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ABSTRACT

CLINT WADE HALSTED. Design and analysis of active isolation in power
converter systems. (Under the direction of DR. MADHAV MANJREKAR)

This dissertation presents a new class of power converter topologies that realize gal-
vanic isolation by utilizing active transistor devices instead of conventional transform-
ers. The power converters employ standard switch-mode topologies but isolate the
ground connections with the addition of active switches on the ground side of the
power path. Compared to transformer isolation, the Active Isolated (AI) converters
have reduced size and cost with increased efficiency. A generalized approach is given
that is used to create thirty-six new active isolated topologies based on the following
basic converters: buck, boost, buck-boost, Cuk, SEPIC, and Zeta. Of these, the buck-
boost and boost-buck are determined optimum topologies since they achieve pulsating
and non-pulsating galvanic isolated conversion with the fewest component count, re-
spectively. The two optimum converters are modeled mathematically and various
prototypes are developed that confirms proper galvanic isolation. The concept of
unipolar and bipolar isolation is explored and it is found that in many applications,
including the application chosen for this work, that unipolar isolation is adequate
to provide proper operation and safety for the user. Common-mode transient and
steady-state models of the converters are developed and correlated to experimental
results. The two optimum converters are used in two applications: PV microinverter

and offline AC-DC power supply with fault protection.
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CHAPTER 1: INTRODUCTION

This chapter presents a brief introduction and organization of the dissertation.
Benefits of galvanic isolation is presented in Section 1.1. Motivation for the research

is presented in Section 1.2. Section 1.3 presents the organization of the dissertation.
1.1  Benefits of Galvanic Isolation

Since 1892, transformers have been used for both voltage ratio transformation
and galvanic isolation in the United States. The initial use of transformers in electric
power distribution was to step up/down the ac voltage. The added benefit in the use of
transformers is achieving galvanic (or electrical) isolation. Galvanic isolation provides
for improved safety, ability to shift output voltages, and elimination of common-mode
leakage currents in electrical systems and living creatures [1]. As seen in Figure 1.1,
the output of an isolation transformer can be allowed to float so that a human touching
the high- or low-side rail will not receive an electrical shock since the output secondary
side will float due to high-resistance insulation between primary and secondary side

of the windings.

Isolation
Transformer

e
2o}
g
=
S
5]
[
[72]

high-resistance
= insulator

Figure 1.1: Float for safety to prevent electrical shock
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Another benefit of galvanic isolation is safety grounding of electrical conductors
and electrical equipment chassis. As shown in Figure 1.2, the secondary-side isolation
transformer is grounded at the midpoint of the 240V ac output which provides split-
phase 120V to the residential customer. The neutral midpoint is grounded at the
pole. The neutral conductor is connected to a grounding bar inside the main breaker
box and connected to ground at the residence. The neutral grounded connection is
distributed to the loads which require chassis grounding of the electrical equipment.
This is only possible because of galvanic isolation due to the high electrical resistance
between primary- and secondary-side of the isolation transformer. The grounding of
the electrical neutral conductors and chassis prevents electrical shock to humans and
causes a safety breaker to trip in the event of short from hot conductor to neutral or
chassis.

Galvanic isolation is also used to shift the output voltage on the secondary side
of the isolation transformer. As shown in Figure 1.3. the output voltage on the
secondary side is 24V differential, but the load is split in two and grounded in-between.
The creates a dual supply of £12V.

In all the examples above the benefits obtained are due to decoupling of the
common-mode voltages and currents in the systems. As shown in Figure 1.4, the high
electrical resistance betwen the primary- and secondary-side of the transformer breaks
the common-mode current path in the system. In some systems, high-frequency trans-
formers are used to break this common-mode leakage current path which allows the
system to meet electrical standards and specifications on output dc and leakage cur-

rents |2, 3|.
1.2 Motivation

There is motivation in power conversion to transition from transformer isolation
(magnetic coupling) to electronic active isolation (semiconductor switch isolation).

The main motivation for removing the transformer is to simply remove the extra com-



7,200V+

\ primary

Isolation
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conductor)

; Grounding
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N\ grounds /°  Equipment grounding
' conductors

down pole to ground

Main <

Figure 1.2: Float for safety to ground neutral wire and equipment chassis

ponent, that is, the transformer. For example, a non-isolated buck-boost converter
contains two switch devices, an inductor, and an output filter capacitor. To isolate
this converter, the inductor is replaced by a transformer, as shown in Figure 2.2.
The transformer is more complicated than an inductor, and thus is more expensive

to manufacture and larger since it must contain two separate windings. Due to the



Figure 1.3: Float to shift output voltage

O O 2

t I

em_lk

= GND

Figure 1.4: Elimination of common-mode leakage current

two separate windings, the wires in the transformer must be made with smaller gauge
to fit in the same size as an equivalent inductor. Thus, removing the requirement
for containing a transformer is a sufficient condition for reducing the converter size,

volume, and weight, and increasing the efficiency. This research seaks to answer the
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question, "can we transform a traditional non-isolated power converter to an isolated
one without adding any new type of component." (The "new" component refered to
here is the transformer since it does not exist in the non-isolated buck-boost converter
circuit.) It is allowed that we add additional existing componets, i.e., more switch
devices and control. Tt is not the goal of this research to measure the magnitude of
the difference of the replacement since it has already been shown that transformer
isolated 250W power converters vs. non-isolated ones are 1) 6% less efficient (98%
vs. 92%), 2) 75% more heat dissipative, 3) 50% more expensive, and 4) 65% larger
[4].

Transformers serve a two-fold purpose in power converters: 1) DC voltage (gal-
vanic) isolation, 2) and step-up/down functionality. It is not the goal of the paper to
investigate the loss of step-up/down capability. However, DC/DC converters already
have the ability of step-up/down voltage ratios. Possible cascading of converters
can likely achieve a similar step-up/down ratio, but will not be investigated in this
research. Tt is, however, the goal to explore the differences of the provided galvanic iso-
lation between transformer isolation and active isolation. One consequence of active
isolation is high common-mode (leakage) current due to Coss parasitic switch capac-
itance. Another consequence is lack of fault protection from primary to secondary
side of the converter. Both these consequences will be explored in this research. Also,
it is desired to investigate the circuit topologies that can be actively isolated and
those that are optimal and the requirements and limitations to active isolation in this

regard.
1.3 Organization of Dissertation

This section presents an overview of the organization of the remainder of the dis-
sertation. Chapter 2, entitled "Literature Review", presents an introduction (section
2.1), a review of safety (section 2.2), a review of the relevant literature for conventional

isolation (section 2.3), a review of existing transformerless isolated converter technolo-
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gies (section 2.4), and a review of existing research in transformerless PV inverters
and common mode current comparisons (section 2.5). Chapter 3, entitled "Active Iso-
lation Topologies", provides an introduction (section 3.1), operating principles and
comparisons (section 3.2), a generalized approach to active isolation (section 3.3),
and an analysis of thirty-six dual cascade combinations of basic converter topologies
(section 3.4). Chapter 4, entitled "Modeling and Analysis", presents an introduction
(section 4.1), modeling of the active isolated boost-buck converter (section 4.2), mod-
eling of the active isolated buck-boost converter (section 4.3), and experimental results
(section 4.4). In chapter 5 applications of active isolation are presented. An intro-
duction is given (section 5.1), an active isolated photovoltaic microinverter presented
(section 5.2), and an AC/DC power adapter with fault protection given (section 5.3)
with experimental results included for each application in the corresponding sections.

Conclusions and Future Work are discussed in chapter 6.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This section contains a scholarly literature review on safe levels of currents for hu-
mans (section 2.2), of conventional isolation methods (section 2.3), of tranformerless
isolation approaches (section 2.4), and of transformerless PV inverter common-mode
current solutions and issues (section 2.5). This section begins with a review of affects
of small currents on living creatures which is the basis of the need for fault isolation
in converters. Next, conventional isolation methods are discussed with a focus on
the most popular approaches and include only transformer-based isolated converters
using high-frequency transformer integrated inside the converters, since this is the
most widely adopted approach in modern design practices. Transformerless isolation
approaches discussed focus on capacitor-based isolation approaches and switch-based
isolation attempts (Semiconductor Galvanic Isolation) for switched-capacitor topolo-
gies, since they are designed for medium to high power applications from few Watts
to kilo Watt range. Relatively speaking, there has been little research performed on
this topic in this power range. No research publications were found by the author
concerning switch-based isolation using conventional volt-second balanced convert-
ers such as isolated buck, boost, buck-boost, Cuk, Zeta, SEPIC, etc. All prior re-
search has focused either on capacitor-based isolation or switch-based isolation using
switched-capacitor converters. These transformerless converter topologies will be re-
viewed in detail in this section. It is important to note that many transformerless
converter topologies exist in photovoltaic (PV) inverter research, however, the input
PV voltage is allowed to float, which means isolation is not needed. It is not only

tranformerless converter technology that we are interested in here, but tranformer-
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less and isolated converter technologies. The main application chosen to showcase
this new technology (active isolation) is PV microinverter applications. A review of
transformerless inverter issues and topologies are discussed. Issues of common-mode
leakage current and modulations methods used to reduce this current are discussed.
Finally, grid standards and PV inverter topologies for reducing this common-mode

leakage current are discussed.

2.2 Safety
ms
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Figure 2.1: Conventional time/current zones of effects of DC current on persons for
a longitudinal upward current path (see Table 2.1) [1]

Studies have been conduction to determine the safe level of current in humans and
livestock. According to [1], a current of 30mA through the human body for 400ms
causes muscle contractions with reversable effects, see Figure 2.1 and Table 2.1 [1].
Even higher levels of current eventualy lead to irreversable effects for humans. So,
it is importaint to limit or mitigate this common-mode current. Various standards
limit this common-mode current in a variety of applicatios (including photovoltaic

inverters, information technology, and electronic vehicle charging equipment) |2, 3, 5,



Table 2.1: Time/current zones for DC for hand to feet pathway

Zones | Boundaries | Physiological effects

DC-1 || Up to 2mA curve a slight pricking sensation

DC-2 || 2mA up to curve b | involuntary muscular contractions
DC-3 curve b and above | strong invol. muscular contractions
DC-4 above curve cl cardio arrest, burns, cellular damage

6, 7, 8, 9]. The use of transformerless converter topologies results in higher overall
efficiency, decreased size, and lower cost compared with transformer-isolated types[10].
However, it has been shown that the use of non-isolated converters causes unwanted
common-mode leakage currents to flow through the converter and onto the ground
system[11, 12, 13]. If not limited, these common-mode currents can reduce system
efficiency and trip protection devices such as Ground Fault Circuit Interrupter (GFCI)
and Residential Current Devices (RCD) that are designed to detect ground fault

conditions that protect humans and equipment.
2.3 Conventional Isolation

Traditional methods to achieve voltage (galvanic) isolation include seven distinct
approaches: 1) magnetic isolation (transformers), 2) capacitor isolation, 3) relay, 4)
optical isolation (opto-isolators), 5) hall effect, 6) magnetoresistance, and 7) semicon-
ductor galvanic isolation (SGI). The approach proposed in this research is a type of
SGI called "active isolation (AI)." Both SGI and AT -based isolation are a type of
switch-based isolation.

Before continuing too far into the literature review, it is important to review some
grammar. It is common practice in some engineering disciplines (specifically "power
electronics and power systems") to refer to transformer isolation as galvanic isolation.
However, galvanic isolation does not refer to transformer isolation or magnetic isola-
tion or any particular way of achieving isolation. The word "galvanic" simply means
voltage. The term originates from the discoverer of electricity Dr. Luigi Galvani

who discovered that voltaic electricity and animal electricity are the same. The word
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"voltaic", at the time, referred to the type of voltage produced by the invention of
Alessandro Volta. In particular, the voltaic pile. Although transformers can be used
to achieve voltage (galvanic) isolation, the other six previously mentioned devices
can also achieve the same effect. The first three mentioned (transformers, capacitors,
and relays) are able to achieve high power isolation, while the latter devices/methods

normally are used in low power isolation.

D
T e

¥ Q! f——

TAT

Figure 2.2: Flyback converter

The traditional approach to achieve voltage (galvanic) isolation in power conversion
uses isolation transformers which exploit the properties of magnetic coupling between
windings. To reduce the required size of the transformer, high frequency (HF') switch-
mode power supplies are used. The flyback converter shown in Figure 2.2 is an isolated
buck-boost topology. This converter topology is created by replacing the inductor in

a buck-boost converter with a transformer and rearanging the components. The
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Figure 2.3: Forward converter

0

“lak YRk YRk O3

Figure 2.4: Dual-Active Bridge (DAB) converter

forward converter shown in Figure 2.3 is an isolated buck topology. The Dual-Active
Bridge (DAB) shown in Figure 2.4 is an isolated back-to-back DC-to-AC and AC-to-
DC (buck cascaded with boost) topology [14]. The LLC (inductor-inductor-capacitor)
series resonant converter shown in Figure 2.5 is an isolated resonant buck converter

cascaded with a boost converter [15].
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Figure 2.5: LLC series resonant converter

2.4  Transformerless Isolation

One method to achive transformerless isolation is through the use of dual series
coupling capacitors in the power path. This solution was used in a 85W AC/AC
Cold Cathode Florescent Lamp (CCFL) liquid Crystal Display (LCD) TV backlight
system. The principle is to control the power path impedance by blocking the low-
frequency part of the touch current (TC) and allowing the high-frequency power
to flow to the output. The disadvantages given in the paper include the following:
1) structure is more complicated than transformer isolation and 2) modification is
always needed for different applications. The author suggested the research could be
extended to DC/DC converter applications, but no experimental data given [16].

A similar approach to capacitor isolation is used in primary-side controller and H-
bridge driver for isolated power-supply circuits by Maxim Integrated. The integrated
circuit with integral FETs provide up to 3W of power to the primary winding of

a transformer. In the application note, the device drives a pair of capacitors that
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substitute for the transformer in providing isolation and also providing power transfer
to the load [17].

A 60W capacitor isolated converter was later developed for Light Emitting Diode
(LED) lighting applications, as shown in Figure 2.6 [18]. The solution is based on a
series resonant converter (SRC). The capacitor is used for both isolation and current
balancing the two-output rectifier structure. As shown, the resonant capacitor and
inductor are duplicated, then the transformer is removed since it is no longer needed
for isolation. The capacitors Crl and Cr2 act as resonant capacitors, isolation capac-
itors, and current-balancing capaictors for both outputs. The circuit operates just
higher than the resonant frequency as traditional SRC to accomplish zero-voltage
switching (ZVS) at primary-side of the converter. Optionally, a common-mode (CM)
choke can be added to help reduce the leakage current if the output side is connected
to earth ground for class I equipment [18|.

Disadvantages of capacitor isolated supplies include 1) the inability of the converter
to supply DC current at the output, 2) large current spikes when the DC potential
difference across the isolation barrier changes, 3) equivalent series resistance (ESR)
losses in the coupling capacitors since they are in the power flow path, 4) high required
coupling capacitor voltage ratings required, and 5) non-polarized capacitors required.
Capacitive isolation approaches require adding an additional type of component that
is not in the original non-isolated converter since the added capacitor is not similar to
the already existing capacitors in the non-isolated version. For example, in a capacitor
isolated converter with 25V output, the required output capacitance voltage rating is
50V (assuming a two times safety margin). However, to achieve 600V of DC voltage
(galvanic) isolation, an additional 1,200V capacitor would need to be selected. It
is obvious here that the 1,200V capacitor is an additional component that needs to
be added that is not of similar type to the capacitor in the original bill-of-materials

(BOM). The goal of the proposed active isolation is to eliminate any additional type
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Figure 2.6: Derivation of approach for capacitor isolation

of component from the BOM. For example, adding another MOSFET to the BOM is
allowed if it is of similar voltage and current rating as the existing MOSFET devices
used in the original non-isolated BOM.

The use of power switch (active) devices to isolate a power converter was first intro-
duced in the form of a cascaded Switched-Capacitor (SC) buck converter, as shown

in Figure 2.7 [19]. The converter was designed for application in aerospace indus-
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try application where use of a transformer-isolated converter would pose a reliability
concern due to possibility of single-point failure of the converter. This failure would
result in the loss of multiple sensor outputs. For the isolated SC converter to function
properly, the circuit shown in Figure 2.7 must be cascaded with another standard SC
topology, i.e., Vg is generated from another SC converter. The waveforms for the cir-
cuit, Figure 2.7b, show capacitor in-rush current coincident with switch transitions.
This current is only limited by MOSFET on-resistance and capacitor ESR. The dead-
time between the switch transitions ensure voltage (galvanic) isolation between input
and output. The resonant character of the signals shown is due the capacitors Cl1,
C2 and circuit parasitic inductance. The peak value of this current is a major liming
factor in the isolated SC design since switch devices must be rated a peak current
handling capabilities. In addition, this in-rush current would contribute heavily to
magnetic field induced electromagnetic interference (EMI). The inrush current must
be managed by making C1 and C2 small and the switch resistance high so in-rush cur-
rent is limited. However, high switch resistance reduces efficiency and output power.
Small capacitor size also reduces output power capabilities. Experimental measure-
ments of the circuit shown with 0.5V 50Hz test signal connected between input and
output ground show that ground noise across an added 10k Ohm ground resistance
is reduced 36dB compared to a non-isolated version of the SC converter.

Using the same basic SC cell as in [19], but modified to use Zero-Current Switching
(ZCS) resonance, a converter was developed for a 400V 400W AC/DC application, as
shown in Figure 2.8a [20]. To achieve high efficiency (>95%) ZCS is used as shown
Figure 2.8b. The circuit does not use magnetic components but instead capacitors
to transfer energy from output to input and thus has the potential for high power
density. However, due to the switching action of the lateral MOSFET devices that
charge output parasitic MOSFET capacitance each switching cycle, the circuit topol-

ogy internally generates common-mode (leakage) current two times per switching
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Figure 2.7: Switched-capacitor isolation for 5W aerospace application

cycle. The converter is designed for use in off-line power supplies and thus must meet
[EC60950 touch current (TC) requirements [5, 6]. Due to the large in-rush current
spikes at each lateral switch device turn off/on, the converter is not able to mean peak
TC standards even though it does meet RMS current TC requirements. The TC is
shown to be proportional to common-mode voltage (Vem), MOSFET parasitic output
capacitance (Coss), and switching frequency. The converter is designed with silicon

carbide (SiC) devices that have low (30pF) output parasitic capacitance (Coss).
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Figure 2.8: Resonant switched-capacitor isolation

Further research by the Ohio State group resulted in TC measurements that nearly
met the requirement [21]. The converter was a 400V, 400W isolated converter used
at the back end of an AC/DC power converter. The prototype used 1.7kV SiC
MOSFETs that had 30pF of parasitic output capacitance (Cygs). A transient model
was developed that resulted in a hyperbolic sine function output response, as shown
in Equation 2.1, where V,,, is the common mode voltage source; Lgq, is the loop
stray inductance; C,, is the switch output capacitance; and R is the total series
loop resistance including the loop stray resistance (Rstqy), the switch on-resistance

(Rgs,n), and the 50012 resistance in the human-body impedance.



18

R Coss(Coss R—4Lstra;
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I (t) =
( ) CossR2 - 4Lstray

(2.1)

Based on Equation 2.1, it is found that 1) larger C,, results in larger values of I,
2) larger Lyiq, damps the I.,, and 3) since I, flows each switch cycle, I.,, increases
with switch frequency.

Further research conducted by the Ohio State group resulted in using TC suppres-
sion to meet the TC standard [22, 23]. To suppress the TC, current sources are built
into the gate drive that forces a current to flow opposite of the internally generated
leakage current. The circuit used is a small buck-boost converter that operates as
a current compensating supply. It is shown experimentally that the TC voltage for
the converter with no compensation is 231mV RMS compared to 117mV RMS for the
compensated design, which is lower than the 125mV RMS IEC60950 limit.

Using this same suppression approach, the TC is reduced below the TEC60950-1
limit in |24]. A 2kW SGI-based resonant SC converter is developed with integral
active TC suppression circuit. The converter is designed for use in transformerless
electric vehicle charger applications. The topology uses a two-stage totem-pole design
cascaded with an SGI dc/dc solution which is selected due to high efficiency. The

efficiency of the converter is maintained above 98%.
2.5  Transformerless PV Inverters

The transformerless isolated converters previously mentioned are used in applica-
tions such as off-line power supply, low-power DC/DC auxiliary supply for aerospace,
AC/AC LED TV backlight, and EV battery charger applications. In these applica-
tions, the common-mode leakage currents that flow are referred to as "touch currents
(TC)" in the IEC60950-1 specification and are limited- as previously discussed. The

PV inverter and PV microinverter industry has taken a much different approach
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Table 2.2: Standards of the grid connected PV system

Standards IEEE1547.2 | IEC61727 | US NEC | VDE 0126-1-1
(NFPA 70) | VDEARN4105
galv iso/sys gnd - - rqd >50V -
leakage gnd cur - - - 30mA >0.3s
100mA >0.4s
300mApk >0.3s
disconnect <5s
DC curr. inj. <0.5 rated% | <1% rated - <1A

to reducing common-mode leakage current (known as earth ground current or simply
ground current). Instead of attempting to design transformerless isolated inverter cir-
cuits, the PV inverter industry has attempted to solve common-mode leakage current
issues by the following: 1) control modulation schemes to produce zero common-mode
voltage thereby producing zero ground current and/or 2) develop a wide variety of
topologies that result in either zero ground current or reduced ground current. Both
these methods are aimed at reducing ground current levels to meet IEEE1547.2,
[EC61727, U.S. NEC (NFPA 70), VDE 0126-1-1, and VDE-AR-N 4105 [2, 3, 10].
The common-mode currents that result can produce 1) DC current injection onto
the grid, and 2) ground leakage currents. The IEEE, IEC, and VDE standards limit
DC current injection, but only the VDE standards limit the ground leakage current
specifically. The NEC specification requires either isolation or system grounding.
Important limits are shown in Table 2.2.

Beginning in 2005, national electric code (NEC) section 690.35 allowed PV sys-
tems meeting certain requirements to have ungrounded conductors [25]. This change
permitted the use of inverters without isolation between the DC input to AC output
called non-isolated inverters or also known as transformerless inverters- for increased
efficiency and cost savings. A consequence of this change was transformerless inverter
designs that suffered from excessive earth ground current. Research as early as 1999

demonstrated that this ground current was due to the following factors: 1) parasitic
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capacitance from PV module to earth ground, 2) inductance of inverter filter, and
3) common-mode voltage of inverter. However, efforts to mitigate this current did
not begin until 2006 when Oscar Lopez compared three different inverter topologies
(full-bridge, neutral-point clamped, and cascaded full-bridge) with both unipolar and
bipolar modulation schemes [11]. Lopez demonstrated through simulation that 1) the
full-bridge topology could reduce the earth ground current to zero by using bi-polar
modulation of the switch devices, 2) the neutral-point clamped topology maintains
zero earth ground current since the midpoint of the DC sources are grounded resulting
in zero common-mode voltage to excite the ground current loop path. The remaining
topologies ( uni-polar modulated full-bridge and cascaded full-bridge) exhibited high
levels of earth ground current. Neither modulation strategy reduced earth ground
currents in the cascaded full-bridge topology.

In subsequent research [12, 13|, Lopez demonstrated empirical results and showed
that the earth ground current was due to a resonant tank circuit (Figure 2.9) around
the system consisting of the following components in series: 1) parasitic capacitance
from PV module frame to earth ground, 2) common-mode voltage of the inverter,
3) equivalent common-mode inductance of the inverter filter, and 4) earth ground
impedance. This resonant tank circuit is difficult to measure and varies with environ-
mental conditions. Due to the resonant nature of the circuit, large amounts of earth
ground current can flow with only a small common-mode excitation voltage.

A review of 45 transformerless PV inverter topologies in [26] gives a classification
system and compares the leakage current of each. For the comparison, each topology is
simulated with PLECs software. Figure 2.10 shows that the transformerless inverters
are first classified according to magnitude of DC link voltage. Additionally, there
are four sub-types under the single PV (Vpv) DC link category. There are three
additional sub-types under the H-bridge topologies as shown. The comparison of the

converters is given in Table 2.3. As seen, only the common-ground converters (CMN-
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GND) have zero common-mode leakage current. Twenty-six (26) of the converters do

not meet the VDE specification requiring less than 30mA of leakage current.
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Table 2.3: Summary of Single Phase Transformerless Inverters

Topology Name H Category ‘ CM Curr.(mA) ‘ Meets VDE
Two-Switch 2Vpv <2 V
NPC 2Vpv <35 V
ANPC 2Vpv <25 V
T-type 2Vpv <4 V
Variant NPC 2Vpv < 4.2 V
DC curr. inj. 2Vpv <2 V
Unipolar FB Vpv < 55
Bipolar FB Vpv < 1800
Virt. DC Bus CMN-GND ~ 0 V
S4 CMN-GND ~ 0 V
Siwakoti-H CMN-GND ~ 0 V
Siwakoti CMN-GND ~ 0 V
Flyig cap CMN-GND ~ 0 V
Flying Inductor CMN-GND ~ 0 Vv
Karschny CMN-GND ~ 0 v/
iH5/0H5 Mid-Clamp <20 V
oHb5-1 Mid-Clamp < 200
oHbH-2 Mid-Clamp < 200
H5-D Mid-Clamp < a0
HERIC Active 1 Mid-Clamp < 25 V
HERIC Active 2 Mid-Clamp < 25 V
HERIC Active 3 Mid-Clamp < 25 V
PN NPC Mid-Clamp < 35
HB-ZVR Mid-Clamp < 200
HB-ZVR-D Mid-Clamp < 40
Heric AC Decoupling < 200
Heric AC AC Decoupling < 200
H5 type DC Decoupling 50-200
H6-type DC Decoupling 200-400
H6 (4-types) H6-type < 200
impr. H6 with diodes-1 H6-type <20 V
Hybrid Bridge H6-type < 250
7CT-H6-1 H6-type < 250
SLF-H6-1 H6-type < 150
bkbst1 (5-types) Buck-Boost < 250
bkbst2 (3-types) Buck-Boost <20 v
Tang other <20 vV
Xia other < 200
Liu other < 40




CHAPTER 3: ACTIVE ISOLATION TOPOLOGIES

3.1 Introduction

This section introduces a new transformerless isolation technique called active iso-
lation in which active semiconductor power devices are used to isolate conventional
converters such as boost-buck and buck-boost, as seen in Figure 3.1. The approach is
different from previous attempts since it does not rely on capacitors to form the isola-
tion barrier nor does it use capacitors to perform the conversion ratio, rather it uses

the traditional volt-second balance of the converter inductor to perform conversion.

L s1 s3 Lo S1
N - —
v, 7T e ‘ cvlR v,— L
— / =
S2 S4 )
(a) Boost-Buck Converter (b) Buck-Boost Converter

Figure 3.1: Proposed galvanic active isolated topologies

3.2 Operating Principles and Comparisons

The basic operation of the active isolated boost-buck converters is shown in Figure
3.2. During Mode 1, inductor L1 is charged while the input and output are galvani-
cally isolated by S2 and S3. Concurrently, energy from C1 is filtered and transferred
to the load through S4 and S5. During mode 2, capacitor C1 is charged while switches
S4 and S5 galvanically isolated the input from output. Concurrently, energy from 1.2
charges C2 and supports the load.

The basic operation of the active isolated buck-boost converter is shown in Figure
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Figure 3.2: Operating principle of active isolated boost-buck converter

3.3. During mode 1, S1 and S2 open to provide galvanic isolation while S3 and S4
close to transfer energy from the inductor L1 to the load and charge C1. During
mode 2, S1 and S2 are closed and energy is stored in the inductor L1, while S3 and
S4 provide galvanic isolation from input to output; capacitor C1 supports the load.
A comparison of the proposed boost-buck (Act. Bst-Bk) and buck-boost (Act.

Bk-Bst) converters with Dual Active Bridge (DAB) and transformer isolated Cuk
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Figure 3.3: Operating principle of active isolated buck-boost converter

converter operating with Vin=400V and Vout=48V are shown in Table 3.1. As shown,
the proposed converters’ main advantage is elimination of the bulky transformer. The
DAB and active isolated buck-boost converters need an additional input EMI filter
which would require additional magnetics and capacitance. The proposed active

isolated boost-buck and transformer isolated Cuk converters have properties that
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Table 3.1: Comparison of proposed converters to conventional topologies

Topology | DAB | Act. Bk-Bst | Act. Bst-Bk | Isolated Cuk

num. switches 8 6 12 2
num. transf. 1 0 0 1
transf. ratio 4:1 n/a n/a 1:1
num. induct. 0 1 2 2

num. cap. 2 1 2 3
Incl EMI filt? no no yes yes

approach an ideal DC transformer since they have smooth input and output current.
3.3 Generalized Approach to Active Isolation

The active isolation method can be applied generically to inductor volt-second
conversion circuits by breaking the low-side return path, as shown in Figure 3.4. For
the method to be applied, the following conditions must be met: 1) energy transfer
network must be completely in the input circuit during one interval and completely in
the output circuit during the next interval [27], 2) switched capacitor operation is not
used in active isolation since excessive in-rush currents impose additional restrictions
on devices and design layout not consistent with conventional switched-mode topology
design restraints, 3) switched operation of modes must be non-overlapping. If the
previous conditions are met, the converter may be active isolated by breaking the
converter return paths with appropriate switches similar to the conventional high-
side-only switches in the basic converter topologies. The simplest case of this is
shown in Figure 3.4c with the active isolated buck-boost converter.

Application of this method to the three basic converters, shown in Figure 3.5,
reveals that only the cascaded buck-boost converter of Figure 3.5¢ is applicable to
the method, since energy transfer is separated between the two different converter
modes as required.

The converter of Figure 3.5c is redrawn with an extra switch added in the low-

side as shown in Figure 3.6a and Figure 3.6b. As seen, the energy transfer is the
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Figure 3.4: Generalized structure and simplest case for active isolation

same as before but now the input and output are galvanically isolated by the switch.
This results in the active isolated buck-boost converter shown in Figure 3.6¢c. This
result indicates that cascaded converters may be good candidates for conversion to
active isolated topologies. The buck-boost converter just analyzed is one of four basic
cascaded converter topologies as shown in Figure 3.7.

The general approach to active isolation is now applied to the non-inverting buck-
boost converter shown in Figure 3.7b. Single-pole single-throw (SPST) switches are

added to the non-isolated topology as shown in Figure 3.8a and Figure 3.8b. After the



29

L

|_1/<_rwvw

LY
I

Ve T 2 l C— l = R
g g
L] T
(a) Buck converter (b) Boost converter
1
- v
Vg T L C —— R

(¢) Buck-boost converter
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Figure 3.6: General approach to active isolation applied to the buck-boost converter
shows that it reduces to the active isolated buck-boost converter proposed

circuit is redrawn and flipped as shown in Figure 3.8c, it becomes obvious that this
converter is really identical to the previously-derived isolated buck-boost converter as
seen in Figure 3.6c.

The general approach to active isolation is applied in a similar manner to the in-
verting and non inverting boost-buck converters shown in Figure 3.7c and Figure 3.7d.

These converter derivations are shown in Figure 3.9 and Figure 3.10. Both convert-
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Figure 3.8: General approach to active isolation applied to the non-inverting buck-
boost converter shows that it also reduces to the active isolated buck-boost converter
proposed

ers reduce to the active isolated boost-buck converter as seen in Figure 3.9d and
Figure 3.10c.
So, the four cascaded converters shown in Figure 3.7 become two converters, the

active isolated boost-buck, and active isolated buck-boost converters.
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Figure 3.9: General approach to active isolation applied to the inverting boost-buck
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proposed

(c) Isolated boost-buck

Figure 3.10: General approach to active isolation applied to the non-inverting boost-
buck converter shows that it also reduces to the active isolated boost-buck converter
proposed

3.4 Dual Cascaded Combinations

It is possible to create additional active isolated topologies by examining other
dual-cascade combinations. In this section, topologies derived from the following basic
topologies are investigated: Buck, Boost, Buck-Boost, Cuk, Single-Ended Primary-
Inductor Converter (SEPIC), and Zeta (Inverse SEPIC).
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Figure 3.11: Existing buck- and boost-derived Al topologies [32, 38]

3.4.1  Development of New Active Isolated Topologies

This section is devoted to the development of new active isolated topologies. The
objective is to determine the set of Al converters that result from dual cascade com-
binations of the following basic six converter topologies: buck(1), boost(2), buck-
boost(3), Cuk(4), SEPIC(5), and Zeta(6), as shown in Fig 3.12, and with conversion
ratios M;(D), My(D), Ms(D), My(D), Ms(D), Mg(D), respectively. The method
used to develop the new set of Al converters is to first form a dual cascade combi-
nation of converters. Thirty-six possible converter combinations results, as shown in
Table 3.2. Numeric codes one (1) to six (6) are used to index each converter for ref-
erencing new converter topologies, e.g., 1-1 refers to a buck-buck cascaded converter,
and 1-2 refers to a buck-boost cascaded converter, etc. The second step is to add iso-

lation switches to the converters. These additional switches are inserted in a lateral
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Figure 3.12: Six basic converter topologies and conversion ratios

Table 3.2: All thirty-six possible dual-cascade combinations of the six basic converters

of Figure 3.12

Stage: Buck | Boost | Buck- | Cuk | SEPIC | Zeta

2nd — (1) (2) Boost (4) (5) (6)

1st | VI Iv (3) VV IT v VI
Buck(1) (1-1) (1-2) (1-3) (1-4) (1-5) (1-6)
VI VI-VI | VI-IV | VI-VV | VI-II | VI-IV | VI-VI
Boost(2) (2-1) (2-2) (2-3) (2-4) (2-5) (2-6)
v IV-VI | IV-IV | TV-VV | TIV-IT | IV-IV | IV-VI
Buck- (3-1) (3-2) (3-3) (3-4) (3-5) (3-6)
Bst(3) VV || VV-VI | VV-IV | VV-VV | VV-II | VV-IV | VV-VI
Cuk(4) (4-1) (4-2) (4-3) (4-4) (4-5) (4-6)
IT I-vi | 1I-1IV I-vv I1-11 I-v I1-VI
SEPIC(5) (5-1) (5-2) (5-3) (5-4) (5-5) (5-6)
v IV-VI | IV-IV | TV-VV | TIV-IT | TIV-IV | IV-VI
Zeta(6) (6-1) (6-2) (6-3) (6-4) (6-5) (6-6)
VI VI-VI | VI-IV | VI-VV | VI-II | VI-IV | VI-VI
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(b) Second stage with inverting clock phase creating a
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Figure 3.13: Dual-cascaded converters used for creation of new active isolation topolo-
gies

configuration on the low-side rail and operate in synchronization with lateral switches
on the high-side rail. They are placed so that energy transfers from input to output
without galvanic connection of supply and load. FExactly four lateral switches are
required to actively isolate the converters. More than four lateral switch devices on
high- and low-side rail is considered redundant and is not desirable. Third, excessive
passive components are removed (if applicable). In some cases, a high-order filter is
created due to the cascade combination. These can be reduced to first-order filters to
simplify the topology without affecting the conversion ratio. In other cases, redun-
dant switches are removed. Finally, the new converter characteristics are analyzed
and compared to other combinations as follows: (1) galvanic isolation capabilities,
(2) number and type of components, and (3) conversion ratio. The conversion ratio

of the resulting dual-cascade combination is given by:

ij = Mi(D)M;(D), (3.1)
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where ¢ is the index of the first stage, j is the index for the second stage, and D is
the mean on-time duty ratio, as shown in Figure 3.13a. It may be necessary to invert
the clock phasing of the second stage to achieve isolation, as shown in Figure 3.13b.

In this case, a "not" converter is produced with conversion ratio of M;(D’) as shown

in Figure 3.13b.

3.4.2  Primary-Side Buck Architectures
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(a) Timing waveform (b) Three-switch buck converter
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(d) Three-switch not buck converter
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1
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(e) Buck-not buck converter

Figure 3.14: Development of AI Buck-not buck converter

The first dual-cascade combination to be considered is the buck-buck converter,
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indicated in Table 3.2 as (1-1) and as "VI-VI". (Since a buck converter has an
internal voltage-to-current (V-to-I) architecture, the acronym "VI" is used to describe
the converter structure.) As shown in Figure 3.14c, the resulting cascade combination
does not result in galvanic isolation since both pairs of high and low side switches open
and close during the same clock phase cycle. However, if the second stage clock phase
cycle is inverted, the second stage converter becomes a not buck (Figure 3.14d) and
the resulting cascade combination with an initial buck stage results in the buck-not
buck converter shown in Figure 3.14e with corresponding conversion ratio equation
and plot. The conversion ratio is not desirable since it falls back to zero for D > 0.5.
The converter requires six switches (two more than the minimum), two inductors,

and two capacitors.

Li

(a) Cascade combination of buck followed by boost
showing proper switch phasing for isolation but con-
taining a third-order T-filter

M;(D)M,(D) = % M,(D)M,(D)

1 2 4
A0 P 5
0

p ad 0 05 1D

(b) AI non-inverting buck-boost converter after filter order reduction showing circuit
and conversion ratio equation with corresponding plot

Figure 3.15: Development of Al non-inverting buck-boost converter

The second dual-cascade combination to be considered is the buck-boost converter
indicated in Table 3.2 as (1-2) with internal VI-IV architecture. As seen in Fig-
ure 3.15a, the converter phasing is correct to achieve isolation since both the high-

and low-side lateral switches have alternate phasing. However, the internal third-
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order T-filter requires reduction to minimize passive component count, as shown in
Figure 3.15b. The resulting converter requires six switches (two more than the mini-

mum), one inductor, and one capacitor.

LT

T o, T.

(a) Cascade of buck with buck-boost converter showing
redundant set of mode-1 isolation switches
2

M;(D)M;(D) = 5 M, (D)M3(D)
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(b) AI buck-buckboost converter circuit with redundant mode-1 switch removed from
low-side buck converter

Figure 3.16: Development of Al non-inverting buck-buckboost converter

The third dual-cascade combination to be considered is the buck-buckboost con-
verter indicated in Table 3.2 as (1-3) with internal VI-VV architecture. As seen in
Figure 3.16a, the converter is isolated but has a redundant set of mode-1 lateral
switches. The converter with redundant switch removed from the low-side buck con-
verter requires six switches (three more than the minimum), two inductors, and two

capacitors, as shown in Figure 3.16b.

C2
| }é‘l T | |
Cl TV, I)TA v |Rr
5(
Figure 3.17: Cascade connection of buck and Cuk showing that the converter does
not isolate

The forth dual-cascade combination to be considered is the buck-Cuk converter
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indicated in Table 3.2 as (1-4) with internal VI-II architecture. As seen in Figure 3.17,
the converter does not isolate since the switch in the Cuk is shut connected and does

not have the required lateral switches to properly isolate the converter.
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(a) Cascade combination of buck followed by SEPIC
showing proper switch phasing for isolation but con-
taining a third-order T-filter

D*  M,(D)Ms(D)

My (DIM5(D) = T—

Cl

Ll 27 F
Vg{ : )fLS (72?1/—[3;3
lyl L= 0 05 1D

(b) Al buck-SEPIC converter after filter order reduction showing circuit and conversion
ratio equation with corresponding plot

Sl S RPN

Figure 3.18: Development of Al buck-SEPIC converter

The fifth dual-cascade combination to be considered is the buck-SEPIC converter
indicated in Table 3.2 as (1-5) with internal VI-IV architecture. As seen in Fig-
ure 3.18a, the converter phasing is correct to achieve isolation since both the high-
and low-side lateral switches have alternate phasing. However, the internal third-
order T-filter requires reduction to minimize passive component count, as shown in
Figure 3.18b. The resulting converter requires six switches (two more than the mini-
mum), two inductors, and two capacitors.

The sixth dual-cascade combination to be considered is the buck-Zeta converter
indicated in Table 3.2 as (1-6) with internal VI-VI architecture. As seen in Fig-
ure 3.19a, the converter phasing is incorrect to achieve isolation since both the high-
and low-side lateral switches have the same phasing. However, phase inversion of the

first stage isolates input-to-output and results in the AI not buck-Zeta converter, as
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(b) AT not buck-Zeta converter after phase inversion of the first stage showing circuit
and conversion ratio equation with corresponding plot

Figure 3.19: Development of AI buck-not Zeta converter

shown in Figure 3.19b. The resulting converter requires six switches (two more than
the minimum), three inductors, and three capacitors.
The total component count for the first-stage buck-type converters range from eight

to twelve devices.
3.4.3  Primary-Side Boost Architectures

This subsection considers Al primary-side boost converters, that is, dual combi-
nations of converters with a boost first stage. Using the procedure of the previous
subsection whereby the converter is (1) cascaded, (2) checked for isolation, (3) phase
inversion is applied if needed, and (4) filter reduction implemented, the converters in
Figure 3.20 result. The AT boost-buck converter in Figure 3.20a is the same intro-
duced in Figure 3.11b and has already been evaluated and prototyped in [32]. The
Al boost-not boost converter in Figure 3.20b has a minimum conversion ratio of four
at fifty percent duty cycle and increases at both higher and lower values of duty cy-
cle. It requires six switches, two inductors, and two capacitors. The boost-buckboost

converter in Figure 3.20c has a redundant low-side mode-2 isolation switch removed
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(f) AT boost-Zeta converter
Figure 3.20: Resultant Al primary-side boost converters and corresponding conversion
ratio equations with plots
from the boost stage which results in a converter consisting of six total switches, two

inductors, and two capacitors. The cascade combination of boost and Cuk converters
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Figure 3.21: Resultant Al primary-side buck-boost converters and corresponding con-
version ratio equations with plots

does not isolate, as seen in Figure 3.20d. The Al not boost-SEPIC and boost-Zeta
converters require six isolation switches, three inductors, and three capacitors, as

shown in Figure 3.20e and Figure 3.20f, respectively. The boost-Zeta converter has
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Figure 3.22: Resultant Al primary-side Cuk converters and corresponding conversion
ratio equations with plots

desirable smooth input and output current. It also has non-inverting buck and boost

capabilities. The total component count for these converters range from ten to twelve

devices.
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3.4.4  Primary-Side Buck-Boost Architectures

This subsection considers Al primary-side buck-boost converters. Using methods
described in previous sections, Al converters with first-stage buck-boost converters
are developed. Circuit diagrams and conversion equations with corresponding plots
are shown in Figure 3.21. Since the buck-boost stage is isolated, all the resulting
converters are also isolated, however, all but the buckboost-Cuk contain a redundant
isolation switch that is removed. The resulting converters all contain six switches
and from two to three capacitors and inductors each. All these converters contain
a squared term in the numerator, denominator, or both of the conversion ratio. As

such, these converters are good for large step-up or -down conversion ratios.
3.4.5  Primary-Side Cuk Architectures

In this subsection, primary-side Cuk dual-cascaded converter architectures are con-
sidered. Of the six possible combinations, only one converter, the AT Cuk-buckboost
converter, is able to provide the proper isolation, as shown in Figure 3.22. The con-
verter contains six switch devices, three inductors, and three capacitors. Since the
Cuk converter switch orientation is shunt, it is difficult for this class of converter to
actively isolate. Converter types with laterally oriented switches provide the required

disconnection from input source to output load for proper active isolation capabilities.
3.4.6  Primary-Side SEPIC Architectures

This subsection covers dual-cascade combination with initial Zeta stage. Only one
combination does not properly isolate, the SEPIC-Cuk, as shown in Figure 3.23. The
SEPIC-buck and SEPIC-not boost contain six switches, three inductors, and three
capacitors. The SEPIC-buckboost contains six switches after removing one redundant
mode-2 switch. It also contains three inductors and three capacitors. The SEPIC-not
SEPIC converter always has a unit conversion ratio regardless of the duty cycle and

contains six switches, four inductors, and for capacitors. The SEPIC-Zeta converter
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Figure 3.23: Resultant Al primary-side SEPIC converters and corresponding conver-

sion ratio equations with plots

contains the same number and type of components as the previous converter (SEPIC-

not SEPIC), but has the ability to buck and boost the output voltage without polarity



45
change, as does the SEPIC-buck converter. The SEPIC-buckboost has an inverting
buck /boost conversion ratio while the SEPIC-not SEPIC converter has a boost-type
conversion ratio. Of these, only the SEPIC-buck and SEPIC-Zeta have smooth input
and output current. The total component count for these converters range from

twelve to fourteen devices.
3.4.7  Primary-Side Zeta Architectures

In this subsection we investigate the development of primary-side Zeta dual-cascade
Al topologies, as shown in Figure 3.24. The first converter to be considered is the
Zeta-not buck converter. The converter has a buck-type conversion ratio and contains
six switch devices, three capacitors, and three inductors. The second Zeta-derived
converter, the AT Zeta-boost, has a buck /boost conversion ratio and fewer component
count due to an internal T-filter reduction. The converter has six switches, two induc-
tors, and two capacitors. The third converter, the Zeta-buckboost, has in inverting
buck /boost conversion ratio and after eliminating an extra mode-1 switch contains
six switches, three inductors, and three capacitors. The fourth converter in this class,
the Zeta-Cuk, does not isolate due to the lack of lateral switches in the second Cuk
stage. The fifth converter in this subsection, the Zeta-SEPIC, has a non-inverting
buck/boost conversion ratio and a reduced internal T-type filter. This converter con-
tains six switch devices, three inductors, and three capacitors. The sixth and final
converter in this class, the Zeta-not Zeta, has a unity conversion ratio regardless of
the duty ratio and contains six switch devices, four inductors, and four capacitors.

None of the Zeta-architectures have smooth input and output current.
3.4.8  Summary and Comparisons

The thirty-six possible dual-cascade Al converters developed in the previous sec-
tion are listed in Table 3.3. The table includes the architecture, component type and

count, smooth input/output current, and conversion ratio. It is found that all con-
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Figure 3.24: Resultant Al primary-side Zeta converters and corresponding conversion

ratio equations with plots

verter topologies have six switches except the inverting buck-boost converter (index

3). This converter has pulsating input/output current. Among the four converters
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that have smooth input/output current, the boost-buck (index 2-1) has the fewest
component count. These two converters (inverting buck-boost and boost-buck) are
deemed "optimal" converters since they require the fewest components with pulsating
and non-pulsating current. These converters are described in detail with theoretical
calcuations and experimental data given in [32].

The non-inverting buck-boost converter (index 1-2) has the next fewest compo-
nent count with only eight components required with pulsating input/output current.
However, the inverting buck-boost (index 3) has two fewer components for the same
functionality. Nine converters do not isolate without the addition of extras switches.
Ten converter topologies require ten total components with six switches, two induc-
tors, and two capacitors. Of these ten, three are good for applications that require
very low conversion ratios (since M (D) = +D?/D'), three are good for applications
that require very high conversion ratios (since M (D) = +£D/D"*), and one is good for
applications requiring both high and low conversion ratios (since M (D) = D?/D"?).
The remaining converters contain a total of twelve or fourteen components with no

known added benefits.
3.4.9  Discussion

In this section, dual-cascade combinations of the six basic converter topologies
(buck, boost, buck-boost, Cuk, SEPIC, and Zeta) were developed. After filter reduc-
tion of the resultant typologies and evaluation for isolation capabilities, the converters
were analyzed and compared based on component count and conversion ratio. A de-
tailed table (Table 3.3) was generated to aid in the comparison. It was discovered that
none of the newly developed topologies were better than the two previously analyzed
AT boost-buck (index 2-1) and Al inverting buck-boost (index 3) topologies given in
[32] which are deemed "optimum" active isolated topologies. This being that case,
no simulation or prototyping of the new topologies has been performed as these new

topologies are not better than the two previously studied.
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Table 3.3: Summary of dual-cascade Al converters as listed in Table 3.2

Conv Con Conv # # # # Con Conv

Index Name Arch | SWs | Ls Cs | Cmp | Cur Ratio
1-1 bk-not bk VI-VI 6 2 2 10 DD’
1-2 bk-bst VI-IV 6 1 1 8 D/D’
1-3 bk-bkbst VI-VV 6 2 2 10 D?*/D’
1-4 bk-Cuk VI-IT | N/A | N/JA | N/JA | N/JA | N/A N/A
1-5 bk-SEPIC VI-IV 6 2 2 10 D*/D’
1-6 not bk-Zeta VI-VI 6 3 3 12 D
2-1 bst-bk* IV-VI 6 2 2 10 V D/D’
2-2 bst-not bst V-1V 6 2 2 10 1/DD’
2-3 bst-bstbk IV-VV 6 2 2 10 —D/D"
2-4 bst-Cuk IV-IT | N/JA | N/JA | N/A | N/A | N/A N/A
2-5 not bst-SEP IV-IV 6 3 3 12 /D
2-6 bst-Zeta IV-VI 6 3 3 12 v D/D"”

3 inv. bkbst** \AY 4 1 1 6 —-D/D'

3-1 buckbst-bk VV-VI 6 2 2 10 -D?/D'
3-2 || bkboost-boost | VV-IV | 6 2 2 10 —D/D"”
3-3 bkbst-bkbst | VV-VV 6 2 2 10 D?*/ D"
3-4 bkbst-Cuk VV-II 6 3 3 12 D?*/D"
3-5 bkbst-SEPIC | VV-IV 6 3 3 12 —D?/D"”
3-6 bkbst-Zeta VV-VI 6 3 3 12 —D?/D"
4-1 Cuk-bk II-vI | N/JA | N/JA | N/A | N/A | N/A N/A
4-2 Cuk-bst II-IV. | N/JA | N/JA | N/A | N/A | N/A N/A
4-3 Cuk-bkbst II-vv 6 3 3 12 D?*/ D"
4-4 Cuk-Cuk I1-11 N/A | N/A | N/JA | N/JA | N/A N/A
4-5 Cuk-SEPIC II-IV. | NJA | N/JA | N/A | N/A | N/A N/A
4-6 Cuk-Zeta II-VvI | N/JA [ N/JA | N/A | N/A | N/A N/A
5-1 SEPIC-buck IV-VI 6 3 3 12 Vv D*/D’
5-2 SEPIC-not bst | IV-IV 6 3 3 12 1/D'
5-3 SEPIC-bkbst | IV-VV 6 3 3 12 —D?*/D"”
5-4 SEPIC-Cuk IV-IT | N/JA | N/JA | N/A | N/A | N/A N/A
5-5 SEP-notSEP IV-IV 6 4 4 14 1
5-6 SEPIC-Zeta, IV-VI 6 4 4 14 Vv D?*/D"
6-1 Zeta-not buck | VI-VI 6 3 3 12 D
6-2 Zeta-bst VI-IV 6 2 2 10 D/D"”
6-3 Zeta-bkbst VI-VV 6 3 3 12 —-D?/D"
6-4 Zeta-Cuk VI-IT | N/A | N/JA | N/JA | N/JA | N/A N/A
6-5 Zeta-SEPIC VI-IV 6 3 3 12 D?*/ D"
6-6 Zeta-notZeta VI-VI 6 4 4 14 1

Notes: * Optimal converter w/ smooth current|32]

** Optimal converter w/ min. comp. count|32]



CHAPTER 4: MODELING AND ANALYSIS

4.1  Introduction

It was shown in the previous section that the four basic cascaded converters reduce
to two actively isolated converters: the boost-buck and buck-boost. The boost-buck
converter is the focus of this section since it has properties that approach an ideal

DC transformer— smooth input and output current.
4.2  Boost-Buck

As shown in the previous section, the non-inverting boost-buck and inverting boost-
buck (Cuk) converters reduce to the active isolated boost-buck converter. The ideal
(lossless) model of the active isolated boost-buck converter is similar to that given in
[27] for the Cuk converter except with additional losses due to added low-side isolation

switches.

d: 1 1:d

Figure 4.1: Ideal (lossless) average model of active isolated boost-buck converter

The ideal averaged circuit model for the converter is shown in Figure4.1, with

corresponding model parameters given as:

Vo)V, =djd, d =1—d (4.1)
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Va/Vi=d (4.2)
L)L =d/d (4.3)
Va/I, =R (4.4)

4.2.1  Lossless Average linearized Circuit Model of Active Isolated Boost-Buck

Converter
. d(l, + 1) .
u dav. N . dv. R
[ ] [ ] L [ ]
~ + .
ALIORE ¥ SO S
]
D’: 1 1:D

Figure 4.2: Ideal average linear circuit model of active isolated boost-buck converter

D:D\____ __

H,(s)
Figure 4.3: Ideal average linearized canonical model of active isolated boost-buck
converter
After perturbation and linearization, the circuit in Figure 4.2 is obtained. Through
equivalent circuit transformations and DC relations, the ideal average linear circuit
model can be transformed into the canonical circuit form as shown in Figure 4.3 with

model parameter values defined as follows:
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If C, >> Cy and C, >> Ly/R?, then Pi(s) + P»(s) can be approximated as:

L. L
Pi(s) + Po(s) = (1 + =S+ L.C.s?)(1+ Egs + LyCys?)

Which has the following corner frequencies and @ factors:
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(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

Using the converter parameters listed in Table 4.1, the circuit in Figure 4.3 is used

to plot the output to input relationship using MATLAB as seen in Figure 4.4.

4.2.2  Canonical Circuit Model with Parasitic Resistances

The previous loss-less models were useful for ideal conversion ratios and frequency

analysis of the converter. To obtain practical conversion ratio and efficiency, inductor

winding resistance, switch Rpg,,, and wire resistance are included in the final canon-
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Table 4.1: Active Isolated Boost-Buck Converter Parameters

<

40
-60

Magnitude (dB)

Ref. Des. | Value

Vy 5V
Ll,LQ 0.bmH
R, Ry 0.1Q
R, Rus 0.1Q
Ch 47k
CQ 1/LF
R 1092
Jsw 50kH =
H,(s)
7
2N
f,=415Hz N\
f,=7.1kHz "
102 103 1P

I'requency (rad/s)

Figure 4.4: Bode plot of isolated buck-boost converter using parameters from Ta-
ble 4.1 showing dominant pole at fo;

ical circuit model of the active isolated boost-buck converter, as shown in Figure 4.5.

Figure 4.5: Average linearized canonical model with parasitic switch Rds,, resistance
and inductor winding resistance included

The passive component value definitions remain the same except for the new re-
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flected equivalent resistance from the primary side given as:

R. = (D/D')’Ryp,. (4.15)

The dependent sources of the model are modified by the addition of the parasitic

resistances as follows:

. Vs Ri
j(s) = D’2R[1 — sC.RD'(1+ I ] (4.16)
Vo, Riy—R. L :
e(s) = 751+ 5= = s(7 — 4) + s’ L.C.D'B) (4.17)

Where, A = R.C.D'(1+ Rp2/R) and B=1+ Ri5/R

From the circuit model in Figure 4.5, loss-based conversion equations are given by:

I
[—2 =D'/D (4.18)

g

Vo D 1
— 72 = T D G (4.19)
f 1+ =2 (5)? + 78

M(D)

If we denote 1 as the converter efficiency, then Equation 4.19 can be rewritten as:

M(D) == =—=m (4.20)

The converter efficiency is then given by:

(4.21)

5| =

n

TF BB+ B

™

If the converter parameters from Table 4.1 are used, the output to input gain and
efficiency can be plotted as shown in Figure 4.6a and Figure 4.6b, respectively.

It is worth mentioning that the addition of parasitic loss components has negligible
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Figure 4.6: Plots of conversion ratio and efficiency using derived equations for pa-
rameters listed in Table 4.1

effect on the converter frequency transfer function since R;; << R and R, << R.
In this case, the controlled voltage source definition simplifies to the following:

L
e(s) = %[1 - S(Ee — R.C.D') + s*L.C.D")] (4.22)

The two complex zeros become left half-plane zeros if L./R — R.C.D" < 0. The

location of the zero is then:
1

T onV/L.C.D

The zero at f.; almost completely cancels f.; since they are close together, thus giving

fa (4.23)

a second-order response with effective complex poles at f.2[27].
4.3  Buck-Boost

Of the two unipolar active isolated converters shown in Figure 5.9, the unipolar
buck-boost converter shown in Figure 5.9a has the lowest device count and is simplest
in operation. The averaged differential-mode canonical model of this converter is
given in [27]. The goal of this section is to develop an averaged differential- and
common-mode model of the unipolar buck-boost converter. This averaged model can

be used to ensure compliance with applicable equipment standards such as UL2202,
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[EC60950, IEC60950-1, VDE 0126-1-1, and VDE-AR-N 4105 |7, 5, 6, 2, 3.

¢l T
§2 %

V,°

1

L

m
|-

SZ s
= 1 avg V2
@2

S L2

Req [avg
Vv, —AM—s= 7,

Ic
il

T
AQ = C(V, —V,) per clock period Req ==
(a) Switched-capacitor circuit (b) Resistor equivalent
circuit
¢] T 1 |—|
) T T LI
¢ COSS] COSSZI
V]c Sl_||_T_||—l Sr'_'_ arns V2 Req ]avg
]¢] 2¢2 V] AM\ > % V2
AQ = Coss1 (V1 = V) + Cossa (V1 — V) 1

per clock period M2 - Epss~ fiw

(d) Active isolation barrier
resistor equivalent

(c) Active isolated switch circuit

Figure 4.7: Averaged resistor equivalence of switched circuits

To begin, we determine the equivalent resistance of the parasitic switch output
capacitors Cyssn. A basic switched-capacitor circuit, commonly used in analog inte-
grated circuit design, is shown in Figure 4.7. The forward charge transfer per clock
cycle is given by:

AQ = C(Vi - Va). (4.24)

The averaged resistor equivalence of Figure 4.7a is shown in Figure 4.7b [40]. The
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value of the equivalent resistance is

T
Req — 6 (425)

Tavg = : 4.26
g Req ( )
Substituting for R, results in
C(Vi —Va)
Lung = 2 (4.27)
And substituting 7" = f%u into this equation for R., gives
T 1
R, == = . 4.28
q C Cfsw ( )

The switched circuit of the active isolation barrier of a buck-boost converter is

shown in Figure 4.7c. The forward charge transfer per cycle is given by

AQ - Cossl(‘/l - ‘/2) + Coss?(‘/l - ‘/2) (429>

Assuming C, s = Cyss1 = Coss, this equation reduces to

AQ = 20055(‘/1 - ‘/2) (430)

The averaged active isolation resistor equivalence of Figure 4.7c is shown in Fig-
ure 4.7d. The value of the equivalent resistance in terms of the switching frequency
is

1

Req - 2COSSfS’LU .

(4.31)
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The result in Equation 4.31 is used to develop the averaged switch model of the
active isolation buck-boost converter. The differential-mode model of a buck-boost
converter is shown in Figure 4.8a [27|. Figure 4.8b shows the proposed averaged

differential- and common-mode model of the active isolated buck-boost converter.

- I D
Vi 3 L %]z

(a) Buck-boost averaged differential-mode model|27]

Rs2  SL/2
AAN—p——AAN
RCa:s.’E" TNy J-Ta'm
i D ' \Y
e 1] D' Vdm Lam G I:I ZE.
; Ry2 SL/2 +

(b) Proposed buck-boost averaged differential- and common-mode

model

Figure 4.8: Buck-boost averaged models
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The parameters for the model in Figure 4.8b are:

Reosst = 3572 (4.32)
Revws = gt (1.33)
Z., = <//RL (4.34)
L= (4.35)

Ry = (%)2]%61 + %Reg (4.36)
Rer = Ris1 + Ras2 + Ry (4.37)
Rey = Ry + Rugs + Rass (4.38)

Circuit mesh analysis on Figure 4.8b and solving for i.,, results in the following

averaged linear equation:

A+ B
lem = &) (4.39)
Where,
D
A= RCossB(Vdm + ﬁ‘/;lm) (440)
Ry + sL, .
B = (RCossT + RCossB)[TTldm - ‘/;m] (441)
Rr + sL,
C= (RCOSST + RCossB)(RCossB + TT + Zcm) (442)
D= R003332 (443)

If RoossB = Reoosst = Reooss, then Equation 4.39 simplifies to the following:



59

. V;im + %V;im + (RT + SLe)idm - 2‘/;’771
tem = .
(RCoss + RT + SLe + 2Zcm)

(4.44)

To obtain a practical approximation for the differential-mode current (igy,), iem 18

set to zero (since in practice iz, < ign) Which gives us:

D
D Vdm

" sL.+ 7. + Ry’

(4.45)

Ldm

Together, Equation 4.44 and Equation 4.45 can be used to determine voltages and
currents of interest in the active isolated buck-boost converter when used in various
applications. In this section, they are used to determine the ground leakage current
(common-mode current) and ground voltage potential in a PV microinverter system.
Based on these equations, devices should be selected to minimize the parasitic output
capacitance (Cyss) of the isolation switches. As such, GaN devices are used for the
converters in this dissertation (since they have relatively low C,ss values) to develop

prototypes for experimental testing, as seen in the following section.
4.4  Experimental Validation

This section contains simulation and experimental results of the boost-buck active
isolated converter in both uni-polar (partially-isolated) and bi-polar (fully-isolated)
operation. The uni-polar converter is demonstrated in a half-bridge inverter applica-

tion.
4.4.1  Uni-polar Active Isolated Boost-Buck Converter

A uni-polar active isolated boost-buck converter is able to operate in such a way
that its output voltage can float relative to the input ground in only one direction.
This is useful in several different practical applications— including active rectifiers and
inverters. The circuit for the converter is given in Figure 4.9 with circuit parameters

listed in Table 4.2.
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Figure 4.9: Schematic and test setup for realization of uni-polar active isolated boost-
buck converter with circuit parameter values given in Table 4.2

Table 4.2: Unipolar Active Isolated Boost-Buck Converter Parameters for Figure 4.9

Ref. Des. H Value
Q1 2N3904
Q- PSMNBHRO-80PS
Dy — Dy 1N5818
Ul 741504
U2 HCPL 3180
U3 PDS1-S24-S15-S
R 200 Q
C; A7 uF
Cl 10 ,LLF
CQ 1 /LF
Vy 5V
Ly, Lo 0.5mH
fsw 50 kHz
duty cycle 0.6
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The switch, SW1, is able to operate in position 1 or 2 with leakage current, [jcqkqge
measured less than a few milliamps. The converter was tested with offset voltage,
Vpe, set at 0 to 4V for both switch positions. Figure 4.10 shows the converter
operating with SW1 in position 2 with Vpe = 2V. The ideal expected result is -5.5V

with the actual output operating at just under -5V due to converter losses.

Vil WIS G ORI WUUIIN SN PN UL WUNTIT SR SR N

Figure 4.10: Oscilloscope capture of unipolar boost buck with switch SW1 in position
2 with Vpe = 2V showing the converter output operating at the expected value of
just under -5V.

4.4.2  Uni-polar Active Isolated Boost-Buck Converter in Inverter Application

The uni-polar boost-buck converter shown in Figure 4.9 is used in a mid-point
biased inverter half-bridge circuit to demonstrate the converter’s ability to float in
one direction, as can be seen in Figure 4.11. The parameters for this inverter are

listed in Table 4.3. As seen in Figure 4.11a, the uni-polar boost-buck is used to
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create a mid-point grounded dual supply (V+ and V-) for the inverter half-bridge.
The duty cycle is set to output a 24V signal that is level shifted down by 12V by the
capacitor divider C1 and C2. This allows diodes D2 and D3 of Figure 4.9a to always
remain reversed biased. The 555 timer is used to generate the 715Hz square wave to
drive the half-bridge inverter. The circuit is simulated with SiMetrix SPICE software
and expected results are shown in Figure 4.11b. The experimental results, shown in

Figure 4.11c, confirm proper operation of the inverter.

Table 4.3: Inverter Circuit Parameters of Figure 4.11a

Ref. Des. H Value
1 2N3904
Q- PSMNb5RO0-80PS
D, — D, 1N5818
Ul 741504
U2 HCPL 3180
U3 PDS1-5S24-S15-S
R 200 Q

4.4.3  Bi-polar Active Isolated Boost-Buck Converter

To demonstrate the full capabilities of active isolation, a bi-polar (fully isolated)
boost-buck active isolated converter is prototyped and tested, as shown in Figure 4.12.
The circuit diagram consists of five bidirectional series-connected switches S2-S6 and
one unidirectional switch S1, as shown in Figure 4.12a. Inductor current in L1 is
increased by turning on S1. The non-overlapping clock generation circuit shown in
Figure 4.12b ensures that S1 and S2 are not closed at the same time. During the S1
and S2 commutation dead-time, the voltage across the output capacitance of S1 will
increase and will cause the device to avalanche protect if this time is too long. The
deadtime control circuit is designed to provide a minimum deadtime so the device
will not go into avalanche protection. The deadtime is set at 280ns with the 1002
resistors (R1-R2) and 330pF capacitors (C3-C4). The deadtime may be adjusted by

changing C3-C4. The same commutation strategy is used for S4 and S6 for output
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inductor L2.

Table 4.4: Bi-polar Active Isolated Boost-Buck Converter Parameters

Ref. Des. H Value
Vy 5V
C; 200uF
4 ATpF
02 1[LF
03 - 04 330pF
Ll, LQ 0.5mH
R 1092
R1 — R2 10082
S1— 56 PSMNb5RO0-80PS
fsw 50kH z
duty cycle 0.6
Ul 74LS02
U2 7415244
U3-U8 HCPL 3180
Vew 10V
Vi -20V to 20V

The Printed Circuit Board (PCB) is shown in Figure 4.12c. As seen, the design
does not contain any consideration for heat sinks. As such, the steady-state power of
this prototype is limited to 16W.

To test for isolation capabilities, the voltage source V1 was adjusted from +20V to
-20V demonstrating the ability of the output voltage to float relative to the input. The
results shown in Figure 4.13a verify proper operation of the positive voltage isolation
from input to output, whereas results in Figure 4.13b verify proper operation of the
negative voltage isolation.

Empirical data collected for the converter was shown to match the conducted effi-
ciency model given in Equation 4.19 as shown in Figure 4.14a and 4.14b.

The leakage current for the converter was measured for increasing isolation voltage
and is found to be proportional to isolation votlage, as shown in Figure 4.14c. The
leakage current was also measured with increasing switching frequency, as shown in

Figure 4.14d, and is seen to be proportional to switching frequency. This is consistent



with expected results as in [22].
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Uni-Polar
Boost-Buck 555
Ve g """ ;! Timer
D=0.84

(a) Schematic of active isolated converter used to create +/-12V dual supplies
for use in inverter application with circuit parameter listed in 4.3.

Inverter 10 10 i e/

Output 0 T

Voltage L™ H

™) -10 - I
+

Dual 10 v

Supply ¢ ol

Voltage 10 ]

7] ) V-

time (10ms/div)

(b) Simulation (using SiMetrix) of active isolated converter used to create
+/-12V dual supplies for use in inverter application.

(c¢) Experimental waveform with Chl: +12V DC, Ch2: Output voltage, Ch3:
Output current, Ch4: -12V DC

Figure 4.11: Schematic diagram and experimental waveform of active isolated boost-
buck converter used in inverter application
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(a) Power stage schematic diagram and test setup of bi-polar active isolated
boost-buck converter.
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(c¢) 15W PCB prototype

Figure 4.12: Schematic and test setup for realization of fully active isolated boost-
buck converter with circuit parameter values listed in Table 4.4.



(a) Isolated voltage V1 varied from 0 to +20V: Chl: Output voltage V,, Ch2:
PWM, Ch3: internal boost voltage Vo, and Ch4: inductor current Iy,

1

L

(b) Tsolated voltage V1 varied from 0 to -20V: Chl: Output voltage V,, Ch2:
PWM, Ch3: internal boost voltage Vo, and Ch4: inductor current Iy

Figure 4.13: Experimental waveforms of prototype active isolated boost-buck
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Figure 4.14: Experimental waveforms of prototype active isolated boost-buck for
circuit values listed in Table 4.4



CHAPTER 5: APPLICATIONS

5.1  Introduction

This chapter presents two applications of active isolated converters using the two
optimal topologies: buck-boost and boost-buck AI converters. Section 5.2 covers the
use of unipolar AT buck-boost converter in our patented common-ground PV mi-
croinverter application and section 5.3 uses the unipolar Al buck-boost converter in
AC/DC power adapter for laptop computer applications with integrated fault pro-

tection [28].
5.2  Photovoltaic Microinverter

In microinverter applications, two conventional approaches to the converter topol-
ogy are single-stage with unfolding bridge and two-stage, as shown in Figure 5.1.
Single-stage refers to the fact that the boosting and wave shaping are performed in a
single-stage, whereas, the two-stage approach requires two converters to perform the
same operation [29]. The single-stage design consists of an isolated DC/DC rectified
sine wave converter utilizing an unfolding bridge that operates at line frequency (LF).
The two-stage microinverter consists of an isolated DC/DC converter followed by an
inverter.

In both topologies, a high-frequency (HF) transformer is often used to provide
galvanic isolation which improves safety without the need for a bulky line-frequency
transformer[10]. A more detailed diagram of a two-stage design utilizing a full-bridge
(FB) inverter is shown in Figure 5.2a. As shown, the photovoltaic (PV) module is
allowed to float but the frame is grounded as required by various standards [30]. The

equivalent model in Figure 5.2b includes a parasitic PV capacitance (Cpy) (approxi-
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(b) Two-stage

Figure 5.1: Traditional Microinverter Topologies

mately 7nF per installed PV kW [30]) and parasitic transformer winding capacitance
(Crso) (about 16pF or less for flyback transformers [41]) along with the effective
common-mode voltage (Vo) and differential-mode voltage (Vpys) model of the in-
verter. As seen in Figure 5.2¢, the common-mode current (icy) is effectively elim-
inated by the isolation stage due to the high reactance of Cjgp around the ground
loop.

In the case of non-isolated converter topologies, the parasitic PV capacitance (Cpy )
combined with the inverter effective common-mode voltage (Vi) and filter induc-
tance (L4//Lp) results in a resonant ground loop path that produces a common-mode
current (icar), as seen in Figure 5.3, also refered to as leakage current |30, 8]. Several
standards limit this current, e.g. the German standards limit the value to below 30mA
[10, 8]. However, the benefit in removing the HF transformer is improved efficiency,

higher power density, and reduced cost [31].
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(a) Isolated two-stage microinverter system

Inverter FB Filter

(b) Equivalent common-mode model of isolated microinverter
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(c) Simplified common-mode model showing negligible common-mode
current due to a low value of Crgp in spite of high value of Cpy

Figure 5.2: Development of common-mode model for isolated two-stage microinverter
system

5.2.1  Proposed Solution

This dissertation proposes to remove the HF isolation transformer by using trans-

formerless active isolation in the first stage of the PV microinverter. As seen in
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(c) Simplified common-mode model
showing significant common-mode cur-
rent due to the absence of series Crgo
and presence of high Cpy

Figure 5.3: Development of common-mode model for non-isolated string inverter
system

Figure 5.4, active isolated converters use semiconductor power devices to isolate con-
ventional converters such as buck-boost and boost-buck [32]. In the first stage of

a two-stage microinverter topology, unipolar active isolation is used to enable the
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use of a common-ground connection from AC neutral (N) to PV module minus ter-
minal (M). Although full system isolation is not obtained, the intermediate isolation
provided between the two stages eliminates system leakage current since the common-
ground connection effectively shorts out the common-mode voltage generated by the

inverter.

(a) Buck-Boost

FYYY™

Ly 1 2x L

Vg = Cj:: V; C;::: VH R

(b) Boost-Buck

Figure 5.4: Active Isolated Power Converters

5.2.2  Derivation of Common-Ground Active Isolated PV Microinverter System

In transformerless converters, it has been shown in [26] that the use of a common-
ground connection is the only method that results in complete elimination of the
common-mode ground current. Traditionally, the common-ground connection re-
quires the use of an isolation transformer as shown in Figure 5.5a. The PV minus
terminal (M) is grounded by connection to AC output neutral (N), this is known
as common-grounding. This common-ground connection effectively shorts out the
common-mode voltage, Voys, produced by the inverter thus eliminating the driving
force around the resonant ground loop, as shown in Figure 5.5b, and reduces the

common-mode current to zero.
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(b) Simplified equivalent common-mode model of isolated grid-connected FB
inverter with common-ground connection showing zero common-ground cur-
rent (icq) and zero ground current (ig)

Figure 5.5: Circuit and model of isolated PV system with common-ground connection
for mitigation of common-mode ground current

The transformer-based isolated converter of Figure 5.5a can be replaced with
a transformerless active isolated converter as shown in Figure 5.6a. Actively iso-
lated converters generate common-mode leakage currents (icpn and iopp) due to
the switching action of semiconductor devices used to isolate the input from output
[20, 21]. The switching current through the semiconductor output capacitance (Cossr
and C,ssp) is responsible for this common-mode isolation current [20, 21|. Meth-
ods have been developed to suppress this common-mode isolation current, however,

in this application this current can be easily mitigated by using a common-ground
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connection|22, 23|, as shown in Figure 5.6a. This effectively suppresses the effect of
the isolation currents and simultaneously shorts out the common-mode voltage of both
the DC/DC converter (V7so) and inverter (Veps) which eliminates the ground current
(i) flowing through the ground impedance (Z,) as shown in Figure 5.6b. (The mag-
nitude of Viso depends on the active isolation topology.) The internally generated
common-mode current (icys) flowing through the common-ground connection (icg)
is due largely to a combination of several semiconductor output capacitances (nCys;)
that allows transient currents to flow internally around the resonant loop formed by
Viso, nCoss, Veour, and Lu//Lp but does not flow through the ground impedance
Z, due to Kirchhoft’s Current Law (KCL). In effect, the common-ground connection
causes the internally generated common-mode current (icps) to split into two cur-
rents: a common-ground component (icq), and a ground component (ig). Since the
impedance of the common-ground path is much lower than the ground impedance
path, zero current flows through the ground impedance (Z,).

The common-ground current (icg) reduces the efficiency of the converter. This
current can be minimized by choosing switch devices that have low values of parasitic
output capacitance, Cpss. Wide bandgap devices, such as Gallium Nitride (GaN)
and Silicon Carbide (SiC), are good candidates for active isolation converters since
they have comparatively lower values of parasitic output capacitances. A survey of
commercially available SiC and GaN devices show output capacitances (Coss) in the
range from 46pF to 289pF [33, 35]. Thus, the use of wide bandgap devices enables

high efficiencies for the converter proposed in this microinveter system.
5.2.3  Unipolar Active Isolation in Common-Ground Microinverters

The magnitude of the isolation voltage available in active isolation is relatively
limited compared to transformer isolation. It is limited to the blocking voltage of
the isolation switch devices, e.g. 650V, 1200V, etc. The use of wide bandgap devices

with high blocking voltage enables the practical application of active isolation in the
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current (i) through the ground impedance

Figure 5.6: Circuit and model of active isolated PV system with common-ground
connection for mitigation of common-mode ground current

microinveter system. In PV inverter applications with common ground connections,
the amount of required isolation is known since the converter input (M) to output
negative (R) is effectively clamped by the common ground connection, as seen in
Figure 5.7.

A detailed analysis of various commonly used inverter topologies and modulation

schemes, as seen in Figure 5.8, shows that the amount of isolation and polarity is
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Figure 5.7: Model of active isolated PV microinverter with common-ground connec-
tion showing that Viy;r = Vg = Vo

limited to the PV module voltage and is unipolar. As such, unidirectional switches
are utilized to realize the converters of Figure 5.4 as shown in Figure 5.9. The GaN
HEMT devices for both converters are arranged to allow the body diode to freewheel

the inductor currents during commutation deadtime.
5.2.4  Experimental Validation

This section contains simulation and experimental measurement results of unipolar
active isolated buck-boost and boost-buck converters for two-stage PV microinverter
applications as shown in Figure 5.1b. For the first DC/DC isolation stage, a unipolar
active isolated converter is used as shown in Figure 5.9. The converters are first
characterized with resistive load and then cascaded with a 1kW GaN-based inverter
(TDINV1000P100) manufactured by Transphorm [34]. This inverter uses a half-
rectified sine modulation scheme as shown in Figure 5.8d. The modulation scheme
allows common-mode currents to flow in the converter since the common-mode voltage

is a unipolar half-rectified sine wave. This enables the use of a unipolar DC/DC
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(a) Differential Sine (b) Single-ended sine with mid-
point biasing

| VMsin6,0<6 <m 'i
AlVMsing +V, m <6 < 2mi .

(¢) Totem-pole (d) Half-rectified sine

Figure 5.8: Non-isolated FB inverter in PV application showing generation of equiv-
alent model with filter

isolation stage. The DC/DC converters operate from a 47V input and provide up
to 190V output voltage for the inverter stage input. A Newtonsdth N4L. PPA1530
power analyzer is used for all efficiency measurements.

Figure 5.10 shows correlation between the averaged differential- and common-mode
model shown in Figure 4.8b and SiMetrix SPICE switching model, with parameter
values given in Table 5.1. Figure 5.10a shows correlation of common-mode current
(iem) with the common-mode voltage set to zero, which is the worst-case scenario
since the common-mode voltage tends to cause a current to flow in the opposite di-
rection of the high-side common-mode currents. Figure 5.10b shows close correlation
between the output voltage (V,) of the averaged differential- and common-mode model
compared to the SPICE switching model. These values have also been correlated to

experimental measurements over a wide operating range.
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Figure 5.9: Proposed circuit to implement unipolar active isolated converters

Table 5.1: Component values used in simulation of the active isolated buck-boost
converter shown in schematic of Figure 5.9a.

Parameter H Value

D 0.5
CossN 180pF
v, 20V
7 25 Q)

Rl 22mQ
Rasn 35mQ
Reossn 50k(2
Vem ov
Rem 10.8%2
Ry 0.276¢52
L 500411

A 47V /190V, 350W GaN-based unipolar active isolated boost-buck converter was

prototyped on Printed Circuit Board (PCB) as shown in Figure 5.11. The converter

schematic is shown in Figure 5.9b with circuit parameters given in Table. 5.2. Fig-
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Figure 5.10: SPICE simulation of switching model compared to averaged differential-
and common-mode model (Figure 4.8b) showing close correlation

ure 5.12 shows an efficiency plot of the converter with measured results and calculated

values plotted using equations given in [32]. As shown, the experimental and calcu-

lated values correlate well. The wire trace per switch (Ryi..) was measured to be

about 5m per switch. The peak efficiency is approximately 96.2% at 200W. The
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efficiency could be improved by increasing board trace width, improving heat sink

design, and choosing GaN switch devices with lower Ry ,, values.

Figure 5.11: Prototype of 47V /190V, 350W unipolar GaN-based active isolated boost-
buck converter PCB

Table 5.2: Parameter values used in testing of the 350W unipolar active isolated
boost-buck converter shown in schematic of Figure 5.9b. and PCB shown in Fig-
ure 5.11

Parameter H Value
L1 - 12 500pH
Cl1-C2 12.5uF
S1— 56 TPH3212PS

duty cycle, D 0.83

fsw 50 kHz
Rds—on 85mQ
Rire per switch 5m()
Normalized Rgs_on 1.65
Qpr 73nC

A 47V /190V, 1kW GaN-based unipolar active isolated buck-boost converter was
prototyped on PCB as shown in Figure 5.13. The design consists a main motherboard
with a dual pair of removable GaN modules with included heatsinks (middle) and non-
overlapping clock buffer board (far left). A schematic of the converter power stage
is shown in Figure 5.9a and parameter values given in Table 5.3. The waveform in
Figure 5.14a shows the first phase of the non-overlapping clock signal (®1), along with

output voltage (V,), inductor voltage (V7), and inductor current (I). Figure 5.14b
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Figure 5.12: Measured and calculated efficiency of 350W unipolar active isolated
boost-buck converter

Table 5.3: Parameter values used in testing of the 1TkW unipolar active isolated buck-
boost converter shown in schematic of Figure 5.9a and PCB shown in Figure 5.13

Parameter ‘ ‘ Value
L 500uH
C 12.5uF
S1— 56 TP65H035WS
Heatsink 530002B02500G
Thermal Pads 4169G
duty cycle, D 0.81
fsw 50 kHz
Rds—on 35mf?
Rire per switch 15mQ
Normalized Rgs_on 1to 1.9
Qrr 144nC

shows an efficiency plot of the converter with measured results and calculated values
plotted. As seen, the peak efficiency is 97.5% at 111W-150W.

To demonstrate the common-mode current isolation capabilities of the proposed
solution, a 1kW GaN-based unipolar active isolated buck-boost converter was used
in a two-stage microinverter configuration, as shown in Figure 5.15a. The waveform

shown in Figure 5.15b verifies proper operation for a 580W load. The efficiency of the
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TP65H035WS
GaN HFET
650V, 35mQ

Figure 5.13: Prototype of 47V /190V, 1kW unipolar GaN-based active isolated buck-
boost converter PCB

entire microinverter system is 88.56% while operating at 580W. As seen in Fig 5.16,
the inner loop current flowing through the common-ground connection (i¢g) in the
converter was measured to have an average value of 48.95mA with peak currents up
to 3A, however, as discussed previously, this current flows around the interior of the
converter and does not flow through the PV system ground (Z,) since the common-
mode voltage of the inverter has effectively been shorted by the common-ground
connection. The total system efficiency is reduced by the current flowing through the
common-ground connection (icg); so, the efficiency could be increased by selecting
switch devices with lower output capacitance (Cyss). With a ground impedance (Z,)

value of 10.8€2, the ground current (i) is measured to be zero as expected.
5.2.5  Discussion

In this section, two transformerless active isolated converter topologies were pro-
posed to replace the conventional first transformer isolation stage of a two-stage mi-
croinverter system. Common-mode ground current concerns were mitigated by proper

analysis and selection of a common-ground connection and unipolar active isolation
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(a) Waveform of unipolar active isolated buck-boost converter showing clock signal
(®1), output voltage (Vj), inductor voltage (I) and inductor current (I,)
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(b) Efficiency Curve of unipolar active isolated buck-boost converter showing peak
efficiency of 97.5% at 111W-150W

Figure 5.14: Unipolar GaN-based 1kW active isolated buck-boost converter

to improved converter efficiency, increase power density, and reduce cost.
5.3  AC/DC Power Adapter with Fault Protection

This section presents a transformerless common-ground AC/DC switching con-

verter that consists of a diode bridge cascaded with unipolar Active Isolated (AI)



85

Active Isolated
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(a) Microinverter test schematic consisting of active isolated buck-boost converter
cascaded with inverter

(b) Microinverter experimental waveform showing output voltage (V.q), output
current (I.4), inverter input voltage (V,), and isolation voltage (Vg).

Figure 5.15: GaN 1kW Unipolar active isolated buck-boost converter followed by
Transphorm GaN FB inverter EVB

DC/DC converter [32, 38|, as shown in Figure 5.17. The application shown is a
power adapter for laptop computers. (Safety standards are less stringent for voltages
below twenty volts.) The converter provides galvanic isolation across switches that
deliver energy to inductor Ly during mode 1 (¢1 high) and transfers this energy to an

output load during mode 2 (¢2 high) while preventing a direct connection between
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Figure 5.16: Measured common-ground current (icg) showing an average value of
48.95mA with peak currents up to 3A
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(b) Circuit diagram
Figure 5.17: Proposed transformerless common-ground ac/dc converter (without fault

protection) consisting of diode bridge cascaded with unipolar Active Isolated (AI)
buck-boost converter
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input and output via proper phasing of the switch devices Q)1 — Q4.

The active isolation DC/DC stage has four major challenges that must be consid-
ered: 1) the generation of internal common-mode currents, 2) the presence of four
switch parasitic output capacitors (Cyss1_4) that allow common-mode currents to flow,
3) the unipolar nature of the isolation prevents the output low-side connection from
being higher than ground, and 4) the possibility of a switch failure would cause ex-
cessive common-mode currents to flow and could present a high voltage at the output

terminals that could be a shock hazard, as shown in Figure 5.18.

AI DC/DC Stage

Q; TI¢_;T %21. 3 >30mA
] @'I;;—'tnﬂ' tuf‘*;gy %
Ve L, short! TV, shock
170V C; 2 | hd

Figure 5.18: Circuit diagram of unipolar AT DC/DC stage of proposed converter
showing the possibility of shock hazard in the event of switch short failure when
transistor (); is closed

The first issue has been solved for bipolar isolated converters with touch current
suppression techniques as described in|22, 24, 23| and is solved in this converter de-
sign by shoring out the internally generated currents with the common-ground clamp
connection at the output. The second issue is mitigated by ensuring the magnitude
of the parasitic capacitance is close to the primary-to-secondary parasitic capacitance
of a flyback transformer winding, e.g. < 16pF [41]. A survey of wide bandgap devices
show output capacitances (Coss) in the range from 46pF to 289pF|[33, 35|. The selec-

tion of gallium nitride (GaN) transistors devices in this realization allow the output
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capacitance to approach that of the primary-to-secondary parasitic capacitance of a
conventional flyback transformer winding. The third issue is also solved by clamp-
ing the output low-side connection to ground through the use of a common-ground
connection. The forth issue solution is proposed in this dissertation. The proposed
approach is to actively measure the converter common-mode leakage current and dis-

connect the AT DC/DC stage using relay or bidirectional switch devices, as shown in

Figure 5.19.
Atmel
AI DC/DC Stage [ controller
Ik
> Vg %L T&fT ) SWhia
| B
i i |—>|—| TP4|—>|—| :—D+—
Vael | 19V
170v] | 41 . T v AYA H Ry
i 9 Current |
T 'TPSITTT Sensor = —

SWi o, e e SWh.14

Figure 5.19: Circuit diagram of proposed AI DC/DC stage with additional fault
protection circuitry consisting of: common-mode relay disconnect switches SWg,x1_4,
leakage current sensor, and controller

5.3.1  Development, Operating Principles, and Modeling of Common-Ground

Transformerless Converter

This section covers the development and operating principles of the proposed

common-ground transformerless AC/DC converter.
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Figure 5.20: Conventional isolated ac/dc converter consisting of diode bridge cascaded
with isolated buck-boost (flyback) converter [39]

5.3.2  Development and Operating Principles

A conventional isolated AC/DC converter utilizing a first stage diode bridge and
second stage non-isolated buck-boost (flyback) converter is shown in Figure 5.20. The
first stage diode bridge rectifier can optionally be replaced by a wide variety of differ-
ent passive and active rectifier circuits— including a Power Factor Correction (PFC)
stage. Due to the diode rectifier stage, the DC link voltage capacitor C' alternates
between negative and positive ground. It is possible to replace the isolated DC/DC
second stage flyback converter with a non-isolated buck-boost converter shown in
Figure 5.21. If the output is grounded, a large undesirable common-mode leakage
current (i.,) flows and rapidly discharges the DC link capacitor C;. However, if the
output negative terminal of the converter is grounded through a human body, a shock
is felt due to the high common-mode leakage current flowing to ground. Adding a
lateral commutating switch pair on the low-side DC link prevents the previously men-
tioned undesirable common-mode leakage ground current from flowing, as shown in
Figure 5.17.

Bidirectional switches are not needed in the DC/DC stage since the body diodes are

reverse blocking during both positive and negative AC cycles; this allows for a unipolar
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Figure 5.21: Non-isolated ac/dc converter consisting of diode bridge cascaded with
non-isolated buck-boost converter

AT buck-boost topology, as shown in Figure 5.22. Power transfer from V. to L, occurs
during mode 1 (¢1 high) with switch devices Q1 — Q2 closed and charges inductor Lj.
During mode 2 (¢2 high), switch devices Q53— @, are closed and the current in inductor
Ly is delivered to the load C; and Ry. This process occurs during both positive
and negative grid voltage cycles, however, the location of the ground connection on
the DC bus capacitor (' alternates from positive to negative ground, as shown in
Figure 5.22. A sufficient deadtime exists (Figure 5.17a) between mode 1 and 2 so
the input and output are not galvanically connected simultaneously. This provides
the required galvanic isolation between input and output so that the common-ground
output connection at the load is possible. This operation is fundamentally different
than previous SC-based attempts at transformerless isolation since the conversion
ratio is based on traditional inductor volt-second balancing instead of capacitor charge
balancing [20, 21, 22, 24, 23|. The converter is referred to as being "unipolar" since
switch devices ()1 — Q4 are reverse blocking in only one direction. In this case,
unipolar operation is justified since the switch common-mode potential is always uni-

directional.
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Figure 5.22: Unipolar Al buck-boost topology during positive and negative cycles of
the AV input grid voltage

5.3.3  Modeling of AI Buck-Boost Converter

The frequency-domain circuit model for an Al buck-boost converter is shown in
Figure 5.23. The circuit model is based on the diferential-mode model in [27] except
that the common-mode path consisting of 7., and V,,, has been added along with

isolation resistance R.,ssr and Re.ssp representing the top and bottom isolation re-



92

Figure 5.23: AI Buck-boost frequency-domain differential- and common-mode model
[38]

sistance, respectively. The isolation resistances Re.ssny (where N is T for "top" or B
for "bottom") quantify the average current that flows through a commutating pair
of switched-capacitor devices, as discussed in [40]. The parameters for the model are

then:

Reosst = 567 (5.1)
Roos = gt 5.2
Zy = %//RL (5.3)
L= 24 (5.4)

Rr = (£)?Re1 + 2 Res (5.5)
Rer = Rys1 + Ras2 + Ry (5.6)

Res = Ry + Rgss + Rysa (5.7)
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Circuit mesh analysis and solving for i, results in the following frequency-domain

linear equation:

A+ B

m T 0D (5.8)
Where,
D
A= RCossB(Vdm + ﬁ‘/dm) (59)
Ry +sL, .
B = (RCossT + RC’ossB)[TTde - ‘/cm] (510)
Rr + sL,

C= (RCOSST + RCOSSB)(-RCOSSB + TT + Zcm) (511>
D= RCOSSB2 (512)

If RoossB = Reosst = Reoss, then Equation 4.39 simplifies to the following:

Vm+2/Vm+ R + LP m_2‘/cm

_ Vam & 57 Vam + (B + sLe)ia (5.13)

1
o (RCoss + RT + SLe + 2Zcm)
To obtain a practical approximation for the differential-mode current (igy), iem 18

set to zero (since in practice iz, < igm) Which gives us:

_ %Vdm
sL.+ Z; + Ry’

(5.14)

Ldm

Together, Equation 5.13 and Equation 5.14 are used to determine all voltages and
currents of interest in the AI buck-boost converter when used in various applica-
tions. Equation 5.13 is plotted vs. switch output capacitance for three different wide

bandgap devices 35, 33, 36] using MATLAB with parameter values given in Table 5.4
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and Table 5.5 as shown in Figure 5.24. Based on these equations and the plot shown,
switch devices should be selected to minimize the parasitic output capacitance (Coss)
of the isolation switches. As such, GaN devices are used for the converters in this
dissertation since they have relatively low C,ss values. Comparison of Equation 5.13
to circuit diagram in Figure 5.22 reveals that, for this example, the common-ground
connection at the output clamps the common-mode voltage to zero during the nega-
tive AC grid cycle and clamps it to negative one-hundred seventy (-170) volts during
the positive AC grid cycle. The common-mode voltage will thus be a square wave at

grid frequency with amplitude equal to Vy,,.

E 5 DeVice #3/07
3

5 4 .

= Device #2

5]

g 3 ]

S

2. 2 — Calculated -
g ; o E 1 tal

g 1 Device #1 XpEr l‘rnen

g ol \

S 0 50 100 150 200 250 300

Output Capacitance (pF)

Figure 5.24: Plot of AT Buck-boost average (s=0) common-mode current during nega-
tive AC grid cycle for circuit shown in Figure 5.22a using Equation 4.44 for parameters
give in Table 5.4

The equation derived for differential mode current, Equation 4.45, is used to cal-
culated conducted efficiency losses in the converter using MATLAB. With switching
losses added an efficiency curve is generated as shown in Figure 5.25 for the converter
of Figure 5.22 with parameters given in Table 5.4 using switch device #2. Device #2
is selected since it offers the best trade-off between low common-mode current and

relatively high efficiency.
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Table 5.4: Component values used in simulation of the unipolar AT buck-boost con-
verter shown in schematic of Figure 5.22a.

Parameter H Value

Fow 50kHz
Vim -170V
V, 19V
zr 50

L 500.H

Rl 22mQ

RdsN 35mQ
Rem 092
Ve ov

Table 5.5: Wide bandgap switch device parameter values

Identifier || Part Number | C,,,

‘ Rds(on)

Device #1 || TPH3206PSB | 46pF

150mf?

Device #2 || TP65H035WS | 190pF | 35mf)

Device #3 || C3M0015065D | 289pF | 15m(}

e %4 I
=l — Calculated
> /Q\O\
% 92 /,/ o o Experimental [—
'S
2 90 \O\
5o
e
2 88
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3 J o
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Figure 5.25: Efficiency plot of AT Buck-boost converter for circuit shown in Figure 5.22
using Equation 4.45 for parameters given in Table 5.4 and Table 5.5 for switch device

42

5.3.4  Fault Detection and Protection in Common-Ground Transformerless

Converter

This section details the change in common-mode leakage current during fault con-

ditions, that is, in the event that a switch device ((Q1_4) is shorted during normal
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operation. The goal is to provide protection to users in the event of device failures
since normally switch short protection is provided by transformer isolation. Note
however that transformer winding insulation failure is also a safety concern for trans-
former isolated converters but is less common than transistor device failure.

C

“oss] Coss.? i Cossl Coss.? 5

lemH_S51_neg lemH _SS2_neg

Coss? C

Vn’c o 2 T “
170V 170V
ikl L) {inainnENs
JL lem_sS1_neg =

— lcmLﬁSS 1_neg

(a) Negative AC grid voltage cycle during (b) Negative AC grid voltage cycle during

mode 1 mode 2
Coss] Coss.? Coss] Cass,? i
lemH_SS51_pos cmH_S52_pos
+ T

‘oss2 Cass/! CQ T

tchrcs L

(c) Positive AC grid voltage cycle during (d) Positive AC grid voltage cycle during
mode 1 mode 2

Figure 5.26: Simplified circuit diagram illustrating common-mode current path in Al
buck-boost converter during positive/negative AC grid cycle during mode 1 and 2 of
operation showing charging of switch parasitic output capacitors (Cyssn)

The charging of MOSFET output parasitic capacitors CossN (with N=1-4) of the
DC/DC isolation second stage causes a small steady-state common-mode current
(em_ss) to flow. This current will flow through the output ground connection. There

will be a high-side (icmr ss) and low-side (ie,r sg) contribution given by:

Z'cm_SS = icmH_SS + Z'cmL_SS- (515)

This current can be different during the positive and negative cycles and during
mode 1 or 2, as shown in Figure 5.26. The current during the negative AC cycle

during mode 1 is given by:
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icmL_SSl_neg =0 (516)

for the low-side since the capacitor voltage is shorted to zero by the common-ground

connection. The high-side common-mode leakage current is given by:

Q=CV (5.17)
Qemn_551_neg = —Cosss(Vae + Vo) (5.18)
lemH _SS1 _neg = —%Cf (5.19)
_ _Cosssl(y;zczw—i- V) (5.20)

= — fowCoss3(Vac + Vo), (5.21)

as shown in Figure 5.26a.
The common-mode leakage current during the negative AC cycle for mode 2 at the

low-side is given by:

Z'cmL_SSQ_neg = 0. (522)

since the capacitor voltage is shorted to zero by the common-ground connection.

The common-mode leakage current at the high-side is given by:

icmHﬁSSQﬁneg - _fswCossl(vdc + V;,), (523)

as shown in Figure 5.26b.
Thus the total common-mode leakage current during mode 2 of the negative cycle

is:
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icm_SSZ_neg = _fswCossl<Vdc + Vvo) (524)

Combining these two current during the negative AC cycle for the entire switching

period (modes 1 and 2) gives:

icmﬁSSﬁneg = Z.cmiSAS'lineg + icmﬁSS?fneg (525)

= _fswCoss?:(V;lc + V;)) - fswcossl(vdc ‘|‘ V;)) (526)

If we let CVossl = 00553 = COSS? then:

Z'cm_SS_neg = _2fswcoss(vdc + V;)) (527)

During the positive AC cycle, the high-side DC link capacitance is grounded as
shown in Figure 5.26¢ and Figure 5.26d. Application of the same approach for the

positive cycle results in:

icm_SS_pos = _zfswcoss(‘/dc + ‘/o) (528)

The total steady-state common-mode leakage current is the union of these two

currents, and is given by:

Z.cm_SS = _2fswcoss<vdc + ‘/o) (529)

Substituting the parameters from Table 5.4 into Equation 5.29 gives i, ss =
—3.59 mA, which agrees with the value given in Equation 4.44 and plot in Figure 5.24
from the previous subsection.

Of interest now, however, is to determine how the common-mode leakage current

changes during a switch fault (short) condition. As seen in Figure 5.27b for a 100 Q
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Figure 5.27: Common-mode leakage current in DC/DC stage of transformerless
common-ground converter during 100 €2 fault on switch device Q4 (Sy)

fault, the common-mode leakage current is expected to increase and is given by:

Z'cminegiFlt =0 (530)
, Vae 1

cm_ pos = =D 5.31

? _ Db 7Flt Rflt4 2 ( )
Vae 1

S °D. 5.32

_Flt Ry 2 ( )

Using Equation 5.32 and the converter parameters given in Table 5.4, the common-
mode leakage fault current is increased by:
1701
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The circuit shown in Figure 5.19 can thus be used to monitor the common-mode
leakage current and open protection switches SWg,11_4 in the event of a fault, i.e.,
if the fault current exceeds 30mA according to various standards |5, 6]. According
to Equation 5.33, a fault resistor inserted across a switch device ()4 should cause
a sufficient fault to trigger protection switches (SWpk1-4) to open and protect the
output. It is found that shorting 1009 resistors across other switch devices (Q_4)
in the circuit cause a similar increase in common-mode leakage current, and thus the

proposed circuit given in Figure 5.19 will protect the output under all fault conditions.

5.3.5  Experimental Results

19V
L = - Al T
7 120y | Totem Pole | V. § Unipolar A R,
e PFC PN Buck- L
s | Boost — 1
: Current|
l Sensor
Atmel
controller

Figure 5.28: Block diagram of proposed transformerless common-ground AC/DC con-
verter consisting of Transphorm bridgless totem-pole PFC |37| cascaded with unipolar
AT buck-boost converter

This section demonstrates experimental results of a 300W 120Vac-to-19Vdc PFC
for laptop adapter applications. The converter is built by cascading a 2.5kW GaN-
based totem-pole PFC (designed by Transphorm Inc. [37]) with a 300W GaN-based
unipolar AT buck-boost DC/DC converter, as shown in Figure 5.28. Although the
DC/DC converter second stage is capable of operating at 1kW, only 300W operation

is recommended for this application due to lower efficiency at higher output power.

The circuit diagram of the unipolar AT buck-boost DC/DC second stage is shown
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TP65H035WS
GaN HFET
650V, 35mQ

(b) GaN-based PCB board implementation

Figure 5.29: Prototype of 300W 170Vac-to-19Vdc unipolar AI buck-boost converter

in Figure 5.29a with 650V GaN-based printed circuit board (PCB) implementation
shown in Figure 5.29b. The converter parameters are given in Table 5.6. The mea-
sured efficiency of the converter is shown in Figure 5.25 and has a maximum value of
93% at around 70W (close to the rated power of laptop power adapters).

The oscilloscope waveform shown in Figure 5.30 shows the experimental results
of a 10092 short fault applied to switch @, of the second stage DC/DC circuit as
shown in Figure 5.29a. As shown, the relay switches (SWpg,k1_4) open within 300ms
to disconnect the converter from input and output circuits, thus protecting the user

from potential shock. Fault shorts across switch devices ()1_3 show similar results
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Table 5.6: Parameter values used in testing of the 300W unipolar active isolated buck-
boost converter shown in schematic of Figure 5.29a and PCB shown in Figure 5.29b

Parameter ‘ ‘ Value

Ly 500uH

C, — Cy 12.5uF
Q1 — Q4 TP65H035WS
Heatsink 530002B02500G

Thermal Pads 4169G

duty cycle, D 0.12
fsw 50 kHz
Rds—on 35m{?

Figure 5.30: Oscilloscope waveform showing common-mode leakage current increase
with 100Q2 fault short across Q4 device

with relay protection provided within the required 300ms time frame.
5.3.6  Discussion

In this section, a new common-ground transformerless 300W, 120Vac-to-19Vdc
AC/DC converter was proposed for application in laptop power adapters. However,
since the solution is transformerless, a fault in the DC/DC unipolar isolation stage

could result in a potential shock hazard to the user. In other applications, GFCI and
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RCD devices are used to mitigate these concerns and protect against electrical shock;
a similar approach is proposed for this solution where the common-mode current of
the output DC/DC second stage is measured and relay contacts open to protect if
the measured output common-mode leakage current exceeds 30mA. The proposed
solution was found to disconnect in less than 300ms, which complies with applicable
safety standards [5, 6]. The 300W, 120Vac-to-19Vdc common-ground transformerless

PFC AC/DC converter was found to have peek efficiency of 93% at 70W.



CHAPTER 6: CONCLUSIONS AND FUTURE WORK

In this dissertation, a new set of galvanically isolated switching converters are de-
veloped mathematically and demonstrated experimentally. In total, thirty-six new Al
converters are developed of which two optimum converters, the buck-boost and boost-
buck, are found to require the fewest components for the required operation of either
pulsating or non-pulsating input/output current, respectively. Also, the AT converter
component count can be reduced by replacing the bidirectional switches with unidirec-
tional switches thus producing a unipolar Al converter. Unipolar isolated converters
are justified since in many applications, the common-mode voltage across the con-
verter is unipolar, i.e., common-ground pv inverter and common-ground offline power
supply. A mathematical model of the two optimum AI converters was developed
and validated with experimental results. Prototypes of a 500W common-ground PV
microinverter and 300W laptop ac-to-dc power adapter ac-to-dc are developed and
experimental results show high peak efficiencies of 97% and 93%, respectively.

Some of the importaint contributions of this dissertation are: 1) proposed new
set of galvanicaly isolated switching converters known as Active Isolation (AI), 2)
thirty-six new proposed Al topologies including two optimum topologies: buck-boost
and boost-buck, 3) demonstration of fully isolated (bipolar) boost-buck converter, 4)
demonstration of AT boost-buck converter in generation of dual supplies for use in
inverter application, 5) demonstration of small (mA range) common-mode leakage
current in active isoalted converter, 6) demonstration that the common-mode leakage
current in Al converters is due only to charging and discharging of Coss paracitic
capacitance of the isolation switch devices, 7) development of mathematical model

to fully describe the transient and steady-state contribution of the switch parasitic
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Coss capacitance to common-mode leakage current and coorelation to experimental
results, 8) demonstration that wide bandgap devices enable the possibility to meet
safety standards on "touch current" requements in IEC and VDE standards |6, 2, 3,
9) demonstration of Al buck-boost converter in common-ground PV microinverter
application, 10) demonstration of zero common-mode leakage current in unipolar Al
buck-boost converter in common-ground PV microinverter application, 11) demon-
stration of unipolar AI buck-boost converter in common-ground offline power supply
for laptop power adapter applications, 12) concept of unipolar and bipolar active iso-
lation for use in specialized applications, 13) demonstration of common-mode current
monitoring for fault detection in Al converter applications.

Future work in active isolation includes expanded applications of unipolar active
isolation to other AC/DC isolation applications such as onboard electric vehicle (EV)
battery charger, various other off-line power adapters, and server power for data cen-
ter. Use of active isolation in these applications has the opportunity to improve cost,
size and efficiency by elimination of the transformer. Additional research is needed
in power semiconductor devices to achieve even lower power switch output parasitic
capacitance (Coss) values. A 10x reduction is still needed in higher power (>1KW)
applications to reduce common-mode current without the need for methods to reduce
this current, e.g. common-grounding and leakage current suppression. Continued
efforts in transformerless active isolated converter technologies should be explored
with this technology. This has the potential to reduce microinverter sizes so that AC
modules (microinverter integrated with PV module) are more feasible. The unipolar
active isolated microinveter has great potential since the common-mode leakage cur-
rent is zero and there is complete elimination of the isolation transformer. Continued
research into the proposed AC/DC laptop power adapter is needed to measure touch
currents at all operating points and to field test the prototype with integral fault pro-

tection circuitry over various environmental and electrical conditions for stability and
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reliability. New control algorithms are needed to commutate the power switch devices
for full isolation. The majority of the work in this dissertation has focused on appli-
cation of unipolar active isolation due to simplicity and cost savings, however, more
research efforts are needed into fully isolated converters. As power switch devices
become larger, the parasitic output capacitance (Coss) values get larger proportion-
ally. This makes active isolation more difficult at higher power levels. As such, power
switch devices need to maintain Coss values (< 15pF) at higher power levels; this is
a difficult challenge to overcome. Continued efforts and research is needed to real-
ize higher power (>1kW) fully active-isolated converters. Additionally, more effort
and research should go into the fully isolated boost-buck topology. Even though this
topology is more complicated since it requires more switch devices and an additional
inductor, the smooth input and output current requires smaller output and input
EMI filters and more closely approximates an ideal isolated DC transformer. It is ex-
pected, that with the passage of time, more power converters will be transformerless
and follow the trend of the inverter market. A major challenge to overcome is the
fear from designers and consumers in loosing the perceived value of safety with trans-
formerless topologies. Future work should be done to find ways to make customers
feel good about transformerless topologies or the growth of this technology will be
delayed for many years to come. Even still, the growth of transformerless technologies
are likely to trend upwards first in the lower power applications since lower power
switch devices have lower Coss values than larger devices. Active isolation and wide-
bandgap devices are likely to play are large roll in making transformerless topologies

realizable for future generations.
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