
9 Q2 achieved through the current emulation technique; (b) the correction factor G.; main-
tained close to unity; and (c) the comparison between the original plant transfer function
(Gplant-p-port-original) and the modified plant transfer function (Gplant-p-port-modified), indicat-
ing that the plant is negligibly affected by the LC' resonance due to the current emulation-
based active damping.

lined in (4.12) and ensures that the correction factor, G.r, stays close to unity (check
Fig. 4.32(b)). Consequently, the plant transfer function, Gplant-p-port, remains unaffected,
as depicted in Fig. 4.32(c). Observing this figure, it becomes apparent that the modified

plant transfer function, Gplant-p-port-modified, closely matches the original plant transfer func-



Table 4.4: Hardware parameters of the

unfolding-based ac-dc converter.

138

Parameter Value
Nominal input voltage 480 V (I-1), 60 Hz
Battery voltage 649 V- 755V
Output power 20 kW
T-type bridge switching frequency 85 kHz
Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz
Grid inductance (L) 600 pH
Dc-link capacitors (Cpo, Con, Cpn) 4.5 puF
Equivalent grid-side capacitors (C..) 13.5 uF
LC resonant frequency (frc) 1.77 kHz
L, 29.3 puH
Cop 120.1 nF
Chs 112.1 nF
Cantilever model-based isolation parameters Ly =375 puH, Ly, =996.2 uH
Cout 161.5 uF
Kemu 0.037 A/V
Ryamp-emu 9Q

Table 4.5: PI controller (Gpr) parameters for various closed-loop bandwidth levels.

Bandwidth (Hz) | K,pr | Kipr
300 0.001 | 36.6
1800 0.001 | 251.4
3000 0.001 | 380.1

tion, Gplant-p-port-original, With negligible magnitude and phase deviations of —0.6 dB and

—1.3°, respectively, at the resonant frequency. Notably, there is no undesirable ‘—360°’

phase shift in the phase Bode plot, as observed in the case without active damping. This

allows a PI controller to achieve a positive phase margin and ensure stable closed-loop

operation of the T-type bridge-based dc-dc conversion system.
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Fig. 4.33: Simulation results of the 20-kW unfolding-based ac-dc system reveal unstable
oscillatory responses in both battery and grid currents when the active damping based on
current emulation is disabled at ¢ = 0.07 sec. In this case, the closed-loop bandwidth is
configured to 1.8 kHz, closely aligned with the LC resonance at 1.77 kHz.
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Fig. 4.34: Simulation-based step response of the unfolding-based ac-dc system at the closed-
loop bandwidth of 1.8 kHz with active damping enabled. The output power has given a
step change from 15 kW to 20 kW at ¢ = 0.06 sec.

4.3.5 Simulation Results

A 20-kW grid-tied unfolding-based EV-battery charging system with a T-type bridge-
based dc-dc converter is simulated using PLECS. The system parameters used for the
simulation are given in Table 4.4. The simulation results, as presented in Fig. 4.33, reveal
unstable oscillations in both battery and grid currents when the active damping based on
current emulation is turned off. This instability arises due to the observed ‘—360°’ phase
shift in the phase Bode plot of the plant transfer function, Gplant-p-port, When the active

damping is disabled. Consequently, a negative phase margin is obtained by utilizing a
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Fig. 4.35: Simulation results of the 20-kW unfolding-based ac-dc system reveal unstable
oscillatory responses in both battery and grid currents when the active damping based on
current emulation is disabled at ¢ = 0.07 sec. In this case, the closed-loop bandwidth is
configured to be 3 kHz, which is much higher than the LC resonance at 1.77 kHz.
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Fig. 4.36: Simulation-based step response of the unfolding-based ac-dc system at the closed-
loop bandwidth of 3 kHz with active damping enabled. The output power has given a step
change from 15 kW to 20 kW at ¢ = 0.06 sec.

PI controller configured (check Table 4.5) to attain a closed-loop bandwidth of 1.8 kHz,
slightly above the LC' resonant frequency of 1.77 kHz. The stable performance of the active
damping is also checked in transient conditions by giving a step change in the output power,
from 15 kW to 20 kW, as shown in Fig. 4.34.

Moreover, the active damping is tested at a bandwidth level of 3 kHz, significantly
higher than the LC resonant frequency. The corresponding simulation results provided in
Fig. 4.35 demonstrate the stable operation of the unfolding-based ac-dc system when the

active damping is enabled. A stable transient response at this higher bandwidth level is
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depicted in Fig. 4.36, where the output power of the converter undergoes a step change

from 15 kW to 20 kW.

4.3.6 Experimental Validation

A 20-kW hardware prototype of an unfolding-based ac—dc system with a T-type bridge-
based dc-dc converter, as depicted in Fig. 4.37, is built and tested to validate the pro-
posed control solution of current emulation-based active damping. The corresponding
hardware parameters are summarized in Table 4.4. IXYS W1263YC200 diodes and Infi-
neon FZ1200R17KF6C-B2 IGBTs are employed in designing the 3-¢ Unfolder. The T-type
bridge utilized in the three-port de-dc system is built using Onsemi NVH4L020N120SC1 and
NVH4L040N120SC1 MOSFETs, with the body-diodes of CREE CCS050M12CM2 MOS-
FETs used for the diode bridge on the secondary side. The emulation of the grid is performed
using California Instruments MX-30, while NH Research 9300 is employed in battery mode
to emulate an EV battery at the output terminal, as illustrated in Fig. 4.37.

Hardware verification begins by testing the unfolding-based ac-dc system at different
closed-loop bandwidths without the control-based damping. Following this, the software
platform of the TMS320F28379D microcontroller [71] is utilized to implement the current
emulation-based active damping logic to damp the LC resonance and test the operation of

the ac-dc system at different closed-loop bandwidth levels.

Unfolding-based ac-dc system operation without active damping

The hardware prototype of the unfolding-based ac-dc system is tested at an output
power of 20 kW, without the current emulation-based active damping to observe the impact
of the LC resonance on the system operation. Initially, the closed-loop bandwidth of the
T-type bridge-based dc-dc converter control is set to 300 Hz, a value much lower than
the LC' resonant frequency of 1.77 kHz. The corresponding PI controller parameters are
provided in Table 4.5. In Fig. 4.38(a), hardware results depict the phase a ac input voltage,
phase a grid current, dc-link voltage (vp,), and the output battery current. Due to the

considerably lower bandwidth of 300 Hz compared to the LC resonant frequency, stable
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Fig. 4.38: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 300 Hz without active damping are illustrated as follows: (a) os-
cillatory phase a ac input voltage, phase a grid current, dc-link voltage (v,), and output
battery current; (b) a high grid current THD of 11.14%, measured using the Yokogawa
WT1806E power analyzer.
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Fig. 4.39: (a) Bode plots of the loop transfer function, G1-p-port, indicating a positive phase
margin at the gain crossover frequency of 300 Hz (Gpr parameters: K,pr = 0.001 and
K;pr = 36.6); and (b) the corresponding Nyquist plot, which does not encircle the point
(=1, j0), confirming a stable closed-loop operation.

closed-loop operation is observed. The corresponding Bode plots of the p-port loop transfer

function, calculated as
d
GL—p—port = GPIKWprplant-p-port ) (442)

are given in Fig. 4.39(a), where Gpy represents the PI controller, and Kg{’p is the small-signal

gain of the expression given in (4.40) that relates dAp and 771, as

K — dy _ 25in(fp(Ogia)) (4.43)

A~

mp T cos (gDp)

The value of K,C-l,{’p at Ogria = /15 is 2.79. Moreover, the associated Nyquist plot presented
in Fig. 4.39(b), which does not encircle the point (—1, j0), confirms the stability of the

closed-loop operation. Despite the stable ac-dc operation at this lower bandwidth without
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Fig. 4.40: Experimental results of the 20-kW unfolding-based ac-dc system operating at
a closed-loop bandwidth of 1.8 kHz without active damping are illustrated as follows:
(a) unstable and increasing oscillations in the system waveforms are observed, leading to
grid-overcurrent shutdown; (b) Bode plots of the loop transfer function, Gr-p-port, indicat-
ing a negative phase margin at the gain crossover frequency of 1.8 kHz (Gpy parameters:

K, pr = 0.001 and K;pr = 251.4). A positive phase margin cannot be achieved above the

LC resonant frequency with a PI controller in the absence of active damping, leading to
instability.

active damping, sustained undesirable LC' oscillations are observed in the waveforms, as
seen in Fig. 4.38(a). This leads to a high THD of 11.14% in grid currents, as depicted
in Fig. 4.38(b), obtained from the Yokogawa WT1806E power analyzer. Such oscillatory
response results in poor ac-dc power delivery.

Subsequently, the closed-loop bandwidth of the T-type bridge-based dc-dc converter

control is increased to 1.8 kHz, close to the LC resonant frequency. In Fig. 4.40(a), the hard-
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Fig. 4.41: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 1.8 kHz with active damping are illustrated as follows: (a) stable
phase a ac input voltage, phase a grid current, dc-link voltage (vp,), and output battery
current; (b) a low grid current THD of 2.26%, measured using the Yokogawa WT1806E
power analyzer.

ware results depict the phase a ac input voltage, phase a grid current, dc-link voltage (vo),

and the output battery current. As the phase Bode plot of the plant without any damping
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Fig. 4.42: (a) Bode plots of the loop transfer function, Gy port, indicating a positive phase
margin at the gain crossover frequency of 1.8 kHz (Gpr parameters: K, pr = 0.001 and
K;pr = 251.4); and (b) the corresponding Nyquist plot, which does not encircle the point
(=1, j0), confirming a stable closed-loop operation. Active damping is enabled in this case.

undergoes a ‘—360°’ phase shift at the resonant frequency, the PI controller cannot achieve
a positive phase margin, as shown in Fig. 4.40(b). This results in an unstable closed-loop
operation, leading to growing oscillations in the grid currents, as depicted in Fig. 4.40(a).
Consequently, the grid-overcurrent fault, employed for protection purposes, is triggered due
to such growing oscillations, resulting in a system shutdown. To summarize, in the absence
of active damping, stable operation is not achieved at closed-loop bandwidth levels near the
LC resonant frequency. Moreover, undesirable oscillatory ac-dc power delivery is observed,

even at a lower 300 Hz closed-loop bandwidth, leading to a higher grid current THD.

Unfolding-based ac-dc system operation with the current emulation-based ac-
tive damping

The hardware prototype of the unfolding-based ac-dc system is tested at an output
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Fig. 4.43: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 3 kHz with active damping are illustrated as follows: (a) stable
3-¢ ac input voltages, grid currents, dc-link voltages, and output battery current; (b) a low

grid current THD of 2.29%, measured using the Yokogawa WT1806E power analyzer.

power of 20 kW, incorporating current emulation-based active damping (Rdamp-emu = 9§2) to

mitigate the effects of LC resonance on power delivery. Initially, the closed-loop bandwidth

of the T-type bridge-based dc-dc converter control is set to 1.8 kHz, close to the LC resonant
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Fig. 4.44: (a) Bode plots of the loop transfer function, G port, indicating a positive phase
margin at the gain crossover frequency of 3 kHz (Gpy parameters: K,p; = 0.001 and
K;pr = 380.1); and (b) the corresponding Nyquist plot, which does not encircle the point
(=1, j0), confirming a stable closed-loop operation. Active damping is enabled in this case.

frequency of 1.77 kHz. In Fig. 4.41(a), hardware results depict the stable phase a ac
input voltage, phase a grid current, dc-link voltage (vp,), and the output battery current.
Both the battery and grid currents show significant improvements and do not have any
LC oscillations, even with the closed-loop bandwidth maintained in close proximity to
the resonance. A low grid current THD of 2.26% is achieved in this case, as shown in
Fig. 4.41(b). The corresponding Bode plots of the loop transfer function, Grpport, With a
gain-crossover frequency of 1.8 kHz and 90.7° phase margin are illustrated in Fig. 4.42(a).
The accompanying Nyquist plot presented in Fig. 4.42(b), which does not encircle the point
(=1, j0), confirms the stability of the closed-loop operation at a bandwidth level of 1.8 kHz.

Additionally, the closed-loop bandwidth of the T-type bridge-based dc-dc converter
control is further extended to 3 kHz. The unfolding-based ac-dc system continues to exhibit

stable operation without any LC' oscillations in the currents, as depicted in Fig. 4.43(a). A
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Step change in the output power

Fig. 4.45: An experimental step change in the output power is given from 17.5 kW to 20 kW
by adjusting the amplitudes of the T-type bridge input currents, ¢, and %5, from 30 A to
35 A at the closed-loop bandwidth of 3 kHz. This change causes a step increase in grid
currents as well, transitioning from 30 A peak to 35 A peak. The battery current also
undergoes a step change from 24.3 A to 27.8 A. A stable transient response is achieved.

low grid current THD of 2.29% is also maintained, as illustrated in Fig. 4.43(b). The corre-
sponding Bode plots of the loop transfer function, G -p-port, With a gain-crossover frequency
of 3 kHz and 93.3° phase margin are presented in Fig. 4.44(a). Moreover, the associated
Nyquist plot shown in Fig. 4.44(b), which does not encircle the point (—1, j0), confirms
the stability of the closed-loop operation at this high bandwidth level. Furthermore, the
transient response of the ac-dc system, operating at a bandwidth level of 3 kHz, is assessed
by implementing a step change in the output power from 17.5 kW to 20 kW, as depicted in
Fig. 4.45. This adjustment is made by varying the amplitudes of the T-type bridge input
currents, 4, and i,, from 30 A to 35 A. This modification leads to a step change in grid-side
currents as well, transitioning from 30 A peak to 35 A peak. The battery current also
undergoes a step change from 24.3 A to 27.8 A.

Based on the simulation and experimental results, it can be concluded that stable

steady-state and transient responses are achieved at bandwidth levels close to the LC
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resonance and well above the LC resonant frequency. This is made possible due to the
implementation of current emulation-based active damping. The sensing circuits employed

for such high-bandwidth control are detailed in Appendix A.

4.4 Conclusion

In summary, this chapter conducts a comprehensive analysis of two key problems asso-
ciated with high-efficiency, power-dense single-stage 3-¢ unfolding-based ac-dc converters:
(i) grid current distortions and (ii) the detrimental effects of LC' resonance between the grid
inductance and dc-link capacitors on closed-loop control. A detailed analysis of the current
distortion is presented, and an equation governing the current during sector transitions is
derived. To mitigate this issue, a control-based technique requiring no additional hardware
is proposed, which utilizes the HF dc-dc converter to emulate current sources and sinks for
distortion reduction. The operation of the proposed technique is studied on a grid-tied EV-
battery charger circuit, and its effectiveness is verified through simulations and laboratory
prototype experiments. A significant reduction in grid current THD is achieved.

Moreover, employing Middlebrook’s extra element theorem, a detailed investigation
into the characteristics of the LC' resonance is carried out to assess its impact on closed-
loop control. An in-depth analysis using phasor transformation-based small-signal modeling
is performed to derive the necessary transfer functions, and simplified expressions are pre-
sented for clarity. A control-based solution is then proposed to damp the LC' resonance,
utilizing current emulation-based active damping through feedforward control of the HF T-
type bridge dc-dc converter. The validity of this solution is confirmed through simulations
and hardware verification on an unfolding-based ac-dc system for EV-battery charging ap-
plications. The hardware results demonstrate a tenfold increase in closed-loop bandwidth
compared to systems without damping. Bandwidth levels higher than the LC' resonant
frequency are achieved, while maintaining a low grid current THD across all operating
conditions with active damping. The proposed approach eliminates the need for physical
damping circuits, offering a cost-effective means of suppressing resonance while enhancing

power density, efficiency, and overall performance in unfolding-based ac-dc converters.



CHAPTER 5
PHASOR MODELING OF A T-TYPE BRIDGE-BASED DC-DC CONVERTER

5.1 Introduction

As discussed in Chapter 2 and Chapter 3, the unfolding-based ac-dc conversion system
with a T-type bridge-based dc-dc converter used in this study is designed for WPT appli-
cation. WPT systems often use dc-dc resonant converters with single-sided or double-sided
LCC resonant networks to generate a current source for charging EV batteries [48,49,91].
Given the widespread use of LC'C networks in dc-dc converters, this chapter employs a T-
type bridge-based dc-dc converter with both single-sided and double-sided LC'C' resonant
networks and conducts a thorough small-signal analysis of the system. In this study, the
T-type bridge-based dc-dc resonant converter connects to a grid-tied Unfolder. The Un-
folder switches operate at a maximum of twice the grid frequency, converting each negative
segment of the ac input voltages into positive polarity, as discussed in previous chapters.
With the Unfolder operating in open-loop, the small-signal modeling centers on the T-type
bridge-based dc-dc converter, which is closed-loop controlled to regulate the battery load
current and ensure grid-side PFC.

The higher-order single-sided or double-sided LC'C' resonant tank, designed with an
appropriate quality factor, leads to sinusoidal current or voltage waveforms on both the
primary and secondary sides of the dc-dc converter. In this context, the use of a phasor
transformation-based small-signal modeling approach, as discussed in [25,60-62,86,87,92—-
94], is deemed appropriate. Previously, GSSA has been used for modeling LCC' tank-
based resonant converters [48,59]. However, GSSA involves complex mathematical analysis
and lacks intuitive clarity in the modeling steps, and prior works have not verified LCC
tank-based modeling in hardware. In contrast, the phasor transformation-based modeling

proposed in this chapter offers an intuitive understanding of each step, serving as a valuable
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tool for both analysis and closed-loop control design. Moreover, as discussed in previous
chapters, this study employs a diode-bridge rectifier on the secondary side of the isolation
stage to make the system suitable for practical WPT applications. It has been observed
that the conventional approach of modeling the diode bridge as an equivalent resistor using
the FHA, as described in [58, 93], results in excessive and inaccurate damping of higher-
frequency resonances for a battery load, leading to errors in small-signal modeling. To
address this, this chapter introduces an alternative method that models the diode bridge
with a battery load as a dependent voltage sink, providing a more accurate representation.
This voltage sink experiences phase deviations that align with variations in the diode bridge
input current in response to perturbations in the control input, while its magnitude remains
constant. The proposed method yields precise small-signal modeling results and effectively
captures the higher-frequency resonances.

The proposed small-signal modeling analysis is validated through simulations on a
20 kW T-type bridge-based dc-dc converter incorporating an LCC' resonant network. Ad-
ditionally, hardware testing on a 4 kW, 85 kHz battery charger prototype confirms the

accuracy of the modeling process for perturbation frequencies up to 55 kHz.

5.2 Notation

In this chapter, small-signal quantities are denoted by lowercase letters with a hat
notation (such as %bad), while steady-state quantities are indicated using capital letters
(for instance, [1oaq). Quantities specified with only lowercase letters, without a hat (e.g.,
foad = lload + gload), represent full signal quantities, which include both steady-state and
small-signal components. Phasors are indicated by an arrow (as in v,), while magnitudes
(peak values) are denoted by double bars (such as HZ_;H) Additionally, magnitudes are
also identified by ‘mag’ in the subscript. Finally, angled brackets (e.g., (iout)) are used for

average values.

5.3 Secondary-Side Diode-Bridge Rectifier in the Small-Signal Domain

In resonant de-dc converters, as shown in Fig. 5.1(a), with an appropriate quality factor
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of the tank circuit, the tank current entering the diode-bridge rectifier, denoted as 74 in this
work, exhibits a sinusoidal shape [58]. During the positive half-cycle of this current, diodes
D; and D4 conduct, resulting in a positive voltage (“+vout”) across the input of the diode
bridge. On the other hand, during the negative half-cycle of the current, diodes Dy and
D3 conduct, causing a negative voltage (“-vout”) to appear across the input of the diode
bridge. As a result, this switching pattern of diodes generates a square-wave voltage at the
input of the diode bridge that is in phase with the current i4, as depicted in Fig. 5.1(b).
Furthermore, the sinusoidal fundamental component of this square-wave voltage, denoted
as vq4, also remains in phase with the current ¢y. Both i; and v; can be represented as

phasor quantities:

ia = [lialle 7%, (5.1)

. 4 .
V—d> = H@He_ﬁd = ;Vout e_Jed ) (5.2)

where voyt represents the output dc voltage across the load and 6; denotes the amount of
phase lag of the diode-bridge rectifier input current relative to the voltage applied across the
tank input, as illustrated in Fig. 5.1(c). It can be observed from (5.2) that the magnitude
of vy depends upon the output dc voltage, while its phase always aligns exactly with the

phase of Zl), as depicted in the phasor diagram given in Fig. 5.1(c).

5.3.1 Resistive Load

In a typical configuration with a resistive load connected to the output of the diode-
bridge rectifier, as shown in Fig. 5.2(a), small-signal perturbations introduced in the tank
input voltage (by perturbing the duty ratios of the primary bridge) lead to small-signal
deviations in both the magnitude and phase of Z. These small-signal deviations are also

proportionally reflected in the output dc voltage, vout, due to its dependency on z'—C; , as given

by

. 2, -
Vout = Uload fload = ;HZdH Rioaq - (53)
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Fig. 5.2: (a) The diode-bridge rectifier with a resistive load can be modeled as an equivalent
resistor in the small-signal domain; (b) the diode-bridge rectifier with a battery load needs
to be modeled as a dependent voltage sink in the small-signal domain.

Now, using (5.2) and (5.3), v can be calculated as

8 =
V4 = —5 Rioad ||ialle 7%
T
= Req [lialle™" (5.4)
rnd
= Reqiq -

Therefore, the diode bridge input voltage in the small-signal domain, in the case of a resistive

load, is given as

A,

P

Vg = Reqia, (5.5)

where

Req = ﬁ Rload ; (56)
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represents the equivalent resistor that can be used to model the diode-bridge rectifier with

a resistive load in the small-signal domain, as depicted in Fig. 5.2(a).

5.3.2 Battery Load

In the case where a battery is connected to the output of the diode-bridge rectifier, as
depicted in Fig. 5.2(b), small-signal perturbations in the tank input voltage (by perturbing
the duty ratios of the primary bridge) induce corresponding small-signal deviations in both
the magnitude and phase of i—d’. However, the output dc voltage, vout, exhibits negligible
deviation in the small-signal domain due to the significantly higher time constant of the
battery State of Charge [95]. Therefore, during small-signal analysis, the battery voltage,
which is the output dc voltage, can be considered constant [94]. As a result, the input
voltage phasor of the diode bridge, vg, given by (5.2), has a constant magnitude, but its

phase varies during small-signal analysis,

- 4
Vg =

*Vbatt e_jed . (57)
T
Therefore, in the case of a battery load, the diode bridge input voltage phasor in the small-

signal domain is given as
= 4 —3®ap
Va = _];Vbatt € Oa, (5.8)

where Vpaty is the battery voltage, and 0y is the steady-state phase lag of the diode bridge
input current phasor, fd), relative to the tank input voltage. It can be observed from
(5.8) that the diode bridge circuit cannot be simply modeled as a resistor in the case of a
battery-connected load. The circuit needs to be modeled as a dependent voltage sink with
a constant magnitude but a variable phase that depends upon the phase deviations of the
diode bridge input current. The circuit diagram for this scenario is shown in Fig. 5.2(b).
Incorrectly modeling this circuit as a resistor excessively damps higher-frequency resonance,

as will be discussed in the experimental results section, leading to inaccuracies in small-
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signal modeling. On the other hand, since the phase lag angle, 64, of the diode bridge input
voltage in a dc-dc converter with a secondary-side diode bridge is not directly regulated
by a controller, one might consider treating this angle as a steady-state constant, ©4, by
neglecting its small-signal variations. This would render the diode bridge input voltage
an independent quantity with constant magnitude and phase. However, this approach
introduces excessive resonances and leads to inaccurate modeling results, as discussed in

the experimental validation section.

5.4 Brief Overview of Circuit Configuration, Modulation Strategy, and Closed-
Loop Control

In Fig. 5.3, a circuit diagram of the T-type bridge-based dc-dc converter is illustrated,
consisting of either a single-sided or double-sided LCC' resonant tank with isolation. As
the topology is designed for WPT applications, where communicating control signals to the
isolated side is challenging, a diode-bridge rectifier is used on the secondary side to connect
to the battery load. The dc-dc converter in this study is connected to a grid-tied Unfolder
operating in open-loop mode, switching at a frequency up to twice the grid frequency.
The closed-loop control architecture is specifically designed for the HF T-type bridge-based
dc-dc converter to regulate the battery load current. The duty calculator, as depicted in
Fig. 5.3, accurately calculates the duty ratios (d, and d,) based on the modulation index
(m;) obtained from the closed-loop control and the grid angle (gq), which is calculated
using the PLL. The duty calculator, along with the closed-loop control, ensures the desired
load current while maintaining PFC on the grid side. A detailed description of the cir-
cuit configuration, modulation strategy, and closed-loop control is provided in Chapter 2.
Since the Unfolder operates in open-loop mode, the small-signal analysis in this chapter
focuses exclusively on the closed-loop controlled T-type bridge-based dc-dc conversion sys-
tem, incorporating either a single-sided or double-sided LC'C' resonant tank. Moreover, in
this chapter, the T-type bridge is operated using center-aligned modulation, as discussed
in Chapter 2. However, a similar analysis can be performed when the T-type bridge is op-

erated using leading-edge-aligned modulation, as discussed in Chapter 3. Hardware results
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Fig. 5.4: (a) Fundamental components of the T-type bridge output voltage, v,,, and current,
iz, as well as the diode bridge input voltage, v4, and current, ¢4. The operating region where
d, > d, is shown, and the two quasi-square voltages generated at the output of the T-type
bridge using these duty ratios are center-aligned. (b) Phasor diagram of the voltage and
current quantities in the T-type bridge-based dc-dc converter.

for both modulation strategies are provided in the experimental validation section.

5.5 Derivation of the Phasor Transformer

The application of the phasor transformer to model switching converters within the
resonant de-dc system has been previously investigated for representing an H-bridge [62].
The derivation established in the prior work has been extended here to represent the T-
type bridge and the diode bridge utilized in this analysis. The implementation of a single-

sided or double-sided higher-order LC'C' resonant tank with an appropriate quality factor
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facilitates the achievement of sinusoidal current or voltage waveforms on both the primary
and secondary sides of the dc—dc conversion system. Consequently, the subsequent analysis
considers only the fundamental components of the tank voltage and current quantities. The
fundamental component of the voltage at the output of the T-type bridge, denoted as vy,
and shown in Fig. 5.4(a), is derived from the two dc input voltages, vy, and vy, along with

their corresponding duty ratios, d, and d,:

Vay(t) = Vaypo(t) + Vay-on(t)

= A sin (T o sin (T4 | cos (wst) )
= — |vpos 5 Von S 5 cos (wst) |

where

4 d
Vaypo(t) = ;vpo sin <7T2p) cos (wst) (5.10)

4 dp,
Vay-on(t) = ;von sin <7T2> cos (wst) , (5.11)

and w; represents the angular switching frequency of the T-type bridge, which remains
constant (fs = 85 kHz) for this application in accordance with the WPT standard J2954,
established by the SAE [52]. By considering the voltage ratio between the ac and dc sides,

two effective turns ratios (or switching functions) for the T-type bridge can be defined as

. 4 d

Spo(t) = vayim = ;sin <7r2p> cos (wst) (5.12)
po
. 4 d

Son(t) = Vvﬂ = _sin (”2"> cos (wgt) | (5.13)
on

4 d
Spo = —sin (7721,) , (5.14)

e i () 19
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By combining the above equations, the voltage at the output of the T-type bridge can be

expressed in phasor form using the switching functions as

— — — — —
Vay = Vaypo + Vay-on = Spo Vpo + Son Von - (5~16)

Similarly, the voltage at the input of the diode bridge can be expressed in phasor form

as
vad = 54 Viatt » (5.17)
where
4 .
s5q=—e I, 5.18
Sd We ( )

Here, 04 represents the phase lag of the diode bridge input voltage phasor, vy, relative to
the T-type bridge output voltage phasor, vy, as shown in Fig. 5.4(b). It is important to
note that the phases of the fundamental components of the diode bridge input voltage, vq,
and the diode bridge input current, 4, always align exactly in both steady-state and small-
signal conditions, as discussed earlier. The overlap of these two quantities is illustrated
in the phasor diagram provided in Fig. 5.4(b). The diode bridge input current phasor is

therefore expressed as
ia = |lialle . (5.19)

By employing the definitions of tank ac voltages derived in (5.16) and (5.17) in relation
to the switching functions, the T-type bridge-based dc-dc conversion system can be rep-
resented using phasor transformers for both single-sided and double-sided LC'C resonant

tanks, as depicted in Fig. 5.5. Using the phasor transformers-based circuit diagram, the
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output current of the diode bridge can be calculated as

lout = <iout> + ZOHHP; =R [S_d> eijt] %[Z—d) ejwst]

>y — = (5.20)
I R N R ey
V2V2 V2V2

The battery load current, which is the averaged component of the output current of the

diode bridge, can now be written as
—x x >
. . Sd id 4 o\ lldall —jo
1 = (1 =R|—=—F|=R|[ —=—e7 | —=eI%
ot = (o) [\@ \@] [<\/§” ) V2 (5.21)
272
= —||iq]| -
T d

Similarly, the input dc currents of the T-type bridge can be calculated as

. -dc S o* ’;c) 2 - . 7Td

ip = <’l/g > = §R[ \p/§ ﬁ] == ;HZIH COS(GI) sin (2p> 5 (522)
R Son Z_z» - g - . wdy,

in = (i) = [ 7 \@] = WHsz cos(f;) sin <2 ) , (5.23)

where ||z_;|| and 6, are the magnitude and phase angle, respectively, of the T-type bridge

output current phasor, i—;, as depicted in Fig. 5.4(b).

5.6 Small Signal Analysis
The output voltage of the T-type bridge, as defined in (5.9), can be expressed in phasor

form as

., 4 ) d . d
Vay = — |:Vpo sin <7T2p> + Von Sin <7T2n>] 20, (5.24)

which can be further solved by substituting the following expressions for v,,, von, dp, and

dy during 0 < Ogpiq < 7/3:
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Vpo = Vimag Sin (Ogriqa + 27/3) , (5.25)
Von = Vgmag Sint (0gria) , (5.26)
dy = (2/x) sin™! (m; sin (Ogria + 7/2)) , (5.27)
dp, = (2/x)sin™! (m; sin (Ogria + 7/6)) , (5.28)

where Vi mag represents the peak value of the line-to-line ac input voltage of the Unfolder,
and m; is the modulation index that controls the magnitude of the duty ratios. A detailed
discussion of the above equations is provided in Chapter 2. By combining (5.24)—(5.28),

the T-type bridge output voltage phasor, v,,, can be expressed as

—,_2V3 2V3
Vay = Tmivg-mag 0= Tmivg-mag . (529)

As the modulation index m; controls the magnitude of the T-type bridge output voltage,
which defines the load current 7j,,4 charging the battery, a small-signal analysis is conducted
on the plant transfer function derived between the small-signal load current ioad and the

small-signal modulation index m;:

iload

Gplant: [ (530)

i

5.6.1 Single-Sided LCC Tank

Small-signal phasor-transformed circuit
To derive the small-signal phasor-transformed circuit, the tank inductors and capac-
itors are phasor-transformed as described in [61]. The inductor is represented as a series
combination of the dynamic impedance (sL) and the steady-state impedance (jwsL) while
1

the capacitor is represented as a parallel combination of the dynamic impedance (@) and

the steady-state impedance (ﬁ) The output voltage of the T-type bridge is linearized
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around the steady-state value of the control input m;, allowing the steady-state and small-

signal components of vy to be expressed as

— — v
—> > Ty ~
Vay = Vay + Vay = Vay + <8m> mg
(A

s s (5.31)
2v/3 2/3 .
= 7Mivg—mag + 7mivg—mag .
m ™

Therefore,

Vo 2V3

mﬂ: = —Vimag- (5.32)
Now, the diode bridge input voltage, written as

—> 4 —1

Vd = —Voare %, (5.33)

can be expressed in terms of the small-signal component by taking the partial derivative with
respect to the control input, m;. The phase lag, 64, undergoes small-signal deviations due
to perturbations in m;. The magnitude, which is a function of the battery voltage (Vpatt),
is treated as a constant, as the battery voltage shows a negligible deviation in the small-
signal domain due to the significantly higher time constant of the State of Charge [95].
Therefore, the steady-state and small-signal components of the diode bridge input voltage

can be expressed as

—> > > 7 8? ~
vd:Vd-i-Vd:Vd—l-( d>mi

) omi A (5.34)
= ~Vhatt € 997 — = Vi e 790,
s ™
Therefore,
vy 4 o0
LA i VA L (5.35)
m; ™ 3

7

The overall linearized steady-state and small-signal model of the T-type bridge-based
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dc-de converter with a single-sided LCC' tank is illustrated in Fig. 5.6. The isolation is
represented using the cantilever model, incorporating leakage and magnetizing inductances.
To enhance the accuracy of the model, the parasitic resistances of inductors and capacitors
are introduced as series and parallel resistances, respectively, as done while presenting the

simulation and experimental results.

Small-signal diode bridge input current

As derived in (5.21), the load current ij,q is a function of the magnitude of the diode
bridge input current i4. Therefore, to obtain the plant transfer function, the small-signal
deviations in the diode bridge input current phasor, ii;, are calculated in relation to pertur-
bations introduced in the control input, m;. The small-signal diode bridge input current

phasor is calculated using Fig. 5.6 as

4 O A
Tmivg-mag +];Vbatt e 7940,(f1f3 — f4)>

o 23

. (m-wnss— ) (5.:36)

14 = = 5

4 fafs fafs
where fi, f2, f3, and f; are functions of the tank parameters:
Zps + 21+ Zm,
f = Lottt m (5.37)
Zm
f2 = Zps + Zl y (538)
Z Z
R A 5.39
fs Zop | Zps + 7 (5.39)
Zp
= 5.40
f4 Zps iy ’ ( )
Zyp = sLy+ jwsLy +1p,, (5.41)
T'Cy,
Zy = L : 5.42
PP 14 re,, (5Cpp + jwsChp) (542)
re

Lps = o , 5.43
P2 T4 re,, (SCps + jwsChs) (5.43)
Zy=shi+ jwsLi+rr, (5.44)

Zm = 8L + jwsLm , (5.45)
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where rz,, rc,,, TC,,, and 7z, Tepresent the parasitic resistances of the tank inductors and

capacitors. Equation (5.36) can be modified into a transfer function using (5.32) and (5.35):

N (” — L (fufs — f4)>
iq m; m;
mi faf3 (5.46)
(ng-mag +jéVbatt e~99a ?d' (fifs — f4)>
™ s myg
B f2f3 . /

An alternative, more useful form of the result (5.46) is derived by splitting this equation into
its linearized magnitude and phase components using a first-order Taylor series approxima-
tion. This method allows the complex phasor transfer function to be approximated by two
transfer functions with real coefficients, representing the magnitude and phase deviations

of the diode bridge input current. These transfer functions are calculated as follows:

) R R+ S |4 | ST
td-mag i T
mag _ L7 L , (5.47)
m; [l 4]
R | LT -3 | L Ry
Hd m’L K3
o _ "] U , (5.48)
m; 1 24]|?

It is important to note that (5.46) and (5.48) are interdependent and must be solved as

simultaneous equations.

Small-signal load current

The output current of the diode bridge is a dc quantity and, therefore, cannot be
represented in phasor form. A time-domain analysis is conducted to determine the complete
output current, which includes both the dc and HF components. The output current in the

time domain can be calculated using the circuit model shown in Fig. 5.6 as
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Lout (t) = Sd(t)id(t)

4
= —cos(wst — 04) id-mag cOS(ws t — b4) (5.49)
T

2 A R
= ;([d_mag + td-mag) (1 + cos(2ws t — 204 — 26;)) .

The battery load current, which is the averaged component of the output current of the

diode bridge, can now be written as

2,
—1
™

) . A 2
Yoad = <Zout> = Iload + 2oad = ;Id—mag + d-mag - (550)

Therefore, the small-signal deviations in #j55q that directly depend on %d—mag and éd are

i 2
eed _ 2 (5.51)
td-mag T
foad _ (5.52)
04

respectively.
Now, by combining (5.47), (5.48), (5.51), and (5.52), the plant transfer function can
be calculated as

tload  %load ld-mag |, tload Od
CTYplant = " = £ + (553)

A~

m; 0 ™

i id—mag

5.6.2 Double-Sided LCC Tank
The three steps outlined for the small-signal modeling of the single-sided LC'C tank

are similarly applied to the double-sided LC'C' tank.

Small-signal phasor-transformed circuit

Similar to the single-sided LC'C tank, the linearized steady-state and small-signal
model of the T-type bridge-based dc-dc converter with a double-sided LC'C' tank is derived
by representing the tank inductors and capacitors in terms of dynamic and steady-state

impedances. The T-type bridge output voltage is linearized as given in (5.31), and the
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diode bridge input voltage is linearized as derived in (5.34). The complete steady-state and
small-signal model is depicted in Fig. 5.7, with isolation modeled using the two-coupled

inductor approach commonly employed in WPT systems.

Small-signal diode bridge input current
As explained earlier, since the load current ij,,4 is a function of the diode bridge input
current ¢4, the small-signal deviations in the diode bridge input current phasor, z'—;, are

calculated in relation to perturbations introduced in the control input, m;, as provided

below:
o m Vd ((fplfsl fps> prsl>
- ~ - fp2 +
g My my; fps Zsp fps
M Z,
7 (fp}fsQ _ fpsfsS) fp2 + ;fsQ
V3 ) 0 psf fa  f Zyf 20
2v3 4 i d 1J/sl1 S sl
Il v W 764 Q. p _Jp p
— Vgmag + J— Vbatt € sy (< Fos Zs fp2 + Fos
Z
(fplfsQ _ fpsfs3) pr + pf52
fps fpS
In the above equation,
fpl - Zps + Zpriy (555)
Z
fp2 =1+, (5.56)
Zpp
Z Z Z
fu= Dot et 2, (5.57)
sp
Zop + Lsee + 2.
fs2 = Zsec + Zss + Zs ( uld Zsec ) , (5.58)
sp
Z
fa=1+—", (5.59)
Zsp
fps = SMps + jwsMps ) (5'60)
Zy = 8Ly + jwsLy + g, , (5.61)
Zyy = oy (5.62)

1 +rg,, (sCpp + jwsCpp) ’



173

rc,.
7. = b , 5.63
PS4 7C,s (8Cps + jwsCps) ( )
Zpri = SLpri + jwstri + T Loy 9 (564)
Zsec = 8Lgec + jwsLsec + T Lsec (565)
re
T = 2 , 5.66
° 1+ TCss (SCSS + jwscss) ( )
rc
Z. — w , 5.67
14 7C,, (8Csp + jwsCsp) ( )
Zs=8sLs+ jwsLs +rr,, (568)

Mps = kcoeff\/ma (5.69)

where 71, TC,,, TCpes TLpnis TLecer TCsss TCsp» and 71, are the parasitic resistances of the

tank inductors and capacitors. As described earlier for the single-sided LC'C' tank, (5.54)

can be split into its linearized magnitude and phase components using a first-order Taylor

series approximation, as provided in (5.47) and (5.48). This method allows the complex

phasor transfer function to be approximated by two transfer functions with real coefficients,
04

;) .
representing the magnitude (dfnag> and phase (A> deviations of the diode bridge input

m; m;

current relative to the perturbations in the control input, ;.

Small-signal load current

Similar to the single-sided LC'C tank, by combining the magnitude and phase devia-
tions of the small-signal diode bridge input current phasor, zi;, relative to the perturbations
in the control input, 7; (as provided by (5.47) and (5.48)), with the small-signal deviations
in the load current, %md, which directly depend on the magnitude deviation, %d_mag, and
phase deviation, 64, in the diode bridge input current (as given by (5.51) and (5.52)), the

plant transfer function can be calculated as

lload  Tload Ud- iload d
Gpran = ood — flond Umag | fload b (5.70)
my; td-mag i 0y ™
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of the T-type bridge-

based dc-dc converter with a double-sided LCC' resonant tank, obtained from the phasor

transformation-based small-signal modeling and PLECS simulation multitone analysis.

Table 5.1: Simulation parameters for the T-type bridge-based dc-dc conversion system with
a double-sided LCC' tank.

Parameter Value Parameter Value
Pout 20 kW Chps, 70, 9.9 nF, 10 k2
fs 85 kHz Css, 70, 9.9 nF, 10 k2
Vymag 4802 V Cap, TC., 46.7 nF, 10 kQ
Vpo, Von 3794V, 2974V L, 71, 75.1 uH, 70 mQ
Vbatt 650 V Kcoeft 0.44
Ly, L, 64.5 pH, 70 m$) Lypriy 7L 419.2 pH, 150 m$
Cop, TC,, 54.4 nF, 10 k2 Lsecs TLuee 427.9 pH, 150 m$

5.7 Simulation Results

A 20 kW T-type bridge-based dc-dc converter featuring a double-sided LC'C' resonant,

tank with isolation and a diode bridge connected to a battery load is simulated using

PLECS multitone analysis. This analysis applies a multitone signal, composed of multiple
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Table 5.2: Experimental parameters.

Parameter Value

Pout» fs 4 kW, 85 kHz

Vimag, Voatt | 208v2 V, 316 V

Vpo, Von 208 V, 76 V

Ly, g, 29.3 puH, 116.4 m$)

Cops 7C,, | 119.9 1F, 14.9 kQ

Cpss Tc,, | 112.4 nF, 15.6 kQ

Ly, rr, 37.1 puH, 31.5 m2

Ly, 802.2 pH

sinusoidal signals, to encompass all investigated frequencies simultaneously. The simulation
parameters are listed in Table 5.1. Parasitic resistances of inductors and capacitors are

expressed in terms of series and parallel resistances, respectively. The Bode plots of the

%oad

plant Gplant = obtained from small-signal modeling closely align with the simulation

i

results in Fig. 5.8, thereby validating the accuracy of the modeling approach for the dc-dc

converter with a double-sided LCC' tank.

5.8 Experimental Validation

To validate the phasor transformation-based small-signal modeling in hardware, tests
are conducted on the T-type bridge-based dc-dc conversion system illustrated in Fig. 5.9.
This system comprises a single-sided LC'C' tank with isolation and a secondary-side diode-
bridge rectifier connected to a battery load. Two dc-voltage sources, manufactured by
REGATRON, are connected to the inputs of the T-type bridge, while a dc-voltage sink
(NHR 9300) emulates a battery at the output. Experimental parameters are provided in
Table 5.2. Parasitic resistances of inductors and capacitors are expressed in terms of series
and parallel resistances, resp(;:'ctively. The modeling verification is carried out for the plant

Z'loaud

~

transfer function, Gplany = , at an output power of 4 kW. In this verification, the

i
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Fig. 5.10: Phase deviations (éd), as shown by the arrow, in the diode bridge input square-
wave voltage due to perturbations introduced in the control input, m;, while the magnitude
remains constant.

@ 40 ,—Analyj[ical LA
= # Experiment **

Q L i
< 30 e

= *

S 207 rents .
<

Z 10t ]

Phase (deg)

-200 :

10 100 1000 10000 85000
Frequency (Hz)

Fig. 5.11: Analytical Bode plots of Gpjan, compared with hardware results, where the diode
bridge with a battery load is modeled as a resistor. The analysis results in excessive damping
and fails to capture the high-frequency resonance.

modulation index, m;, is sinusoidally perturbed by 4 0.05 around a steady-state value of
0.95. The perturbation is performed across a range of frequencies: 50 Hz, 100 Hz, 500 Hz,
1 kHz, 3.7 kHz, 5 kHz, 10 kHz, 20 kHz, 30 kHz, 32.5 kHz, 36.6 kHz, 40 kHz, 42.5 kHz, and
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Fig. 5.12: Analytical Bode plots of Gpjant compared with hardware results, where the diode
bridge with a battery load is modeled as a constant independent voltage sink. The analysis
results in excessive resonances.
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Fig. 5.13: Analytical Bode plots of Gplan compared with hardware results, where the
diode bridge with a battery load is modeled as a dependent voltage sink with a constant
magnitude and variable phase, as proposed in this chapter. The analysis accurately matches
the hardware results.

55 kHz. The control input, m;, is updated at twice the switching frequency (170 kHz) using

an up-down carrier, implemented with the TMS320F28379D microcontroller. The resulting
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Fig. 5.14: Experimental waveform of the diode-bridge rectifier output current, iqy,, for the
T-type bridge-based dc-dc converter, superimposed on the envelope predicted by the small-
signal model during a step change in the modulation index, m;, from 0.9 to 1. The diode
bridge with a battery load is modeled here as a dependent voltage sink with a constant
magnitude and variable phase, as proposed in this chapter.

magnitude and phase of the perturbation-frequency component present in the load current,
10ad, are measured to derive the Bode plots.

Fig. 5.10 illustrates the phase deviations in the diode bridge input square-wave volt-
age when m; is perturbed, while its magnitude remains unchanged, as previously proven
mathematically. Fig. 5.11, Fig. 5.12, and Fig. 5.13 provide a comparison of analytical Bode
plots of Gplant With hardware results. In Fig. 5.11, modeling the diode bridge with a battery
load as a resistor results in excessive damping of the higher-frequency resonance, leading to
inaccurate analytical plots. In Fig. 5.12, treating the diode bridge with a battery load as an
independent voltage sink with constant magnitude and phase while ignoring the phase de-
viations results in excessive resonances and inaccuracies. Modifications are made to Fig. 5.6
and (5.46) to model the diode bridge with a battery load as a resistor and as an independent
voltage sink. Finally, Fig. 5.13 models the diode bridge with a battery load as a dependent
voltage sink, incorporating small-signal phase deviations and constant magnitude, which
produces accurate analytical Bode plots consistent with hardware results across all pertur-
bation frequencies. Moreover, a step response of the diode bridge output current, iy, has
been measured during the hardware testing by introducing a step change in the modulation

index from 0.9 to 1. The envelope observed during this step change in the hardware has been
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compared with the step response obtained from the small-signal modeling with a dependent
voltage sink, as presented in Fig. 5.14. The results demonstrate that the modeling precisely
predicts the envelope of the diode bridge output current during this step change, thereby
confirming the accuracy of the modeling. Accurate small-signal modeling that captures the
high-frequency dynamics of the T-type bridge-based dc-dc resonant converter with a diode
bridge connected to a battery load enhances the design and stability of closed-loop control,
leading to more reliable and efficient power delivery.

The small-signal analysis presented in this chapter has also been applied to the T-
type bridge-based dc-dc converter operated with leading-edge-aligned modulation, where

the duty ratios are independently controlled, as detailed in Chapter 3. The corresponding

results are presented below.
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Fig. 5.15: Comparison of Bode plots of the transfer function ZA—p, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

—Experiment —Analysis

time (sec) «10™

Fig. 5.16: Experimental waveform of the p-port current, ¢,, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty d,, from 0.7068 to 0.9868.
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Fig. 5.17: Comparison of Bode plots of the transfer function ZTn, obtained from the phasor

transformation-based small-signal modeling and hardware testing.
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Fig. 5.18: Experimental waveform of the n-port current, i,,, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty d, from 0.7068 to 0.9868.
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Fig. 5.19: Comparison of Bode plots of the transfer function lx'img, obtained from the

phasor transformation-based small-signal modeling and hardware testing.
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Fig. 5.20: Experimental waveform of the T-type bridge output current, i,, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty d,

from 0.7068 to 0.9868.
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Fig. 5.21: Comparison of Bode plots of the transfer function Z(i—ut, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

> o

Fig. 5.22: Experimental waveform of the diode bridge output current, i, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty d,

from 0.7068 to 0.9868.

5.9 Conclusion

This chapter presents a comprehensive small-signal modeling that utilizes phasor trans-

formation for a T-type bridge-based dc-dc converter. This system features both single-sided
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Fig. 5.23: Comparison of Bode plots of the transfer function -2, obtained from the phasor
transformation-based small-signal modeling and hardware test?ng.
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Fig. 5.24: Experimental waveform of the p-port current, ¢,, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty d,, from 0.4825 to
0.7625.
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Fig. 5.25: Comparison of Bode plots of the transfer function ZA—n, obtained from the phasor
transformation-based small-signal modeling and hardware test?ng.

and double-sided LC'C resonant tanks, with a secondary side isolated diode bridge connected

to a battery load, representing a typical configuration used in WPT applications. The mod-
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Fig. 5.26: Experimental waveform of the n-port current, ¢,,, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty d, from 0.4825 to

0.7625.
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Fig. 5.27: Comparison of Bode plots of the transfer function 7/:v3nag7 obtained from the

n
phasor transformation-based small-signal modeling and hardware testing.
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Fig. 5.28: Experimental waveform of the T-type bridge output current, i,, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty d,
from 0.4825 to 0.7625.

eling procedure is divided into distinct steps, each of which is clarified to facilitate a clear
and intuitive understanding of the methodology employed. The precise model presented

here enhances the design and stability of closed-loop control, resulting in more reliable and
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Fig. 5.29: Comparison of Bode plots of the transfer function i obtained from the phasor
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Fig. 5.30: Experimental waveform of the diode bridge output current, i, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty d,
from 0.4825 to 0.7625.

efficient power delivery. The proposed analytical model is validated through simulations of
a 20 kW T-type bridge-based dc-dc converter with a double-sided LC'C resonant tank. Fur-
thermore, the small-signal modeling is also verified through hardware testing of a 4 kW, 85
kHz prototype consisting of a single-sided LC'C' tank, confirming its accuracy for perturba-
tion frequencies up to 55 kHz. The small-signal modeling has been experimentally verified
in hardware for both the center-aligned and leading-edge-aligned modulation strategies of

the T-type bridge discussed in Chapter 2 and Chapter 3.



CHAPTER 6
DESIGN AND OPERATION OF UNFOLDING-BASED MULTIPORT SYSTEM WITH
A TAB-BASED RESONANT CONVERTER

6.1 Introduction

The transportation sector remains one of the largest energy consumers worldwide,
with internal combustion engine vehicles still dominating the landscape. For example,
in 2023, the United States alone consumed approximately 137 billion gallons of gasoline
and 46 billion gallons of diesel, resulting in a total energy usage of around 6.36 trillion
kWh [34]. In comparison, the nation’s total electricity generation was approximately 4.25
trillion kWh [35], illustrating the immense energy demand associated with fossil-fuel-based
transportation. These figures highlight the significant challenge of transitioning to fully
electric mobility systems, particularly when electricity infrastructure is not yet scaled to
meet such demands. As countries worldwide pursue electrification of transport, it becomes
essential to not only expand EV charging infrastructure but also strengthen the power grid.
Integrating battery energy storage and renewable generation is emerging as a viable strategy
to support this shift at scale [36].

In typical practice, the integration of battery storage or renewable energy sources with
the grid for EV battery charging is achieved either through ac-coupling at the grid, as de-
picted in Fig. 6.1(a), or de-coupling at the output of the grid-tied ac-dc converter, as shown
in Fig. 6.1(b) [36,96]. An example of an ac-coupled system is the supercharger station in
Mountain View, California [96]. Both configurations are well-studied and offer good relia-
bility and simplicity; however, they suffer from poor conversion efficiency due to multiple
cascaded converters. Compared to the ac-coupled system, the dc-coupled configuration
involves fewer conversion stages, which improves efficiency. Nonetheless, the number of

conversion stages can be further reduced by eliminating multiple dc-ac converters after the
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Fig. 6.1: Conventional multiport system architectures for integrating battery storage/re-
newables with the grid for EV charging: (a) ac-coupled architecture, where integration
occurs at the grid side; and (b) dc-coupled architecture, where integration occurs at the
output of the grid-tied converter.
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Fig. 6.2: Proposed multiport system to integrate battery storage/renewables with the grid
for EV charging. The grid-tied ac-dc converter consists of an Unfolder and a current in-
jection circuit. A TAB-based three-port dc-dc converter with a three-winding transformer
is utilized to integrate the different ports. Different power flow directions explored in this
study are indicated by green arrows.

grid-tied converter. This study proposes an architecture with a single dc-ac converter and a
multi-winding HF transformer-based conversion system to integrate battery storage or re-
newable energy sources with the grid for EV battery charging. The resulting HF ac-coupled
system, illustrated in Fig. 6.2, reduces the number of power conversion stages compared

to conventional ac-coupled and dc-coupled architectures, thereby improving overall system
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cost and efficiency. Such HF ac-coupled systems have been studied in prior literature, pri-
marily to demonstrate dc-dc converter operation with multiple dc ports [46, 47, 97-104].
Various aspects of these systems have been explored, including steady-state power flow
analysis [46,47], decoupled power flow techniques [47,99, 100, 104, multi-winding trans-
former design [100, 104], soft-switching analysis [46, 101, 102], and conduction loss mini-
mization [103]. However, these studies are limited to dc-de converter operation and do not
address the implementation of a complete ac-dc architecture with grid integration, which
is critical for the practical deployment of battery storage or renewable energy sources inte-
grated with the grid to support EV charging infrastructure. In [105], a grid-tied multiport
system is designed using an interleaved totem pole, a current-fed DAB, and an interleaved
buck stage. In [106], a grid-tied multiport system is designed using 1-¢ AFE converter and
TAB. In [107], a 1-¢ grid-tied multiport system is designed using a three-port integrated
topology comprising an ac-dc full-bridge converter followed by individual dc-dc converters
for the dc ports. In [108], a 1-¢ grid-tied multiport system is designed using a current
source converter with partial power processing control. However, these multiport systems
rely on a 1-¢ grid connection, which limits the maximum transferable power, leads to higher
grid current stresses, and restricts scalability. As a result, such systems are not suitable for
high-power EV charging infrastructure, where a 3-¢ grid interface is typically required.
[37-43] propose multiport systems with 3-¢ grid connection. In [37], a split-source in-
verter is employed for grid connection, and all dc ports are interfaced with a common dc link,
either directly or through buck/boost converters. In [38], a matrix converter is employed
for grid connection, while the dc ports are interfaced through interleaved parallel boost con-
verters. In [39], an AFE is used for grid connection, while buck/boost converters interface
the dc ports. In [40], an AFE is employed for grid connection, while an interleaved boost
converter and a flyback converter are used for the dc ports. In [41], a matrix converter is
used for ac-dc conversion. [42] employs current-source inverter bridges with HF transformer
isolation. [43] utilizes an AFE for grid connection, while the dc-dc stages employ full-bridge

and buck converters. However, these 3-¢ grid-tied multiport systems have one or more of the
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following limitations: (i) an AFE is utilized as the grid-side converter, which is operated at
HF and undergoes hard switching [37,39,40,43]. The use of an AFE increases the required
dc-link capacitance and grid-side filtering effort, as well as switching losses and EMI con-
cerns. (ii) a matrix converter operated at HF requires extensive grid-side filtering and leads
to complications in the control strategy [38,41]. (iii) dc-dc converters are hard-switched at
HF, resulting in higher switching losses and EMI issues [37,39,40,43]. (iv) the EV dc port
is non-isolated, which may raise safety concerns [37,39]. (v) the converter is designed for
lower battery voltages and is unsuitable for present EV battery voltage levels [37-39,42,43].
(vi) converter operation over a wide EV battery voltage range (e.g., 200-800 V) is not
demonstrated [37-39,41-43]. These limitations restrict the practical deployment of such
multiport systems for high-power EV charging applications. The proposed 3-¢ grid-tied
multiport system in this work overcomes all the above limitations. A low-frequency op-
erated (120 Hz in this work) grid-side converter is employed, which reduces the required
dc-link capacitance. It also eliminates the need for external grid-side inductive filters since
the grid inductance is sufficient for current shaping. Moreover, low-frequency operation
leads to negligible grid-side converter switching losses. The dc-dc converter is carefully
designed to achieve soft switching across a wide EV battery voltage range (200-800 V).
The combination of low-frequency grid-side converter operation and soft switching of the
dc-dc converter minimizes EMI concerns and improves system efficiency. The proposed con-
verter also outperforms prior work in terms of efficiency and grid current THD. In addition,
isolation is provided for the EV dc port, and the converter is designed to operate over a
wide voltage range of 200-800 V, ensuring safe operation and practical suitability for EV
charging infrastructure. A detailed comparison of the proposed multiport converter with
prior converters is presented in the experimental validation section.

This chapter presents a complete ac-dc multiport system with 3-¢ grid connection and
introduces a grid interface through a low-frequency operated Unfolder, which operates at a
maximum of twice the grid frequency [12,22,24-26,28,109, 110]. The unfolding-based grid

interface significantly reduces switching losses and improves overall system efficiency due
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to its low-frequency operation. Moreover, the use of the Unfolder minimizes the required
dc-link capacitance and eliminates the need for external grid-side inductive filters, facili-
tating a more compact and efficient design well-suited for high-power EV battery charging
infrastructure. To interface with the Unfolder, which outputs two pulsating dc-link volt-
ages, a dual-input dc-ac converter such as a T-type bridge or a pair of H-bridges is typically
used to process power from both dc links [22,26]. Additionally, integrating battery stor-
age/renewables along with the EV battery requires two more ports, resulting in a four-port
dc-dc converter. This increases design complexity and introduces challenges for closed-loop
control. To simplify the circuit architecture, this study proposes a multiport system that
incorporates a current injection circuit [45,111] and a TAB-based three-port dc-dc converter
to effectively interface the grid port, the battery storage/renewables port, and the EV port.
Since the Unfolder is operated at low frequency in open loop, it cannot handle control-
related tasks such as sinusoidal shaping of the grid currents. This control task is instead
carried out by the coordinated closed-loop control of the current injection circuit and the
TAB-based dc-dc converter. The details of this coordinated closed-loop control, which must
also handle multidirectional power flow in the proposed multiport system, together with the
accurate small-signal modeling, are presented in this chapter.

In addition to the utilization of the Unfolder, the design of the TAB tank circuit plays
a critical role in enabling efficient power transfer over wide operating conditions. While the
commonly used series resonant tank can facilitate power transfer to the EV port due to its
inherent ability to achieve ZVS and support HF operation with high conversion efficiency,
it suffers from significant efficiency degradation when operated over a wide voltage gain
range [112]. Alternatively, an LLC resonant tank, controlled through frequency modulation,
can offer a wide voltage gain range while maintaining efficiency [113]; however, the use of
frequency modulation in a TAB introduces complexity in power flow analysis and closed-loop
control design. In this study, an LC'L immittance network-based resonant tank [114-117] is
employed for power transfer to the EV port. This configuration enables wide voltage gain at

a fixed switching frequency and supports efficient operation with EV batteries at different
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voltage levels, thereby improving adaptability. Unlike the simplified architectures in prior
TAB converters [46,47,99-104] that employed inductive or series resonant tanks with stiff
dc links, the utilization of a higher-order LCL tank integrated into an unfolding-based
grid-tied multiport system introduces challenges in power flow analysis, closed-loop control,
and system integration. These challenges are explicitly addressed in this chapter through
detailed power flow analysis, design, and small-signal modeling. An optimized tank design is
presented that minimizes conduction losses and ensures ZVS of the TAB MOSFETSs across
a wide EV battery voltage range, thereby enhancing efficiency. The design also accounts
for the dc-link voltage variation due to the unfolding operation. In addition, accurate
small-signal modeling of the TAB with an LCL tank is derived to achieve high closed-loop
bandwidths to regulate power at the dc ports under pulsating dc-link voltage variation and
to ensure stable operation during transients. Finally, a three-winding transformer design is
proposed for the TAB that incorporates the required tank inductance into the transformer
leakage inductance, and the transformer winding is optimized to minimize the kVAr/kW
ratio of the LC'L tank for a wide EV battery voltage range of 200-800 V, further improving
system efficiency.

The proposed multiport system has been validated using a 5 kW, 480 V grid-tied
hardware prototype. It achieves a peak ac-dc efficiency of 98.3% and maintains efficiency
above 97% across various operating points, power flow directions, and a battery voltage
range of 200-800 V. The prototype also demonstrates a low grid current THD of 2%. In
addition, a modular architecture is proposed to achieve power scalability of the multiport
topology, employing IPOP dc-dc converter modules that interface with a single grid-tied
Unfolder. Scalability is demonstrated through simulations at 50 kW and further validated

in hardware at the 10 kW level, achieving a peak efficiency of 98.1%.

6.2 Brief Overview of the Proposed Multiport System
The overall proposed ac-dc multiport system is illustrated in Fig. 6.3. As discussed
earlier, to simplify the connection between the dc-dc converter and the Unfolder, which

outputs two pulsating dc-link voltages, a current injection circuit is introduced after the
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Unfolder to reduce the number of required dc ports on the grid side. This approach enables
the use of an H-bridge connected to a single dc-link voltage. As a result, a TAB-based
three-port dc-dc converter can be used to effectively interface the grid port, the battery
storage/renewables port, and the EV port. For brevity, the battery storage/renewables
port is referred to as the PV port in this chapter. As the dc voltage gain between the
PV and grid ports remains close to unity, a DAB-based power architecture is implemented
for dc-dc conversion between the PV and grid ports, with the required tank inductance
between these ports integrated into the leakage inductance of the designed three-winding
transformer. This integrated magnetics-based architecture enhances both the power density
and efficiency of the system. To accommodate a wide voltage range for interfacing EV
batteries with different voltage levels, an LC'L immittance network-based resonant tank is
employed for power transfer to the EV port, which effectively facilitates ZVS of MOSFETs
and maintains consistently low conduction losses, thereby preserving high efficiency across
the entire voltage range.

Fig. 6.3 also outlines the closed-loop control architecture of the proposed multiport
system. The control loop for the current injection circuit regulates the third-harmonic
injection current to ensure sinusoidal grid current shaping for PFC. The other two control
loops are implemented within the de-dc converter to regulate the current drawn from the PV
port and the current delivered to the EV battery. Together, these control loops effectively

manage power flow across all ports of the ac-dc multiport system.

6.3 Operation and Design of the Unfolder and Current Injection Circuit

6.3.1 Operation of the Unfolder and Current Injection Circuit

Unfolder
As depicted in Fig. 6.3, the grid-tied Unfolder utilized in the proposed multiport sys-
tem consists of a 3-¢ bidirectional rectifier and common-source switches (Sx3, x € {a,b,c})

for carrying the third-harmonic current. The Unfolder connects to the grid through ac-side
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Fig. 6.4: (a) 3-¢ ac input voltages are converted to pulsating dc-link voltages, vpo, Von, and
Vpn, by the Unfolder; (b) switching sequence of the Unfolder switches is determined based on
the ac-voltage sectors; (c) sinusoidal 3-¢ grid currents when the grid supplies rated power;
(d) current through the filter inductor, L, and its fundamental component, i1, when the
grid supplies power; (e) sinusoidal 3-¢ grid currents when the grid receives rated power;
(f) current through the inductor, L., and its fundamental component, i.i;, when the grid
receives power; and (g) duty cycle used to modulate the current injection half-bridge leg.
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grid inductances, Lgyiq, provided by the grid. In the Unfolder circuit, the input ac phases
are connected to the positive, negative, or midpoint of the dc-link, based on the switch-
ing sequence shown in Fig. 6.4(b). Specifically, the phases with the highest and lowest
instantaneous voltages are connected to the positive (p) and negative (n) terminals of the
de-link, respectively, while the remaining phase is linked to the midpoint (o). As a result,
the common-source switches, S,3, Sp3, and S.3, operate at twice the grid frequency, whereas
the 3-¢ bidirectional rectifier switches, S,a1, Sa2, Sp1, Sp2, Sc1, and Sco, operate at the grid
frequency. This switching sequence results in time-varying Unfolder dc output voltages, v,
and Vo, as depicted in Fig. 6.4(a). As shown in this figure, the voltages vp, and v, vary
from 0 to @ng, where V,,, denotes the peak value of the Unfolder’s line-to-line ac input
voltages. Furthermore, the addition of v,, and v,, results in the net dc-link voltage, vy,
which is applied across the current injection circuit and the grid-side H-bridge of the TAB-
based three-port dc-dc converter. The dc-link voltage, vp,, exhibits a six-pulse waveform,
as illustrated in Fig. 6.4(a), and varies within the range of @ng to Vym. The pulsating
nature of all the dc output voltages of the Unfolder eliminates the need for large dc-link
capacitors. Instead, smaller capacitors, Cpo, Copn, and Cpy,, are specifically used to filter
the HF switching current ripple generated by the HF-switched current injection circuit and
dc-dc converter. Moreover, the low-frequency operation of the Unfolder eliminates the need
for external grid-side inductive filters, as the grid inductance is sufficient to achieve PFC.
The Unfolder is operated in open loop and cannot handle control tasks such as maintaining
sinusoidal grid currents for PFC. This control task is instead carried out by the coordinated
closed-loop control of the current injection circuit and the TAB-based dc-dc converter, as

explained in the following.

Current Injection Circuit

The current injection circuit consists of a half-bridge leg, comprising Sc;1 and Sgio,
which is switched at HF of fsy.ci and is modulated by the duty cycle, d., as illustrated in
Fig. 6.4(g). A filter inductor, L, is employed, which, in conjunction with the capacitors

Cpos Con, and the grid inductances, Lgyiq, forms an LCL filter to ensure that the grid
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currents do not contain significant switching frequency components. The current injection
circuit regulates the current, i.;, which includes both a switching frequency component and
a fundamental component, i1, at three times the grid frequency, using the closed-loop

control shown in Fig. 6.3. The current reference, i¢_rof, for this control is calculated as

\/3] gm

ici—ref =
V.
gm

(—max(van, Vs, Ven) — min(van, Vi, Ven)) (6.1)

where I, denotes the peak grid current utilized in deriving the current reference and is

determined as

2 (~Viipy + Voviey)
Imzi pvipv eviev , 6'2
g \/g ng ( )

where V,,y and i, denote the voltage and current on the dc side of the H-bridge in the
TAB-based dc-dc converter, which interfaces with the PV, while Vg, and i., represent the
EV battery voltage and current supplied to the EV battery, respectively. The value of
Iy is positive when the grid supplies power and negative when the grid receives power.
The closed-loop control ensures that the fundamental component, 4.1, remains equal to the
current reference, iciref, which results in sinusoidal grid currents, as shown in Figs. 6.4(c)
and 6.4(d) when the grid supplies power, and in Figs. 6.4(e) and 6.4(f) when the grid receives
power.

To examine how regulating the current, i.;, ensures sinusoidal grid currents, the oper-
ation in Sector 3 (%’r < Ogria < 77) is analyzed when the grid supplies power. Here, 0giq de-
notes the angle of the line-to-line Unfolder input voltage v;, as determined by the PLL [118].
As shown in Figs. 6.4(c) and 6.4(d), the current i, in Sector 3 is equal to the current i,

which is maintained using the closed-loop as

ib = tcit = Lgmsin (Ogria — 57/6) . (6.3)
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Now, consider the Unfolder input phase voltages to be

van = (Vom/v3) sin (Ogria — ™/6) (6.4)
Vi = (Yo /v3) sin (Ogria — 57/6) | (6.5)
var = (Yom/V3) sin (Ogria — 37/2) (6.6)

and the power supplied by the grid is maintained at @ngfgm by the subsequent TAB-
based dc-dc converter, which controls the system power by managing the power at the dc
ports through the closed-loop control of the currents iy, and i.,. In the proposed three-port
system, regulating the PV and EV port currents is sufficient to manage overall power flow,

since the grid power is automatically determined by power balance. Consequently,

V3

Varla + VBﬁib + Venle = TngIgm . (67)

Moreover, since the Unfolder is a 3-¢, 3-wire system, the current i, can be expressed as

ie = —iq — iy (6.8)

Combining (6.3)-(6.8) gives
iq = Igmsin (Ggrid — 7r/6) , and (6.9)
ic = Igmsin (Ogria — 37/2) . (6.10)

Therefore, by regulating the injection current i.; and ensuring the correct grid power level
through the closed-loop control of the TAB-based dc-dc converter, sinusoidal grid currents
are maintained. Such coordinated closed-loop control of the current injection circuit and

the TAB-based dc-dc converter ensures PFC.

6.3.2 Design of the Unfolder and Current Injection Circuit
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Unfolder
As previously discussed, the Unfolder operates at a maximum of twice the grid fre-
quency, leading to negligible switching losses. The power dissipation in the Unfolder is due

to conduction losses, which are determined by the rms currents through the MOSFETS,

1 V3 1
Iunf—rrns—Sl/Q = Igm 6 + 87 ) Iunf—rms—Sg = Igm 6 - E ’ (611)

where Iynf.rms-s, /o denotes the rms current of the top and bottom MOSFETSs, and Iynf.rms-Ss

given as

i

represents the rms current of the common-source MOSFETSs in the Unfolder. Additionally,

the MOSFET blocking voltages are given by

V3

Vunf—block—Sl/2 - ng7 Vunf—block—Sg - Tvgmv (612)

for the top and bottom MOSFETSs, and for the common-source MOSFETS, respectively.
The conduction losses, derived using the rms currents, along with the blocking voltage
calculations, provide essential parameters for selecting appropriate MOSFETs and designing

the Unfolder effectively.

Current Injection Circuit

For the current injection circuit, the filter inductor L. and the half-bridge leg must
be designed. The inductor value is determined based on the allowable switching frequency
ripple in 4., which consists of both a switching frequency component and a fundamental
component, i1, at three times the grid frequency. The switching frequency ripple exhibits

a triangular waveform, with its peak-to-peak value given by

1
Lcifsw—ci (Vi + ! )

Nig = (6.13)

po Von
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Since the dc voltages, v, and vy, are time-varying, the peak-to-peak ripple changes over

the grid cycle. The maximum peak-to-peak ripple is given by

Vam

Alimax =
arma 4Lcifsw—ci

(6.14)

which occurs at Ogiq = (%’r — %), where k € {1,2,3,4,5,6} represents the Unfolder sector,

as seen in Figs. 6.4(d) and 6.4(f). The rms value of this maximum ripple is given by

_ Vem
8\ﬁLci fsw—ci

Al ci-max-rms —

(6.15)

Moreover, the rms of the fundamental component, i1, is

/1 3V3
Icil-rms == Igm 5 - F . (616)

The inductor, L, can now be selected such that the ratio Al max-rms/Icil-rms remains below
25%, ensuring minimal switching frequency components in the grid currents, as determined

by

(6.17)

93
fsw-ciIgm 6 — T

The half-bridge leg in the current injection circuit operates at a switching frequency
of fsw-ci, resulting in both conduction and switching losses. The conduction losses are

determined by the rms currents through the MOSFETSs, given by

/1 3V3
Ici—rrns—Scﬂ/z = Igm 1 - 87 . (618)

Additionally, the MOSFETsSs need to block the peak value of the dc-link voltage, vp,, which
is equal to Vi,,. When calculating the switching losses of the half-bridge leg, it is essential to

account for the fact that half of the MOSFET switching transitions exhibit soft-switching.
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This is due to the triangular waveshape of the current, i.;, which alternates in polarity,
facilitating soft-switching for half of the transitions. The hard-switching losses for the re-
maining transitions can be determined using the turn-on and turn-off energy losses specified
in the MOSFET datasheet. These energy values must be appropriately scaled based on the
voltage and current levels at which switching occurs, as well as the selected gate resistance
in the circuit. Additionally, losses associated with the output capacitance (Cogs) of the
MOSFET must be considered. The switching loss analysis for a half-bridge configuration
is provided in [119]. The conduction losses, determined from the rms current, along with
the blocking voltage and switching loss calculations, serve as critical parameters for optimal

MOSFET selection and effective half-bridge leg design in the current injection circuit.

6.4 Design of the TAB-Based Three-Port DC-DC Converter

6.4.1 Analysis of the Power Flow

As previously discussed, the proposed TAB-based three-port dec-dc converter incorpo-
rates a DAB-based power architecture for de-dc conversion between the PV and grid ports,
while an LC'L resonant tank is utilized for power transfer to the EV port, enabling a wide
voltage range for the EV battery load. The power transfer between the PV and grid ports
can be evaluated using the exact power flow expression for a DAB converter. On the other
hand, for the power transfer paths from the PV port to the EV port and from the grid port
to the EV port, the FHA is applicable due to the higher-order nature of the LCL tank,
which results in near-sinusoidal tank currents on the EV side. Under the FHA, the LC'L
tank can be modeled by an inductor, Ljx. + L.s, in series with the fundamental sinusoidal
component of vy, denoted as vy, as depicted in Fig. 6.5(a), when analyzing steady-
state power flow. Additionally, the three-port wye-connected system can be equivalently
represented by a delta-connected configuration for the purpose of power flow analysis, as

illustrated in Fig. 6.5(b). Furthermore, all quantities involved in the power flow analysis
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Fig. 6.5: (a) Using the FHA, the EV HF side with the LC'L tank is modeled as an inductor,
Lige + Les, in series with the fundamental sinusoidal component of vy, denoted as viyer,
for steady-state power flow analysis; and (b) power flow analysis is performed by applying
a wye-delta transformation to the tank and associated ports.

are referred to the PV side to maintain analytical consistency and are defined as

Vp = Vaup (6.19)

N,

Vg = Vayg (Ni) ) (6.20)
Np>

Ve = Vaye ( ) (621)
Ne

Ly, = Ly, (6.22)
N\ 2

Ly = Ly, <Np> : (6.23)

g

Le = (Like + Les) (]\@)2’ (6.24)
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Fig. 6.6: The figure corresponds to the case where the HF ac voltage of the PV port leads
that of the grid port, and both lead the EV port. In this operating condition, the PV port
delivers positive power, while the EV port receives positive power. The net power supplied
by the grid port may be either positive or negative, depending on the relative phase shifts.
(a) Square-wave voltage waveforms at the HF sides of the respective ports, referenced to
the PV side; (b) phasor diagram of the fundamental components of these voltages; and
(¢) corresponding power flow diagram among the three ports.

LyLy

Lpg=1Lp+Lg+——, (6.25)

€
L,L.

Lpe=Ly,+ Le + , (6.26)
Lg
L,L

Lge=Lg+ L+ 2= (6.27)
LP

Utilizing the delta-equivalent configuration depicted in Fig. 6.5(b), the power flow equations

are derived as

VoV, ¢
p. — ‘ppgp 1— P9 2
o= L 0y (1- 2. (6.28)
_ 8 VipVep
P, = L sin(gpe) (6.29)
8 VapVep .
Py = — 2L sin(¢pg + dpe) (6.30)

72 wsLge
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Fig. 6.7: The figure corresponds to the case where the HF ac voltage of the grid port leads
that of the PV port, and both lead the EV port. Under this operating condition, the
power demand at the EV port exceeds the available power from the PV port; therefore,
the grid port supplies additional positive power, while the EV port continues to receive
positive power. (a) Square-wave voltage waveforms at the HF sides of the respective ports,
referenced to the PV side; (b) phasor diagram of the fundamental components of these
voltages; and (c) corresponding power flow diagram among the three ports.

Py = Pog + Ppe (6.31)
Py = —Ppy+ Py, (6.32)
P, = —Ppe — Py, (6.33)

where wy denotes the angular switching frequency of the dc-dc converter, P,  represents the
power transfer from the PV port to the grid port, P, corresponds to the power transfer
from the PV port to the EV port, and P, denotes the power transfer from the grid port to
the EV port. The parameters V,,, Vg, and V¢, denote the peak amplitudes of the HF ac
square-wave voltages referred to the PV side, as illustrated in Figs. 6.6(a) and 6.7(a). The
phase shifts between the square-wave voltages on the PV-to-grid and PV-to-EV sides are

given by ¢pg and (7 — ¢pe), respectively, as shown in Figs. 6.6 and 6.7. Ly, Lpe, and Ly
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are the tank inductances represented in the delta configuration, as depicted in Fig. 6.5(b).
Finally, P,, P,;, and P, denote the net power flowing into or out of the PV, grid, and EV
ports, respectively.

In this study, it is considered that the PV port supplies power within the range of 0 to
Prated, while the EV port receives power within the same range. If the PV port generates
more power than required by the EV battery, the excess is received by the grid port.
Conversely, if the PV port cannot supply sufficient power to the EV battery, the deficit is
supplied by the grid port. Accordingly, all possible cases of square-wave voltage waveforms,
phasor diagrams, and the corresponding power flow diagrams are illustrated in Figs. 6.6 and
6.7. From these figures, it can be observed that the EV-side square-wave voltage is kept at
a phase lag of (7 — ¢pe) with respect to the PV-side voltage, which maintains a phase lag
greater than §. This ensures the correct polarity and magnitude of the current flowing into
the EV-side H-bridge, ic.eq, in the LCL tank, thereby enabling ZVS of the H-bridge over a

wide range of EV battery voltages. This phenomenon is explained below.

LCL Resonant Tank under Wide Load-Voltage Variation
In an LCL resonant tank, the inductances of L; and Lo, as shown in Fig. 6.8(a), are
kept equal, and the capacitor C is selected to resonate with these inductors at the switching

frequency of operation [114-117], resulting in

1 1
Ci=——=——. 6.34
! ngl ngQ ( )

By representing the circuit in Fig. 6.8(a) in Norton form, with the capacitor C resonating
with the inductor L at the switching frequency, a current source at the switching frequency
is generated that flows through the inductor Ly and into the connected H-bridge (repre-
senting the EV-side H-bridge in this study). This current source, illustrated in Fig. 6.8(b),

is calculated as

S | T
‘e = jwsLy wsLll( 2) ' (6.35)
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Fig. 6.8: (a) Circuit of an LC'L tank, and (b) equivalent Norton form, where the capacitor
C resonates with the inductor L at the switching frequency, generating a current source
that flows through the inductor Lo.

Since the current flowing into the H-bridge has a phase lag of 7, the H-bridge can be
switched such that its input voltage, vo, maintains a phase lag greater than 7. This ensures
that the polarity and magnitude of the current entering the load-side H-bridge are suitable
to achieve ZVS of the MOSFETSs [115,117]. From (6.35), it is observed that the current
i1, is independent of vy, and hence the load-side dc voltage does not affect ¢7,. In other
words, variations in the EV battery load voltage do not influence the current responsible
for enabling ZVS in the H-bridge. Consequently, ZVS of the EV-side H-bridge can always
be ensured over a wide range of battery voltages, provided the EV-side square-wave volt-
age is maintained with a phase lag greater than 7 by appropriately switching the H-bridge
MOSFETSs. Furthermore, to achieve the above-mentioned current source, which is indepen-
dent of the battery load voltage, the dc-dc converter must operate at a constant switching

frequency equal to the resonant frequency of the capacitor C'y and the inductor Lj.

6.4.2 Analytical Tank Currents Over the Switching Period

Analytical tank currents are essential for selecting tank components, as they enable
the calculation of conduction losses and the optimization of the tank design. To calculate
the analytical tank currents, a case is considered where the HF ac square-wave voltage of
the PV port leads that of the grid port, and both lead the EV port, as shown in Fig. 6.6.
The analysis can also be extended to the alternate case shown in Fig. 6.7. The analytical
tank currents are derived piecewise by solving differential equations across three distinct

time intervals: (i) 0 < t < tpg, (i) tpg < t < (T5/2), and (iii) tpe < t < (Ts/2) + tpe, as



Table 6.1: Analytical tank currents referenced to the PV side.
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Fig. 6.9: Analytical tank currents referenced to the PV side for the following power flow
conditions: (a) the PV port supplies full power to the EV battery, with no power delivered
to the grid, and (b) the PV port supplies full power to the grid, while the EV battery is
disconnected, resulting in zero power at the EV port by maintaining a zero ac square-wave
voltage on the EV side. The shape of the tank currents varies throughout the grid cycle
due to the pulsating dc-link voltage, v,,. The waveforms in this figure correspond to the
condition where v, is at its maximum.
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illustrated in Fig. 6.9. The resulting tank current expressions, referenced to the PV side,
are provided in Table 6.1. In these expressions, Veqp (= Veeq-p(Np/Ne)) denotes the peak
voltage across the tank capacitor Ce.eq, referenced to the PV side, while 0cc.cq represents

the phase lag of this voltage with respect to the square-wave voltage at the PV side, and

iy = ilkp (6.36)
iy = iy (ﬁj) , (6.37)
le = Uike (j:[,;) ; (6.38)
7 o = iceq <f§p) , (6.39)
10y = Leeq (]AV[) (6.40)
Kipe = ip ; (6.41)
Klge = & (6.42)

The analytical tank currents provided in Table 6.1 are plotted in Fig. 6.9. These
expressions, referenced to the PV side, can be referred to the respective grid and EV sides
using the transformer turn ratios. The rms values of these tank current waveforms can
be computed using MATLAB, and based on these values, the conduction losses in the

transformer, LCL tank network, and TAB MOSFET's can be accurately determined.

6.4.3 H-Bridge Voltages and Tank Currents During Switching Transitions

As the TAB-based three-port de-de converter operates at a high switching frequency
of fs, it is important to achieve ZVS for all three H-bridges to minimize switching losses.
To ensure the ZVS of the MOSFETS, it is essential to observe the H-bridge voltages and
corresponding tank currents during the switching transitions in the dead-time intervals.
These voltages and currents are calculated for the three transitions identified in Figs. 6.9(a)
and 6.9(b), referred to as transitions I, II, and III. During each transition, the H-bridge

undergoing switching is modeled using a charge-equivalent capacitor [29,30,72] that accounts
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for the nonlinear variation of the MOSFET output capacitance, Cogs, With respect to the

drain-to-source voltage, as given by

Ve 1 Ve
_ ' / Consly v, (6.43)
0

C
eq,Q 0 Ve

where the charge stored in Ceq ¢ at voltage v, is the same as the charge stored when charging
Coss from 0 to v., where v, can be any value from 0 to the rated operating voltage of the
MOSFET.

The equivalent circuits corresponding to transitions I, II, and III are depicted in Figs.
6.10(a), 6.10(b), and 6.10(c), respectively. All circuits are referred to the PV side. Due to
the relatively large inductance of L., the EV side can be approximated as a current source
with a value equal to the current flowing through L., denoted as i., during the analysis of
the PV and grid-side H-bridge transitions. During transition I, the differential equations
corresponding to the equivalent circuit in Fig. 6.10(a) are solved to obtain the expressions

for the voltage v, and the current ¢, during the switching transition, given by

vp(t) = Ay cos (wpt + Bp) — Vgp s (6.44)
A

ip(t) = =2 sin (wpt + Bp) | (6.45)
Ry

where

1 I L L
Wp = ) Rp = Q ’ (646)
\/(Lp + Lg)Ceq,Q-p Ceq,Q-p

s _
B, = tan~! _InRpy A, = VotV ) (6.47)
—Vop + Vo cos(Bp)

Using (6.44), the ZVS time required for the PV side H-bridge MOSFETSs to complete the
Coss charging or discharging process, corresponding to the voltage v, transitioning from

—Vpp to Vpp, can be calculated. The ZVS time is given by



210

(b) (©

Fig. 6.10: Equivalent circuits, referred to the PV side, during switching transitions: (a) I,

(b) 1L, and (c) III, where V?” o111 denotes the voltage across the tank capacitor Ce.eq during

transition III, referred to the PV side.

s 1 Vopt+Vep \ _
sin < 1 B, 5

P

(6.48)

tavs =
-pv
Wp

Similarly, the analysis can be extended to derive the expressions for transition II as

vg(t) = Agcos (wgt + By) + Vpp (6.49)
A
ig(t) = ﬁg sin (wgt + By) , (6.50)
g
Sin—l(quXngp) _ Bg _ %
tzvs—grid = Wy , (651)
where
1 L,+ L
wg = , Ry = Lot ly (6.52)
\/(Lg + Lp)Ceq,q-g Ceq.@-g
B o—tan-t —12fle N\ 4 Ve~V (6.53)
’ Vo= Vo) 7 cos(B,y) .

Finally, the analysis can be extended to derive the expressions for transition III as

Ve(t) = Ae cos (wet + Be) + Ve’_’eq_III , (6.54)
. —-A. .
Zg—eq(t) = R: sin (wet + Be) s (6.55)
gin—! (%) ~B.— T
lavs-ev = ) (6.56)

We
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where

1 LEeq

B =t (fR) g e
—Vep = Vot cos(Be)

V2 et = Viequp Sin(Wstpe — Oce-cq) - (6.59)

In the above equations, the charge-equivalent capacitors Ceq,Q-p, Ceq,Q-g» a0d Ceq,q-e

are all referred to the PV side.

6.4.4 Optimized Selection of the Tank Components

As the proposed multiport system involves multiple power flow scenarios, the tank
component selection process for the TAB-based dc-de converter is simplified by considering
the case where the PV port supplies the full rated power, Prateq, and the EV port receives
power ranging from 0 to Prueq.- If the EV port requires less than P4, the remaining
power is delivered to the grid port. The optimization is performed by determining the phase
shifts, ¢pg and (7 — ¢pe), along with the corresponding tank components, to minimize the
rms tank currents, as calculated using the expressions in Section 6.4.2, thereby reducing
conduction losses. Moreover, sufficient tank current magnitude and appropriate polarity
during the switching transitions are ensured to achieve ZVS for all three H-bridges, based
on the analysis presented in Section 6.4.3.

For the power architecture between the PV and grid ports in the proposed multiport
system, the operating point corresponding to the minimum phase shift, ¢,,, results in a
lower tank current for ZVS on the grid side during switching transitions and therefore
requires careful analysis to ensure ZVS of the grid-side H-bridge. Guaranteeing ZVS at this
operating point inherently ensures ZVS across all other operating points. Furthermore, as
discussed earlier in Section 6.4.1, the EV-side HF ac square-wave voltage is maintained at a
phase lag of (7 — ¢y ) relative to the PV-side voltage, which maintains the phase lag greater

T T

than 5. It must be ensured that this phase lag does not fall below 7, as doing so could
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compromise closed-loop control stability and also result in the EV-side H-bridge losing ZVS,
as explained in Section 6.4.1. Considering these factors, it is evident that lower values of
the phase shifts, ¢,, and (7 — ¢} ), must be carefully selected to avoid issues related to ZVS
and control stability. Therefore, phase shift selection should be based on the power flow
scenario that requires relatively smaller phase shift values, corresponding to the case where
the EV port receives the full power from the PV port, while the grid port receives no power.
Now, for this power flow scenario, the phase shifts are swept from 0 to 5 and from 7 to m,
corresponding to (Ppg)sweep and (T — @pe)sweep, respectively. For each value in these phase
shift sweeps, the corresponding tank component values are subsequently calculated. The
tank inductors represented in a delta-connected configuration, Ly, Lpe, and L., are first
calculated using the power flow equations given in (6.28)—(6.33). Using these, the individual

tank components are then calculated as

L,,L
Ly, =L, = Pgpe 6.60
lkp P Lpg _|_ Lpe + Lge 9 ( )

N\ 2 L,,L N,\ 2
Lig=Lg | 5| = o -~ (6.61)

NP LP9+LP@+L96 NP

N\ 2 LyeL o N\ 2
Lige + Les =Le | — | = B —= . 6.62
lk€+ “ ¢ <Np> LPQ+LP€+L9€ NP ( )

Now, Le.eq is determined by calculating the equivalent inductance referred to the EV side,

using the parallel combination of L, and L, in series with L., as

L,L A
Leeq=(Le+—2"2) (2] . 6.63
o ( 6+LP+Lg> (Np ( )
Finally, Ce.cq is selected to resonate at the switching frequency with the equivalent induc-

tance calculated above, as discussed in Section 6.4.1. The value of this capacitor is given

as

1
Ceeq=—5+. 6.64
cou = 2 (6.69)

Following the calculation of multiple sets of tank component values corresponding to
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Fig. 6.11: Different values of phase-shift combinations, (¢pg)sweep and (T — @pe)sweep, are
considered. Based on these values, tank components are calculated. The corresponding
analytical tank currents and conduction losses are then evaluated across various operating
scenarios: (a) the PV port supplies full power to the EV port, (b) the PV port supplies
power to both the EV and grid ports, and (c) the PV port supplies all power to the grid
port. The pulsating nature of the dc-link voltage, v, is also taken into account.

various combinations of (¢pg)sweep and (T — @pe)sweep, the analytical tank currents and cor-

responding conduction losses can be evaluated for various operating scenarios: (i) the PV
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port supplies the full power to the EV port, (ii) the PV port supplies power to both the
EV and grid ports, and (iii) the PV port supplies all the power to the grid port. By eval-
uating the conduction losses for various power flow scenarios, the selection of optimized
tank components can be done, which leads to an efficient de-dc converter for various op-
erating conditions. The evaluated conduction losses for these three power flow scenarios
are illustrated in Figs. 6.11(a), 6.11(b), and 6.11(c), respectively. The x-axis in all these
plots represents each value in the phase shift sweeps and the corresponding evaluated tank
components. It should also be noted that the conduction loss calculations account for all
MOSFETS in the H-bridges of the dc-dc converter. These figures reveal a plateau region of
minimal conduction losses, indicating favorable phase-shift combinations for efficient dc-dc
converter operation.

For the ZVS analysis, the H-bridge voltages and corresponding tank currents during
the switching transitions are derived using (6.44), (6.45), (6.49), (6.50), (6.54), and (6.55).
Based on these expressions, state-plane diagrams for switching transitions I, II, and III,
corresponding to the PV-side, grid-side, and EV-side H-bridges, are plotted in Fig. 6.12.
For ZVS of the MOSFETSs, the polarity and magnitude of the tank currents must be ap-
propriate to charge or discharge the Cogs of the MOSFETs. This ensures that the voltages
Vp, Vg, and v, corresponding to the PV-side, grid-side, and EV-side H-bridges, respectively,
transition completely from —Vj, to Vj,, =V to Vg, and =V, to V,,, during transitions
I, I, and III, within the dead time. Phase-shift combinations, along with their associated
tank components and tank currents, that fail to fully transition these voltages within the
dead time are excluded from consideration. Such failures, resulting from either incorrect
polarity or insufficient magnitude of the tank currents, lead to incomplete or no ZVS.

Moreover, the ZVS durations are calculated using (6.48), (6.51), and (6.56). Phase-
shift combinations that result in ZVS durations exceeding 150 ns are also excluded. This
threshold is selected based on the hardware implementation, which uses a constant dead
time of 150 ns, corresponding to 1.5% of the switching period. This value serves as a

practical upper bound to avoid the effect of switching transitions during the dead time on
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Fig. 6.12: State-plane diagrams for three phase-shift combinations (#1, #2, and #3) of
(Dpg)sweep and (T — dpe)sweep, Plotted using the expressions for H-bridge voltages and tank
currents derived in (6.44), (6.45), (6.49), (6.50), (6.54), and (6.55), during the switching
transitions of (a) PV-side H-bridge (transition I), (b) grid-side H-bridge (transition II), and
(c) EV-side H-bridge (transition III). Phase-shift combinations #1 and #2 result in partial
or no ZVS for the PV and grid-side H-bridge MOSFETSs, whereas combination #3 achieves
complete ZVS across all three H-bridges of the TAB. For phase-shift combination #3, the
respective tank current polarities for all three transitions are correct and have sufficient
magnitude to transition H-bridge voltages from —V to +V within the dead time.
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Fig. 6.13: Averaged conduction losses of the TAB-based three-port dc-dc converter for
different combinations of phase shifts, (¢pg)sweep a0d (T — @pe )sweep, cOmbining the operating
cases shown in Fig. 6.11. The figure also highlights non-favorable operating regions where
complete ZVS is not achieved or the ZVS duration exceeds the 150 ns limit. The selected
operating point is chosen to minimize conduction losses and ensure complete ZVS.

the steady-state power flow.
Fig. 6.13 presents a consolidated analysis of the average conduction losses of the dc-dc

converter, and it also highlights the non-favorable operating regions where complete ZVS is
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Fig. 6.14: Flowchart illustrating the process for determining optimized tank components to

minimize conduction losses and ensure complete ZVS.
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Fig. 6.15: Phase shifts ¢,, and (7 — ¢,e) corresponding to various power flow scenarios
considered in this study are shown. The pulsating nature of the dc-link voltage, v, is also
taken into account for each power flow case.

not achieved or the ZVS duration exceeds the 150 ns limit. By excluding such non-favorable
regions and minimizing conduction losses, the optimal phase-shift combination is identified,
as illustrated in Fig. 6.13. The corresponding evaluated tank parameters are detailed in
the experimental validation section. A flowchart is provided in Fig. 6.14, illustrating the
process for determining optimized TAB-based dc-dc converter tank components to minimize
conduction losses and ensure complete ZVS. Finally, for the selected tank components, the
calculated phase shifts ¢,y and (7 — ¢pe), corresponding to all power flow scenarios discussed

in Section 6.4.1, are presented in Fig. 6.15.

6.5 Control and Modeling of the Multiport System

The multiport system is designed to support multiple power flow scenarios, as discussed
in Section 6.4.1. The proposed control architecture, illustrated in Fig. 6.3, autonomously
manages all corresponding power flow directions. The phase shift between the ac square
wave voltages at the PV and grid sides, ¢4, regulates the PV current, i,,, whereas the
phase shift between the PV and EV sides, (7 — ¢,.), regulates the EV current, ie,. The
current references for these two control loops can be generated through supervisory control
that incorporates the MPPT algorithm for PV-based renewable sources, along with the EV

battery charging profile. Based on real-time evaluation of the power demand at the EV port
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Fig. 6.16: (a) Pulsating dc-link voltages vpo, Von, and vy, on the grid side. Since the
pulsating v, connects to the grid-side H-bridge, 360 Hz variations in the control angles are
required to regulate PV and EV currents: (b) ¢4, (c) (7 — ¢pe).

and the available power from the PV port, the system accordingly computes the current
reference for grid-side current injection using (6.1) and (6.2), as detailed in Section 6.3.
This ensures the generation of appropriate sinusoidal grid currents that either receive the
excess power or supply the required deficit.

As discussed earlier, the dc-link voltage on the grid side, v,,, exhibits a six-pulse
waveform at six times the grid frequency, which corresponds to 360 Hz in this study. To
regulate accurate power flow at all ports, the associated control loops must operate with
closed-loop bandwidths exceeding 360 Hz. This enables appropriate variations in the control
angles ¢,y and (T — ¢pe), as shown in Fig. 6.16, to regulate the PV and EV currents
over the grid cycle. Appropriate selection of bandwidths requires the derivation of the
plant transfer functions for all control loops shown in Fig. 6.3. The plant for the grid side
current injection control is modeled as Gplant-ci = 1/(5L¢i). The plant transfer functions
for the PV and EV current control loops are derived using a phasor transformation-based
small-signal modeling approach [60-63,94]. This modeling process consists of three main

steps: (i) steady-state analysis to establish the relationship between steady-state PV or EV
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currents and their corresponding steady-state phase shift control variables; (ii) derivation of
the phasor-transformed equivalent circuit for the TAB-based three-port dc-dc converter, as
illustrated in Fig. 6.17; and (iii) small-signal derivation of the plant transfer functions based
on the aforementioned phasor-transformed circuit. The resulting plant transfer functions

for the PV and EV current control loops are

4 lkp-mag & Oiep A
Golontow = pv vap ® Ukp-mag n lpvp elkp (6 65)
plant-pv — ~ N ~ ~ = 5 .
pg  Ukpmag  Ppg O1kp Ppg
2 Ye-eq-mag Ole-eq A 2
Golontow = lev oy 8 le-eq-mag T Gev ele—eq i Gev. (6 66)
plant-ev = =~ = 7 ~ ~ ~ ~ .
pe le-eq-mag (Z)pe Ole-eq Cbpe Cbpe
where
s
B - _ COS(@lkp) ) (6'67)
Ukp-mag T
~0
Zpl\icp 2 .
é = ;Ilkp—mag Sln(elkp) ) (668)
lkp
Zé«ieq—mag 9
T cos(m — Ppe — Oeeq) 5 (6.69)
e-eq-mag
gele—eq 2
ev .
i = ;Ie_eq_mag sin(m — ®pe — Oje-eq) 5 (6.70)
le-eq
)
q2> = ;Ie_eq_mag sin(m — @pe — Ojeeq) (6.71)
e
N ~ ~ o N
ilkp—mag elkp ie—eq—mag ele—eq e . 'L'lkp
and ———=, ——, ———=, and ——— are calculated by splitting the equations —— and
M ) ) y p g q
. Cbpg Cbpg ¢pe ¢P€ Pg
-2
le-eq

—, derived using Fig. 6.17, into their linearized magnitude and phase components using
'pe
a first-order Taylor series approximation, as detailed in Chapter 5.

/:Z‘lkp—mag

. A.le
In the above equations, ipy and ipy”

represent perturbations in the PV current,
ipv, that depend upon the small-signal changes in the magnitude (%lkp_mag) and phase (élkp)

of the tank current phasor on the PV side (il_k;), respectively. These perturbations arise due

to small-signal deviations introduced in the control input ¢,,. Similarly, %i‘i;eq'mag and %ﬁl; ol

are perturbations in the EV battery current, ie,, that depend upon the small-signal changes
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Fig. 6.18: Comparison of Bode plots of the plant (Gplant-py = iev/dss) Of the TAB-based three-
port dc-dc converter, obtained from the phasor transformation-based small-signal modeling
and PLECS multitone analysis-tool-based simulation.
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Fig. 6.19: Comparison of Bode plots of the plant (Gplant-ev = tev/dye) Of the TAB-based three-
port dc-dc converter, obtained from the phasor transformation-based small-signal modeling
and PLECS multitone analysis-tool-based simulation.

in the magnitude (%e_eq_mag) and phase (éle_eq) of the EV side H-bridge input current phasor

—>

(fe-eq), respectively. These perturbations arise due to small-signal deviations introduced
in the control input ¢p,.. Moreover, %f\’,’e represents the direct effect of the small-signal
change in ¢, on the current ic,. Finally, Oy, Likp-mag: Ppe, Ole-eqs a0d Ie.cq-mag denote the
steady-state values of the corresponding system parameters.

The Bode plots of the plant transfer functions Gpjant-pv and Gplant-ev, derived from pha-
sor transformation-based modeling, are validated through comparison with the Bode plots
obtained via multitone analysis using the PLECS simulation tool, as shown in Figs. 6.18 and

6.19. The Bode plots are provided for the case where the grid-side dc-link voltage equals

its average value. Additionally, the parameters of the PI controller employed in all three
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Table 6.2: PI controller parameters for various closed-loop controls.

Plant Being Compensated | Bandwidth (Hz) | K,p1 | K;p1
Gplant-ci 1800 8.28 | 23403.5
Gplant-pv 1080 0.01 252.4
Gplant-ev 720 0.1 1574.7

control loops, along with their respective closed-loop bandwidths, are provided in Table 6.2.

6.6 Three-Winding Transformer Design

As discussed earlier, a DAB-based power architecture is employed for the PV-to-grid
side dc-dc conversion. The required tank inductance for power transfer is integrated into
the three-winding transformer through its leakage inductance. This integration eliminates
the need for additional discrete inductors on both the PV and grid HF ac sides, thereby
reducing the number of magnetic components and enhancing overall system efficiency and
power density. The equivalent leakage inductance between the PV and grid-side windings,
referred to the PV side, is given as

N 2
Lijpv-gria = Likp + Likg <Np> =L,+L,. (6.72)
g

Moreover, the equivalent leakage inductances between the EV and grid-side windings, and

between the EV and PV-side windings, both referred to the PV side, are given as

Lik-ev-gria = Like <Np> +leg<Np> = LZke(Np> +Lyg, (6.73)
e g e
N\ 2 N, \?
Lij-ev-pv = Like <Np> + Ligp = Lige <Np) + Ly. (6.74)
[ [

In this study, the design choice of L, = L, is considered to ensure that the LC L tank remains
symmetric for power transfer from both the PV and grid ports to the EV port. From (6.73)
and (6.74), it can be observed that, to maintain L, = L4, Ljjev-pv should be equal to

Lij-cv-gria- This implies that the leakage inductance between the EV and PV-side windings,
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and between the EV and grid-side windings, must be equal to satisfy the design choice. As
the leakage inductance in a transformer is a function of geometric parameters [104,120,121],
the PV and grid-side windings should be placed symmetrically with respect to the EV-side
winding. Given that, the PV and grid windings are placed on one limb of the UU core-shaped
transformer and the EV winding is placed on the other limb, as shown in Fig. 6.20(a). Four
U46,/40/28 ferrite cores from Ferroxcube are used and the cores are paralleled to reduce the
flux density and minimize hysteresis losses, which have been calculated using the iGSE [122].

As mentioned later in the experimental validation section, the PV port is connected
to a 500 V dc supply, while the average value of the pulsating dc-link voltage on the grid
side, Vpn-avg, 18 %ng, which evaluates to 648 V. Considering these voltage levels and to
maintain the core flux density below 150 mT to keep hysteresis losses within acceptable
limits, the PV-side winding is designed with 12 turns (/N,) and the grid-side winding with
15 turns (Ny). Finally, the number of turns in the EV-side winding, N, is determined by
minimizing the kVAr/kW ratio of the LCL tank, thereby enhancing system efficiency by
reducing reactive power. A wide EV battery voltage range of 200-800 V is considered. For
each value of N, the kVAr/kW ratio of the LC'L tank is computed over this battery voltage

range using

-2
_ Zlke-rmsws(l’lke + Les)

(Q/P)Lyje, Lo =

(6.75)

P, ’
. _ . 2
(Q/P)c.. = (”ch)m (6.76)
i2 welL
(Q/P) Loy = 55— (6.77)
(Q/P)rcL = (Q/P)Lype,Les + (Q/P)Crcq + (Q/P)Locq » (6.78)

and averaged, as shown in Fig. 6.21. The figure indicates that the tank achieves its minimum
kVAr/kW ratio when N, is close to 10. Based on this observation, the EV-side winding is
designed with 10 turns. All three windings are designed using Litz wire to minimize winding
losses caused by skin and proximity effects.

In this work, the inductor required between the PV- and grid-side H-bridges is realized
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Fig. 6.21: kVAr/kW ratio of (a) the overall LC'L tank for various EV battery voltages and
turns on the EV-side winding (Ne), and (b) the averaged kVAr/kW ratio of the LC'L tank
with respect to N.. To minimize the kVAr/kW ratio and improve efficiency, N, = 10 is
selected.

Table 6.3: Fabricated three-winding transformer parameters.

Parameter Value
Np: Ng: N 12:15: 10
Cores 4xU46/40/28, 3C95
(Ferroxcube)

PV and EV-side 1100 strands of AWG 40
windings Litz wire

Grid-side winding 700 strands of AWG 40

Litz wire
Spv-grid 2.762 mm
le—pv—grid = Lp + Lg 24.86 uH
lep7 legv and lee 12.43 IU,H, 19.42 IU,H, and

18.25 uH
Magnetizing 1.54 mH

inductance referred to

the PV side

through the leakage inductance of the designed three-winding transformer. This integration
eliminates the need for additional discrete inductors, reducing magnetic components and
improving system efficiency and power density. The spacing between the PV and grid-

side windings, Spy-grid, is analytically determined to achieve the desired leakage inductance,
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assuming a negligible H-field in the core and magnetic field lines orthogonal to the core
surface due to its high permeability. The magnetic field distribution is shown in Figs. 6.20(b)
and 6.20(c). The field distribution is illustrated only for the PV and grid-side windings,
as the EV-side winding remains unenergized during the calculation of leakage inductance
between the PV and grid-side windings. The resulting leakage inductance, referred to
the PV side, can be expressed as a function of spy.griq by solving %(Lp + Ly)I 2 =

p-rms

% [ H?dVeore , which gives

N 2
Lig-pv-grid = Likp + Likg <Np> =Lp+ L,
g

2 (6.79)
a0t (hpMLTp | hgMLT,

3 3

bcore

+ Spv—gridMLTavg> )

where beore is the spacing between the UU core limbs; h,, MLT), h,, and MLT, are the
heights and mean turn lengths of the PV and grid-side windings, respectively. The average
mean turn length, MLT,, is the arithmetic mean of MLT,, and MLT,. The inductance
is in pH, and all dimensions are in mm. It should be noted that the expression provided
in (6.79) to calculate leakage inductance is derived assuming that the H-field lines are

b
orthogonal to the core surface. This approximation is typically valid when the ratio C;\re,

where X = hy, + hg + Spy-grid, is greater than 10, which is often the case for concentric
windings [123]. However, in this study, since the PV and grid-side windings are placed side
by side, the ratio is less than 1, making the expression in (6.79) inaccurate. To correct this,
a correction factor proposed by Dr. Rogowski [123] is multiplied to improve the leakage

inductance estimate. The correction factor is given as

K,=1-

1 — e—2mbcore /A)
27beore / A 2 ( ‘
MLTan — MLTfe I MLTfe <1 I efzﬂ.(d’fd)/)) _ MLTfe C,Qﬂ-(bcorc+2d+2d’)/)\
MLT g MLT g MLTayg ’
(6.80)

1 — 6_27Tbcore/)\ [1 e—47‘(‘d/)\

where MLT}, refers to the portion of the MLT that is enclosed by ferrite on both sides (inside

the UU core geometry), while d and d denote the distances from the ferrite to the windings
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on the two sides. The corrected leakage inductance is then given by Lk pv-grid-corrected =
K Ligpy-grid- Using (6.79) and (6.80), the spacing between the PV and grid-side windings,
Spv-grid, required to achieve the desired leakage inductance can now be accurately calculated.

The three-winding transformer is initially modeled using ANSYS MAXWELL, as il-
lustrated in Figs. 6.20(a), 6.20(b), and 6.20(c), and subsequently fabricated for hardware
implementation, as shown in Fig. 6.20(d). Bobbin and Nomex sheets are used to adjust the
spacing between the windings to achieve the desired leakage inductance. All parameters
associated with the fabricated transformer are summarized in Table 6.3. The coupling co-
efficient and inductance matrices obtained from the 3D FEA simulations and experimental

measurements exhibit close agreement, as presented below:

1Y% Grid EV

PV 1 0.9920 0.9880
krea = ,
Grid | 0.9920 1 0.9880

EV | 0.9880 0.9880 1

PV Grid EV

PV | 1.5518 1.9259 1.2760
LFEA = (il’l mH) y
Grid | 1.9259 2.4288 1.5963

EV | 1.2760 1.5963 1.0748

PV Grid EV

PV 1 0.9919 0.9874
kmeasured = )

Grid | 0.9919 1 0.9874
EV | 09874 0.9874 1

PV Grid EV

PV | 1.5476 1.9201 1.2721
Lineasured = (m II]H) R

Grid | 1.9201 2.4211 1.5911

EV | 1.2721 1.5911 1.0725

where kpgpa and Lyga represent the coupling coefficient and inductance matrices derived
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Fig. 6.22: Current waveform through the capacitor C,, under the condition where the grid
port receives the rated power Pateq. The grey-shaded area represents the value of Q.

from FEA simulations, respectively, and kpeasured ad Lmeasured correspond to the cou-
pling coefficient and inductance matrices obtained from experimental measurements of the

fabricated three-winding transformer.

6.7 Selection of DC-link Capacitors

6.7.1 Cpoy Copny and C,

The dc-link capacitors on the grid-side are designed based on the allowable HF voltage
ripple in the dc-link voltages. In the unfolding-based topology, the capacitors Cp,, Cop, and
Cpn, are selected to be equal to form a balanced A-connected configuration [12]. Accordingly,
Cpn, placed on the dc-link of the grid-side H-bridge, is first determined, and its value is then
assigned to Cp, and C,,. Now, to ensure that the peak-to-peak HF voltage ripple across
Cpn, remains within the maximum permissible limit of AV}, max, the required capacitance

can be derived using

Qpn

R —

(6.81)

where @, is obtained from the analytical current expressions derived in Section 6.4.2 and
is illustrated in Fig. 6.22 as the grey-shaded area. This figure depicts the current waveform
through the capacitor Cp,, under the condition when the grid-port receives the rated power

Pated, resulting in the maximum HEF voltage ripple in the dc-link voltage vy,,.
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Fig. 6.23: Modular IPOP-based configuration of the proposed multiport topology, showing
paralleled TAB-based dc-dc converter modules with individual current injection circuits
connected to a single grid-tied Unfolder.

6.7.2 C,, and Cgy

Similar to the grid-side dc-link capacitors, the dc-link capacitors on the PV and EV
sides are also dimensioned based on the permissible HF voltage ripple in their respective
dc-link voltages. Accordingly, the required capacitance values on the PV and EV sides can

be determined as

Prated
Cyoy = . —rated 6.82
P WszVAva-max ’ ( )
o Prated
Cev = Ws Vev AVey-max ’ (683)

where AVjy.max and AVeymax denote the maximum allowable peak-to-peak HF voltage

ripples across the dc-link capacitors C,, and Cey, respectively.

6.8 Scalability of the Proposed Topology

A modular approach has been proposed in this study to demonstrate the scalability of
the multiport topology. In this approach, the inputs and outputs of the TAB-based dc-dc
converter modules are paralleled to form an IPOP configuration. Each module includes
its own current injection circuit, while the paralleled system connects to a single grid-tied
Unfolder. The architecture of this scalable approach is shown in Fig. 6.23. As discussed in
Section 6.3, the Unfolder mainly contributes to conduction losses with negligible switching
losses. Leveraging this advantage, a single high-power Unfolder interfaced with multiple

parallel-connected dc-dc modules is proposed to minimize the number of semiconductor de-
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Fig. 6.24: To evaluate the scalability of the proposed multiport topology, simulations are
carried out with ten paralleled dc-dc modules connected to a single grid-tied Unfolder,
corresponding to a total power of 50 kW. The simulation results for the grid currents, PV
bus current, and EV battery current are shown for: (a) the 500 V PV dc bus supplying
50 kW to the grid with no EV battery connected; (b) the PV dc bus delivering 50 kW
to the 800 V EV battery load with no power supplied to the grid; and (c) the PV dc bus
unavailable, with the grid supplying the entire 50 kW required by the 800 V EV battery
load.

vices associated with the Unfolder and reduce conduction losses by employing high-current,
low-resistance semiconductor devices.

Moreover, paralleling the dc-dc modules facilitates several key advantages. It allows
for straightforward power scaling to meet higher load demands, enhances system reliability
through redundancy, simplifies maintenance by enabling module-level replacement or up-
grades, and provides flexibility to integrate additional energy sources or EV battery loads
without significant redesign of the individual modules. This modular IPOP approach also

enables incremental capacity expansion and supports the efficient distribution of power
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among modules, making it particularly suitable for scalable EV charging infrastructure.
To evaluate the scalability of the proposed multiport topology, simulations are per-
formed with ten paralleled dc-dec modules and a single grid-tied Unfolder, corresponding to
a total power of 50 kW. Simulation results are shown in Figs. 6.24(a), 6.24(b), and 6.24(c)
for the following cases: (i) the 500 V PV dc bus supplies a total of 50 kW to the grid,
with no EV battery connected; (ii) the 50 kW output from the PV dc bus is delivered to
the 800 V EV battery load, with no power supplied to the grid; and (iii) the PV dc bus
cannot supply power, and the grid provides the entire 50 kW required by the 800 V EV
battery load. The simulation results demonstrate stable system operation at high-power
levels with high-quality grid currents when the grid receives or supplies power. The re-
sults also demonstrate stable multidirectional power flow and reliable power delivery to the
high-power EV battery load. Moreover, a single dc-dc module can be designed for higher
power ratings based on the design details provided in this chapter, reducing the number of

modules required in parallel for scalability.

6.9 Experimental Validation

Experimental validation is carried out using a 5 kW ac-dc hardware prototype consist-
ing of a grid-tied Unfolder, a current injection circuit, and a TAB-based dc-dc converter,
as shown in Fig. 6.25. The corresponding hardware parameters are provided in Table 6.4.
The California Instruments MX-30 emulates the grid, a Regatron dc power supply emulates
the dc-link voltage at the PV port, and an NH Research 9300 system emulates the EV
battery load. The Texas Instruments TMS320F28379D microcontroller is used to control
the hardware. Moreover, the scalability of the proposed topology, discussed in Section 6.8,
is validated in hardware at the 10 kW power level by paralleling the inputs and outputs
(IPOP configuration) of two 5 kW TAB-based dc-dc converter modules, each equipped with
its own current injection circuit. The paralleled system connects to a single 10 kW grid-tied
Unfolder. The stacked PCBs for paralleling are shown in Fig. 6.26.

To begin with, the pulsating dc-link voltages vpo, Von, and vy, are observed at the

output of the Unfolder, as shown in Fig. 6.27. The effect of the pulsating nature of vy, is
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Fig. 6.26: To validate the scalability of the proposed multiport topology at 10 kW, two
5 kW TAB-based dc-dc converter modules are paralleled, each including an individual
current injection circuit. The paralleled dc-dc system connects to a single grid-tied 10 kW
Unfolder. The figure shows the stacked PCBs for paralleling: (a) individual current injection
circuit and grid-side H-bridges, (b) PV-side H-bridges, and (c) EV-side H-bridges.

Table 6.4: Hardware parameters of the multiport system.

Parameter Value
Grid voltage 480 V (I-1), 60 Hz ac 3-¢
PV-side dc-link voltage 500 V

EV-side dc-link voltage

200 V - 800 V (0 V when battery disconnected)

Unfolder MOSFET's

NTH4L014N120M3P (1200 V, 14 m<)

Current injection half-bridge
and TAB MOSFETs

NTH4L022N120M3S (1200 V, 22 m)

Unfolder switching frequency

60 Hz (top and bottom MOSFETs), 120 Hz
(common-source MOSFETS)

Current injection half-bridge 100 kHz
switching frequency
TAB switching frequency 100 kHz
Lgyia 100 pH (MX-30)
Cpo, Con, and Cpy, 1.8 uF
Lei 750 uH
LOL tank: (Lige + Les), Le-eq, 75.67 pH, 79.61 pH, and 31.98 nF
and Ce.eq
Cpv and Cey 24 uF

evident in the tank waveforms shown in Fig. 6.28, corresponding to the case when the grid

receives all the power from the PV port and the EV battery is not connected. The voltage

at the output of the grid-side H-bridge, vy, exhibits a six-pulse waveform, as the H-bridge

connects to the pulsating dc-link voltage vy,. This pulsating nature of the tank voltage
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Fig. 6.27: Pulsating dc-link voltages vyo, Von, and vy, at the output of the Unfolder. The
grid-side H-bridge connects to the dc-link voltage vpy,.
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Fig. 6.28: Tank voltages and currents for the case when the grid receives all the power from
the PV port and the EV battery is not connected. The pulsating dc-link voltage v, results
in pulsating tank currents.

on the grid side leads to pulsating tank currents, as illustrated in the figure. To maintain

power flow at different ports despite the pulsating nature of the grid-side dc-link voltage

and the corresponding pulsating tank currents, the phase shifts ¢,, and (7 — ¢p.) are also

varied throughout the grid cycle by the high-bandwidth closed-loop controls, as discussed

earlier in Section 6.5.

Hardware verification is performed under two operating scenarios. In the first scenario,
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the PV port delivers 5 kW of power. In the second, the PV port cannot supply sufficient
power to the EV battery, so the grid provides the deficit. The efficiency and THD results
are presented following the discussion of these two scenarios, with the subsequent transient
responses validating the robustness of the designed closed-loop control architecture. Finally,

the scalability of the proposed topology is demonstrated at the 10 kW power level.

6.9.1 Operation with PV Port Supplying 5 kW

In this experimental scenario, the PV port delivers 5 kW of power, while the EV
port receives between 0 and 5 kW. If the EV port requires less than 5 kW, the remaining
power is delivered to the grid. Figs. 6.29 and 6.30 show the experimental results, including
the phase-a Unfolder input voltage, phase-a grid current, injection current, one of the
pulsating dc-link voltages, PV and EV battery voltages and currents, and tank waveforms.
Figs. 6.29(a), 6.29(b), and 6.29(c) correspond to the case where the PV port delivers the
full 5 kW of power to the grid, with the EV battery disconnected. In the subsequent
cases, an EV battery is connected at voltage levels of 200 V (Figs. 6.29(d)—6.29(f)), 400 V
(Figs. 6.30(a)-6.30(c)), and 800 V (Figs. 6.30(d)-6.30(f)). Since the LCL tank on the EV
HF side behaves as a current source, the power delivered to the EV port increases with the
battery voltage: 1.25 kW at 200 V, 2.5 kW at 400 V, and 5 kW when an 800 V battery is
connected. It should also be noted that the EV current, i.,, can be adjusted by modifying
the current reference, igy.ref, in the closed-loop control to achieve different current and
corresponding power levels at a given battery voltage. As more power is supplied to the EV
port, the grid current correspondingly decreases, indicating reduced power delivered to the
grid, as shown in Figs. 6.29(a), 6.29(d), 6.30(a), and 6.30(d). The tank waveforms shown
in Figs. 6.29(c), 6.29(f), 6.30(c), and 6.30(f) are captured using the envelope (persistent)
mode of the Tektronix 4 Series oscilloscope [124], which accumulates waveform data over
time to enable the observation of variations induced by the pulsating dc-link voltage, vpy,.
The waveforms show that the tank currents maintain appropriate polarity and sufficient
magnitude during the voltage transitions of all H-bridges in the TAB, thereby ensuring
ZVS of the MOSFETSs under all operating conditions.
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6.9.2 Operation with PV Port Supplying Less Than 5 kW

In this experimental scenario, the PV port cannot supply the full 5 kW required by the
EV battery, so the grid provides the deficit. To implement this condition in hardware, the
PV port current, ipy, is reduced to 25% of its rated value and then to 0 A by adjusting the
current reference, ipy_rer. As the PV current decreases, the power delivered from the PV port
is reduced, and the grid supplies the remaining power required by the EV battery. Fig. 6.31
shows the experimental results, including the phase-a Unfolder input voltage, phase-a grid
current, injection current, one of the pulsating dc-link voltages, PV and EV battery voltages
and currents, and tank waveforms. Figs. 6.31(a), 6.31(b), and 6.31(c) correspond to the
case where the PV port supplies 1.25 kW of power, while the EV port requires 5 kW as
it connects to an 800 V battery and 7., is maintained at its full rated value. The deficit
of 3.75 kW, along with system losses, is supplied by the grid. Figs. 6.31(d), 6.31(e), and
6.31(f) show the case where the PV port supplies no power and all the required power is
provided by the grid. From the tank waveforms in Figs. 6.31(c) and 6.31(f), it can also be
observed that the H-bridges of the TAB achieve ZVS due to the appropriate polarity and

magnitude of the tank currents during switching transitions.

6.9.3 Efficiency and THD Measurements
Efficiency and THD measurements of the proposed multiport system are performed
using the Yokogawa WT1806E power analyzer. The formula used to calculate efficiency is

given as:

¥ Preceiv
Efficiency = ——<¥ed 100, (6.84)
Z-Psupplied

where Y Peceived denotes the total power received by the ports, and X Pypplieca denotes the
total power supplied by the ports. When the PV port delivers the full rated power of 5 kW,
Y Pyuppliea corresponds to the PV port power, while ¥ Peceived is the sum of the power
received by the EV port and the grid. Conversely, when the PV port cannot supply the full

rated power and the grid compensates for the deficit, 3 Pypplied is the sum of the powers
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Fig. 6.33: Efficiency of the proposed multiport system for different values of grid-supplied
power. Efficiency is also shown for the case when the battery is disconnected, resulting in
0 V across the EV-side H-bridge dc-link. The power supplied by the PV port and received by
the EV port, represented as (X, Y) kW, is also provided. A peak ac-dc efficiency of 98.3% is
achieved, with efficiency maintained above 97% across various operating conditions, power
flow directions, and a battery voltage range of 200-800 V.
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Fig. 6.34: THD of the grid current in the proposed multiport system for different values of
grid-supplied power and various battery voltages. THD values for cases with low grid power
are disregarded due to the negligible fundamental component of the grid current in these
scenarios. The power supplied by the PV port and received by the EV port, represented as
(X,Y) kW, is also provided.

from the PV port and the grid, and X Pieceived is the power delivered to the EV port.

The measurements obtained from the power analyzer are presented in Fig. 6.32 for
three operating points: (i) the PV port supplies all the power to the grid, achieving a peak
system efficiency of 98.3% and a grid current THD of 2%; (ii) the PV port supplies all the
power to the EV port with an 800 V battery, achieving an efficiency of 97.47%; and (iii)

the PV port supplies no power, and the grid provides all the power to the EV port with an
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= Unfolder M Current injection circuit = TAB dc-dc converter
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Fig. 6.35: Power loss distribution among the Unfolder, current injection circuit, and TAB-
based dc-dc converter of the multiport system when supplying rated power from the grid
to an 800 V EV battery load.

800 V battery, achieving an efficiency of 97.43%. The efficiency and THD measurements for
all the operating points tested in hardware are presented in Figs. 6.33 and 6.34. Efficiency
is maintained above 97% across various operating conditions, power flow directions, and
a battery voltage range of 200-800 V. Finally, Fig. 6.35 shows the power loss distribution
among the subsystems of the multiport topology when supplying rated power from the grid
to an 800 V EV battery load.

6.9.4 Transient Responses

To demonstrate the robustness of the proposed closed-loop control architecture, tran-
sient hardware responses are presented for various scenarios. Fig. 6.36(a) shows the step
response of the battery load current, ey, from 4.69 A to 6.25 A. With the 800 V battery
load connected, the EV port power increases dynamically from 75% of the system rated
power (3.75 kW) to 100% rated power (5 kW). In Fig. 6.36(b), the grid-side voltages are
subjected to a 10% step change from 277 V to 250 V. During this grid voltage sag, the
closed-loop control appropriately maintains the grid, PV, and EV currents. Fig. 6.37(a)
shows the step response of the PV current, ipy, from 10 A to 0 A. In this case, the PV
port becomes unavailable and cannot supply power to the 800 V EV battery load. The
power flow direction shifts, and the grid provides the required 5 kW power to the battery
load. Finally, Fig. 6.37(b) shows the response to a PV bus voltage deviation from 500 V
to 470 V. The closed-loop control maintains the PV and EV currents during this voltage

change. These results demonstrate that the proposed multiport system and its closed-loop
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Fig. 6.36: (a) A step change is applied to the EV battery current, iey, from 4.69 A to
6.25 A. With the 800 V battery connected, the EV port power increases from 75% of the
rated power (3.75 kW) to 100% rated power (5 kW). (b) A 10% step change is applied to
the Unfolder input ac voltages, from 277 V to 250 V. The closed-loop control maintains the
grid, PV, and EV currents during this grid voltage sag.

control respond effectively to transients and properly manage shifts in power flow direction.

6.9.5 TAB Validation

In addition to the ac-dc verification of the proposed multiport system, the design of the

TAB-based dc-dc converter is further validated using a 5 kW hardware prototype. Hardware
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Fig. 6.37: (a) A step change in PV current, iy, from 10 A to 0 A shifts the power flow
from the PV port supplying 5 kW to an 800 V EV battery, to the grid supplying 5 kW to
the battery load. (b) A deviation in PV bus voltage, V,y, from 500 V to 470 V is applied
in hardware. The control maintains the PV and EV currents properly during this voltage

change.

results are presented in Fig. 6.38 for two power flow scenarios. Figs. 6.38(a)-6.38(d) show

the tank voltages, currents, and loss distribution of the dc-dc converter when an 800 V

battery load is connected to the EV port. In this case, the full 5 kW is delivered from the

PV port to the EV battery, with no power transferred to the grid port. A dec-dc converter
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efficiency of 98.05% (97.5 W power loss) is achieved in this scenario. Figs. 6.38(e)—6.38(h)
show the tank waveforms and loss distribution when a 200 V EV battery is connected. Here,
1.25 kW is delivered to the EV battery, and the remaining 3.75 kW is supplied to the grid
port. The dc-dc converter achieves an efficiency of 98.51% (74.5 W power loss) in this case.
The waveforms in Figs. 6.38(a) and 6.38(e) are captured using the envelope (persistence)
mode of a Tektronix 4 Series oscilloscope [124] to observe variations in tank waveforms over
a grid cycle, caused by the pulsating dc-link voltage on the grid side. Figs. 6.38(b) and
6.38(f) show results when the grid-side dec-link voltage is 588 V, while Figs. 6.38(c) and
6.38(g) correspond to the dc-link voltage of 679 V.

Moreover, the validity of the analytical derivations presented in Section 6.4.3 of the
chapter is verified using the state-plane plots shown in Fig. 6.39. Figs. 6.39(a)-6.39(c)
correspond to the PV-side, grid-side, and EV-side H-bridges, representing transitions I,
II, and III, respectively. The analytically obtained state-plane trajectories are compared
with the experimental state-plane trajectories for the case where an 800 V EV battery
is connected and the grid-port dec-link voltage is 679 V. The close agreement between the
analytical and experimental state planes confirms the accuracy of the derived expressions in
Section 6.4.3 [(6.44), (6.45), (6.49), (6.50), (6.54), and (6.55)], which are used to determine
the H-bridge voltages and tank currents during the switching transitions.

Finally, the ZVS behavior of the TAB MOSFETSs for 800 V and 200 V EV battery
voltages is verified in hardware, as shown in Fig. 6.40. Figs. 6.40(a) and 6.40(b) correspond
to the 800 V battery voltage with grid-port dc-link voltages of 588 V and 679 V, respectively,
while Figs. 6.40(c) and 6.40(d) correspond to the 200 V battery voltage with 588 V and
679 V grid-port dc-link voltages, respectively. In all cases, the tank-current polarities and
magnitudes during the switching transitions are appropriate such that the H-bridge voltages
transition from —V to +V before the gate pulses turn on, implying that the corresponding
MOSFET drain-source voltages also transition accordingly. This indicates that the output
capacitances Cogg charge/discharge during the dead time, thereby confirming ZVS operation

for all tested conditions.



247

"A 619 ST 98e)j0A qUI[-Op 110d-pLis oY)

pue pojoouuod St A10138q A A 008 UR oI9UM 9sed oY) 10} sjod ejuomwtiodxo [m uostreduwod £Q poyLIoA ole sweiderp oue[d-o3els

poaurejqo A[eonAeue oy, “([I] UOWISweRI}) a8pLIq- SPIS-AH o3 (9) pue ‘(I uomisuer}) 98pLq-H opis-plis oyl (q) ‘(I uonisuwery)
98pLIq-H oPIS-Ad o3 (®) 01 SUIpuodsaliod ¢§°Q UOI}I8G Ul POSSNOSIP SUOI)ISURI) 991} 9} I0J swrelserp osurv[d-oe)S :6€'9 "SI

©)
A\/v u\mf
0001 00§ 0 00$- 0001~
SISA[eUY — JUSWLRAX g — 17
8

B e ma.

01

(v) P71

(@ (®)
(A) (A)
00L 0s¢ 0 0s¢- 00L- 00¢ 0s¢C 0 0s¢C- 00¢-

, , , - ! : ! Sl
L -
——  II- QM/ \ m.mu,mq)
z z

SIsATeuy — EoEEogxmL 6- ‘7m«m%_m:<| Juowdxy — ¢




248

"SUOT)IPUOD PI)sa) [[e 10J Uorerado A7 SULIJUOD SIYJ, "W} pesap oY) Surmp #31eyosip /a81etp 55°,) seourjoedes jndino
IHASON 242 rey) suryeorpul ‘uo winy sesjnd 99e3 91} 810Joq A+ 03 A — WOIJ UOIIISTRI) SoSR)[0A 93PLIG-H o) 1R} yous oyerrdoidde
aIe SUOIYISURI) SUIYDIIMS S} SULIND SOPNIIUSeU pur SaljLre[od JULLIND-YUR) 37} JRYY) S8SRD [[€ Ul PSAISSO 8¢ UeRD 1] ‘98RI[0A JUI[-OP
110d-puis A 6L9 pue o3ejjoa L1013eq A (007 (P) pue ‘odejjoa yur-op 110d-pus A 8¢ pue adejjoa Amw)yeq A (0g (0) ‘@8eijoa YuI-op
110d-prid A 629 pue o8ejjoa £1933eq A 008 (q) ‘©8e)[oA JuI-op 110d-pLIs A ]G pue ageijoa A1033Rq A (008 (B) 10 S08RI[0A 90IN0S-0)eT
pue ‘SHULIImD yue) ‘soei[oa 93PLIq-H "sa3efoa £111eq AH A 00 PU® A 008 10J STHASOIN VI 9U) JO UOTed oA SA7 (07’9 "Sid

Iy
/8

ayy
T

D

T @)
o). N @

>\£§§§§.§.§§
" o 258,

o smn sttt s g AX 4 iyt iyt e

e ——




249

6.9.6 Scalability Verification at 10 kW

The scalability of the proposed multiport topology, discussed in Section 6.8, is vali-
dated in hardware at the 10 kW power level by paralleling the inputs and outputs (IPOP
configuration) of two 5 kW TAB-based dc-dc converter modules, each equipped with its
own current injection circuit. The paralleled system connects to a single 10 kW Unfolder,
which either supplies power to or receives power from the grid. The hardware setup is illus-
trated in Figs. 6.25 and 6.26. In the first testing condition, Fig. 6.41(a) shows the grid-side
voltages and currents when the 500 V PV dc bus supplies a total of 10 kW to the grid,
with no EV battery connected. An overall conversion efficiency of 98.1% and a grid current
THD of 2.2% are obtained, as shown in Fig. 6.42(a).

Following this, an 800 V battery load is connected to the paralleled EV dc ports. In
this case, the 10 kW output from the PV dc bus is delivered to the battery load, as shown
in Fig. 6.41(b), which presents the dc-side waveforms of the PV and EV ports. These
waveforms show the PV dc bus supplying a total of 20 A and the EV battery load receiving
12.5 A. An overall efficiency of 97.4% is achieved, as shown in Fig. 6.42(b). In this scenario,
the grid does not receive power, and all power is delivered to the EV battery load.

Finally, a scenario is tested in which the PV dc bus cannot supply power, and the grid
provides the entire 10 kW required by the 800 V EV battery load. Fig. 6.41(c) shows the
grid-side voltages and currents for this case. An efficiency of 97.1% and a grid current THD
of 2.9% are achieved, as shown in Fig. 6.42(c). These hardware results demonstrate that
the proposed multiport topology has the potential for scalability to support higher-power
EV charging infrastructure, leveraging the IPOP modularity approach to distribute power
efficiently, enhance system reliability through redundancy, improve thermal management
by reducing stress on individual modules, and simplify maintenance. The modular design

also facilitates seamless capacity expansion to meet future higher-power requirements.

6.9.7 Summary of Experimental Results and Comparison with Prior Work
The summary of the experimental results of the proposed multiport system is provided

in Table 6.5. Moreover, the performance of the proposed 3-¢ grid-tied multiport converter
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is compared with prior 3-¢ grid-tied multiport converters in Table 6.6. It can be observed
that the proposed system surpasses prior work in key parameters, achieving higher efficiency
through a low-frequency-switched Unfolder and an optimized TAB tank, lower THD, and
reliable operation over a wide EV battery voltage range of 200-800 V. In addition, the use of
an Unfolder, which minimizes grid-side filtering requirements with grid inductance sufficient
for PFC, together with the integrated three-winding transformer design, reduces the overall
count of passive components in the system. The scalability of the proposed converter is also
demonstrated through 50 kW simulation results and 10 kW hardware tests, supporting its

potential for practical high-power EV charging infrastructure.

6.10 Conclusion

In conclusion, this chapter proposes a high-efficiency, 3-¢ grid-tied ac-dc multiport sys-
tem for integrating battery storage or renewable energy sources for EV battery charging.
The utilization of a low-frequency grid-side converter and the optimized dc-dc converter
design result in notable improvements in system efficiency compared to conventional ap-
proaches. The system employs an unfolding-based grid interface with a current injection
circuit and an optimized TAB-based dc-dc converter to minimize conduction losses and en-
sure ZVS across a wide range of operating conditions. A three-winding transformer is used
to integrate the H-bridges of the TAB, with the required tank inductance embedded into
its leakage. An LCL resonant tank ensures compatibility with a wide range of EV battery
voltages, with the transformer winding optimized to minimize the kVAr/kW ratio of the
LCL tank across 200-800 V, thereby improving system efficiency. For the proposed tank
circuit and dc-dc converter configuration, power flow analysis is presented along with the
closed-loop control and corresponding small-signal model to enable effective power transfer
between ports.

The proposed multiport system has been validated using a 5 kW, 480 V grid-tied hard-
ware prototype. Experimental results demonstrate various power flow scenarios, including
(i) the battery storage/renewables port supplying rated power to other ports, and (ii) the

grid compensating when the battery storage/renewables port cannot meet the EV battery



255

load demand. The prototype achieves a peak ac-dc efficiency of 98.3%, maintains efficiency
above 97% across various operating conditions, power flow directions, and a battery voltage
range of 200-800 V, and exhibits a low grid current THD of 2%. In addition, a modular
architecture is proposed to achieve power scalability of the multiport topology, employing
TPOP dc-dc converter modules that interface with a single grid-tied Unfolder. Scalability is
demonstrated through simulations at 50 kW and further validated in hardware at the 10 kW
level, achieving a peak efficiency of 98.1%. The summary of the experimental results of the
proposed 3-¢ multiport system is provided in Table 6.5, and its performance is compared
with prior 3-¢ grid-tied multiport converters in Table 6.6.

Overall, the proposed system, as presented in this chapter and in the corresponding
article [125], demonstrates higher efficiency, lower THD, reduced passive component count,
and reliable wide-voltage operation compared to prior approaches. These results confirm
the viability of the proposed architecture for future scalable, efficient, and compact EV

charging infrastructure capable of integrating multiple energy sources.



CHAPTER 7
CONCLUSIONS

The global effort to reduce greenhouse gas emissions and dependence on fossil fuels
identifies electric mobility as a central strategy for achieving a sustainable future. This
transition increases the demand for advanced charging infrastructure and high-efficiency
grid-tied ac-dc converters. Such converters are essential not only for reliable EV charging but
also for the integration of renewable resources into the grid. To meet the large power levels
required for widespread electrification, grid-connected converters must operate efficiently,
reliably, and cost-effectively. Conventional EV charging systems typically use a two-stage
architecture with an AFE PFC stage and an isolated dc-dc converter. While the stiff dc
link in this approach simplifies control, the AFE incurs high switching and reverse-recovery
losses, limiting switching frequency, increasing filter size, and reducing efficiency due to
successive full-power processing stages. These drawbacks have driven increasing interest in
single-stage ac-dc converters for both conductive and wireless charging.

The first part of this thesis focuses on the design, development, and optimization
of a single-stage unfolding-based ac-dc topology for high-power EV battery charging. The
proposed architecture employs a 3-¢ 480 V Unfolder and a T-type bridge-based three-
port dc-dc converter to deliver regulated power over a battery voltage range of 649-755 V
while simultaneously achieving PFC. By integrating these functions into a single conversion
stage, the system eliminates the need for large grid-side inductors and dc-link capacitors,
resulting in a compact, power-dense, and efficient solution. This configuration is particularly
well suited for WPT charging of heavy-duty EVs, where modular scalability is essential.
Hardware validation using a 21 kW prototype with a single T-type module demonstrates an
ac-dc efficiency of 95.94%. The modular nature of the system further supports scalability, as
verified through the parallel operation of six T-type modules with a single grid-tied Unfolder.

Overall, the results confirm that the proposed converter achieves high efficiency, high power
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density, and reliable output power regulation, making it suitable for WPT applications and
adaptable across a wide range of power levels.

Several refinements are introduced to further enhance the performance of the system.
A leading-edge-aligned PWM strategy, combined with a robust closed-loop control archi-
tecture, is developed to achieve ZVS of the resonant T-type bridge in the unfolding-based
ac-dc topology. In contrast to center-aligned modulation, the leading-edge-aligned approach
maintains ZVS of the MOSFETSs across the entire grid cycle by accurately aligning the quasi-
square output voltages of the T-type bridge. A multi-loop control framework is developed,
where the outer loop regulates output power and the inner loops maintain sinusoidal grid
currents to achieve PFC. A detailed ZVS analysis is presented to examine critical switch-
ing transitions, incorporating the nonlinear behavior of the MOSFET output capacitance
through energy- and charge-equivalent capacitors. ZVS times are calculated to determine
appropriate timing parameters for hardware validation. The tank design is then guided by
this accurate ZVS analysis, combined with conduction loss calculations, to ensure correct
polarity and sufficient magnitude of the tank current during switching transitions, while also
minimizing conduction losses. Experimental validation on a 20 kW, 480 V grid-tied proto-
type demonstrates complete ZVS throughout the grid cycle, with a peak ac-dc efficiency of
96.51%. Compared with center-aligned modulation, the proposed strategy achieves 0.76%
higher efficiency and reduces radiated EMI by 6 dB (a factor of 2), confirming the effective-
ness of the proposed leading-edge-aligned approach. Further refinements involve addressing
two critical challenges of unfolding-based ac-dc converters: grid current distortions and
the detrimental effects of LC' resonance between the grid inductance and dc-link capaci-
tors on closed-loop control. For the first challenge, a control-based technique is proposed
that leverages the HF dc-dc converter to emulate current sources/sinks, thereby reducing
current distortions without requiring additional hardware. The operation of the proposed
technique is studied on a grid-tied unfolding-based EV-battery charger circuit, and its effec-
tiveness is verified through simulations and hardware experiments, confirming a significant

improvement in grid current quality and reduced THD. For the second, Middlebrook’s EET
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and phasor-transformation-based small-signal modeling are employed to characterize the
effect of LC' resonance on plant transfer functions and closed-loop control architecture. A
control-based solution is then proposed to damp the resonance, utilizing current-emulation-
based active damping through feedforward control of the HF T-type bridge-based dc-dc
converter. In this technique, the converter emulates current sources/sinks that damp the
LC resonance dynamics, effectively suppressing oscillations without the need for additional
passive components. The validity of this approach is confirmed through simulations and
hardware verification on the proposed unfolding-based ac-dc system. The hardware results
demonstrate a tenfold increase in closed-loop bandwidth compared to undamped systems.
Stable operation is achieved at bandwidth levels above the LC' resonance while maintaining
a low grid current THD across all operating conditions with active damping. By eliminat-
ing passive damping circuits, this refinement further enhances the stability, efficiency, and
overall performance of the unfolding-based ac-dc converter.

A comprehensive small-signal modeling framework for the T-type bridge-based dc-dc
converter, integrated within the unfolding-based ac-dc system, is developed using phasor
transformation. The analysis incorporates both single-sided and double-sided LC'C' res-
onant tanks, with the secondary side employing an isolated diode bridge connected to a
battery load, representing a typical wireless power transfer configuration. The modeling
procedure is organized into distinct steps to provide a clear and intuitive understanding of
the methodology. The resulting analytical model strengthens closed-loop control design and
stability, ensuring more reliable and efficient operation of the EV battery charger system.
Its accuracy is confirmed through simulations with double-sided LC'C resonant tanks and
validated experimentally using hardware prototypes with single-sided LC'C' tanks, demon-
strating validity for perturbation frequencies up to 55 kHz. Furthermore, the modeling
approach has been experimentally verified for both center-aligned and leading-edge-aligned
modulation strategies of the T-type bridge.

The second part of this thesis addresses the broader system-level challenge of

limited electricity generation capacity amidst the rapid expansion of EV charging infras-
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tructure. The energy demand from electrifying transportation exceeds current electricity
generation, underscoring the need for charging solutions that integrate seamlessly with re-
newable generation and battery storage. To address this, the work extends unfolding-based
concepts to a multiport architecture that uses a low-frequency 3-¢ Unfolder for grid in-
terfacing together with a current injection circuit and a TAB-based dc-dc converter. The
TAB employs a three-winding transformer whose leakage inductance provides the required
tank inductance. An LCL resonant network and transformer winding are optimized to
support battery voltages from 200-800 V with a reduced kVAr/kW ratio. Through this
combination, the system coordinates power transfer among the grid, EV battery, and stor-
age/renewable ports, effectively integrating these sources for EV charging. This architecture
is distinct from the single-stage approach discussed earlier, yet it retains the advantages of
the unfolding-based grid connection such as negligible switching losses, simplified grid inter-
facing, and compact filtering requirements. The proposed multiport system demonstrates
how unfolding-based principles can be scaled to more complex system-level architectures
that are essential for future EV charging infrastructure.

Experimental validation confirms the viability of the proposed multiport approach. A
5 kW, 480 V prototype demonstrates multiple power-flow scenarios and achieves a peak ac-
dc efficiency of 98.3%. It maintains efficiency above 97% across various operating conditions
and battery voltages from 200-800 V, with a grid current THD of 2%. Scalability is fur-
ther demonstrated through 50 kW simulations and a 10 kW hardware prototype achieving
98.1% peak efficiency. Compared with prior multiport converters, the proposed architec-
ture achieves higher efficiency, lower THD, reduced passive component count, and reliable
wide-voltage operation. These results confirm that unfolding-based multiport converters
provide a scalable, efficient, and compact foundation for future EV charging infrastructure
that integrates multiple energy sources with the grid.

In summary, this thesis advances both circuit-level and system-level innovations in
unfolding-based ac-dc converters with three-port de-dc resonant topologies for EV battery

charging. From high-efficiency converter designs with advanced control and modeling to
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scalable multiport architectures that integrate battery storage/renewables with the grid,
the contributions establish a foundation for compact, reliable, and sustainable charging
infrastructure that is essential for the electrification of transportation.

Future work for the first part of this thesis involves scaling the proposed single-
stage unfolding-based converter architecture to the 1 MW level, which is the final target
of the project for charging heavy-duty EVs within one hour. This will require paralleling
48 T-type modules, each rated at 21 kW, connected to a single 1 MW Unfolder, while
accommodating and extending the optimization techniques presented in this thesis, such
as advanced modulation, active damping, high-bandwidth control, and accurate modeling,
to ensure efficiency, stability, and reliability at megawatt-scale operation. The closed-loop
control stability of parallel-connected T-type modules must also be analyzed in detail, par-
ticularly considering interactions among the modules. In addition, to follow the EV battery
charging profile at varying power levels, a module-shedding approach is proposed so that
the active T-type modules operate at full power without the need to derate individual mod-
ules, thereby preserving ZVS of the MOSFETs. This strategy requires isolating the T-type
modules being shed using IGBT-based series switches in the tank circuit. A detailed anal-
ysis of the design and control implications of such module shedding remains an important
direction for future investigation.

Future work for the second part of this thesis involves first increasing the power
rating of the single dc-dc module to further improve the scalability of the proposed multiport
topology. The three-winding transformer design can also be implemented using a planar
transformer to enhance power density and compactness. In addition, advanced feed-forward-
based control strategies should be developed to achieve effective decoupling between the
EV-battery current loop and the PV current loop, ensuring that the dynamics of one loop
do not influence the other. The feed-forward action can mitigate cross-coupling effects to
maintain independent and well-regulated loop performance during transients. Moreover,
since an active H-bridge is employed on the EV side of the multiport system, vehicle-to-grid

operation can be explored, with particular emphasis on addressing the control and stability
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challenges.

Finally, the efficiency evaluation in this thesis primarily focused on losses associated
with the power electronics conversion process. However, for practical system deployment,
losses introduced by the thermal management system should also be incorporated to provide
a more comprehensive representation of the overall system performance. Integrating these
additional loss components will enable a more realistic assessment of system-level efficiency

and support informed design decisions for future implementations.
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Voltage and Current Sensing Circuits for High-Bandwidth Control

Van
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Fig. A.1: The structure of the voltage and current sensing circuits used for high-bandwidth
control of the unfolding-based ac-dc system. The sensed voltages, vp, and v,,, and the
sensed currents, i, and i,, are utilized for the feedforward and feedback controls shown in
Fig. 4.31 of Chapter 4.

The voltages v, and v,,, are sensed for the feedforward control, as depicted in Fig. 4.31
of Chapter 4, using resistive divider networks. These sensed voltages are subsequently gal-
vanically isolated using the isolation amplifier, ACPL-C870-500E from Broadcom Limited,
and directed towards an LPF with a 20 kHz cutoff frequency. This cutoff frequency is set
to be more than ten times greater than the LC resonant frequency and sufficiently below
the switching frequency of the dc-dc converter. The filtered analog signals undergo digital
conversion utilizing the 12-bit ADC module integrated within the Texas Instruments mi-

crocontroller TMS320F28379D [126]. The complete voltage sensing structure is illustrated



264

in Fig. A.1.

The currents 7, and ¢, are sensed for the feedback control, as illustrated in Fig. 4.31 of
Chapter 4, using CASR50-NP current sensors from LEM USA Inc., which provide equiva-
lent analog voltage signals. These analog signals are passed through an LPF with a cutoff
frequency of 30 kHz, which is ten times higher than the maximum closed-loop bandwidth
and sufficiently below the dc-dc converter switching frequency. The filtered analog signals
are then converted into digital signals through a 16-bit SAR-type ADC, specifically the
ADSS8318IDGST from Texas Instruments. Subsequently, these digital signals are intercon-
nected in a daisy-chain configuration [127] and communicated to the microcontroller via

the SPI protocol. The overall current sensing structure is presented in Fig. A.1.
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