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ABSTRACT

This work details a generalized multilevel power factor correction approach that utilizes
low voltage GaN semiconductors, reduces inductor voltage, increases inductor current ripple
frequency, and reduces capacitor voltage ratings to achieve a high power density and high
efficiency design. The multilevel topology is fully modular and can be scaled to higher voltage
levels while utilizing low voltage switching devices and capacitors, which can improve power
density and efficiency. The topology also reduces the voltage stress across the input inductor to a
fraction of the output voltage using fractional voltage levels and multiplies the effective inductor
current ripple frequency compared to the traditional boost power factor correction circuit. These
improvements allow a drastic reduction in the size of the input inductor. A review of GaN devices
and recent advances in power factor correction topology design is conducted. The operating zones
of the topology are described in detail as well as the switching states of the topology. A feedback
controller design guide is presented for continuous conduction mode boost power factor correction.
The switching control is designed for a topology with any number of levels and the multiplication
of the inductor current ripple frequency is explained. Simulation results are presented to confirm
the controller design and response under various loading conditions and source variations. A
detailed design example describes the derivation of design equations for passive components and
a guide for selecting appropriate high frequency passive components and designing capacitance
and inductance values. Finally, hardware results are presented and future work concerning the

topology is discussed.
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1. INTRODUCTION

1.1 Power Factor Correction

Low power factor can result from non-linear or highly reactive loads, such as diode
rectifiers or motors that are connected to the grid. Low power factor will increase losses on the
grid by increasing the apparent power and therefore the I°R losses and decreasing the allowable
real power that can be transmitted within power line ratings [1]. There are many applications where
power factor correction (PFC) is necessary and required by standards and regulations that will be
reviewed in the next section.

1.1.1 Power Factor

Power factor is a measure of the real power being delivered versus the apparent power on
the system. The real power is the power that is useful and will eventually be delivered to the load.
However, apparent power consists of both real and reactive power and it is the apparent power that
determines the minimum ratings of the system. Therefore, the power factor should be as close to
one as possible in order to avoid needlessly overrated components in the system.

In power systems, where voltage amplitude is held constant, increasing power factor will
increase the current amplitude required to deliver the same amount of real power in the system.
This is undesirable because it will cause higher losses in the system. This is because power is
delivered through long cables that have some small amount of resistance and losses on these power
delivery systems increase as I1°R. Because of this, the voltage on these power lines is stepped up to
very high levels using large transformers in order to minimize the amount of current necessary to
deliver power. Additionally, power lines are only able to carry a certain amount of current, so if

the power factor of the system is low the amount real power that can be delivered by the system



will be significantly reduced. Therefore, regulations have been put in place that require many
devices connected to the grid to maintain a minimum power factor.

Diode rectifiers are the most prevalent grid connected low power factor converter and is
used in many applications from DC power supplies to light bulbs [2]. The reason the diode rectifier
causes low power factor is because current is drawn in bursts to charge a DC-Link capacitor, which
results in a very non-sinusoidal input current. The schematic for a diode rectifier with a DC-Link

capacitor is shown in Figure 1.
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Figure 1. Diode Rectifier with a DC-Link Capacitor

The ideal load for perfect power factor is a resistor which will result in sinusoidal input

current and any load that causes the current to deviate from that linear relationship between voltage



and current results in power factor that is less than one. The source voltage and current for a diode

rectifier are shown in Figure 2.
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Figure 2. Diode Rectifier with a DC-Link Capacitor Input VVoltage and Current

The harmonics of the current are shown in a Fast Fourier Transform (FFT) graph of the
current in Figure 3. The odd harmonics (3, 5™, 71, ...) are the prevalent because the waveform is
an odd function. However, on the DC side, the function is even, and the even harmonics are more

“15' harmonic” and the vector sum of the RMS values of all odd

prevalent. The fundamental is the
harmonics including the fundamental is the total root-mean-squared (RMS) current. The distortion
power factor (DTF) is the ratio of the fundamental RMS to the total RMS values. This means the

DTF will always be between 0 and 1. Total harmonic distortion (THD) is the ratio of the vector



sum of the RMS values of all harmonics excluding the fundamental to the RMS value of the
fundamental. This means that the THD will be between 0 and positive infinity and is often given

as a percentage.
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Figure 3. Diode Rectifier with a DC-Link Capacitor Input Current FFT

Motors are an example of a load that results in low power factor. Many motors are also
supplied by a diode rectifier to generate a DC-Link and an inverter that uses the DC-Link to
produce variable frequency and amplitude voltage that drives the motor. Motors are core
components of air conditioning systems and have many industrial applications. Many of these
types of loads use PFC circuits to increase the power factor of the load to satisfy standards and

reduce ratings. Electronics also require DC power supplies, which must generate DC voltage using



a rectifier. Datacenters are a large and growing component of total energy consumption in the
United States and in the world [3]. Because datacenters operate constantly and consume a large
amount of power, high efficiency, reliable, and high power density PFC designs are of particular
value for their operation.

1.1.2 Power Factor Correction

To address the problems introduced above, PFC circuitry can be added to existing AC-DC
rectifiers or new AC-DC topologies can be made to achieve PFC. There are many types of PFC
circuits that can be either active or passive. Passive PFC circuits are those that do not contain
switching devices. The general strategy of passive PFC circuits is adding passive components
(inductors, capacitors, resistors, and diodes) to force the input current to align more closely with
the input voltage. The advantages of this approach are that it does not require control or switching
devices which can increase the complexity and cost of a design and does not produce any high
frequency electromagnetic interference (EMI). The disadvantages are the components are often
designed for a single operating condition, the passive components are bulky in order to deal with
low frequency oscillations, and the output voltage is not regulated [4].

Active PFC circuits are those that make use of switching devices to improve power factor
and regulate output voltage. The traditional active PFC circuit is the boost PFC converter. The
schematic of the boost PFC converter is shown in Figure 4. The boost PFC converter consists of a
boost converter attached to the DC side of a diode rectifier. The boost converter is controlled draw
current from the AC source in the same manner as a resistor, which would result in perfect power
factor. At the same time, the output voltage of the boost converter is regulated at some DC value

that is larger than the peak value of the AC source.
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Figure 4. Boost PFC

The advantages of the boost PFC converter are that it has a low part count, relatively simple
control, and can be retrofitted to systems that already exist relatively easily. For these reasons, it
is the most common PFC circuit. The disadvantages are that the passive components can still
become quite large, the diodes in the circuit can contribute a significant amount of losses from
voltage drops and at high switching frequency, and component ratings can become quite large for
high power converters. A more extensive review of multilevel PFC topologies will be conducted
in section 1.6.

1.2 Review of Standards

There are many standards that govern the minimum power factor and maximum harmonic
injection of grid connected devices. However, the most common standards are IEC 61000-3-2 [5]
and Energy Star® [6]. IEC 61000-3-2 is an international standard that limits the amount of
harmonic currents that can be injected into the grid by class of device and by the order of harmonic.
Energy Star® is a set of standards governed by the United States Environmental Protection Agency

(EPA) that requires a minimum power factor for all loads above a certain power level. There are
6



1.2.1 Harmonic Currents

Harmonic currents are currents that oscillate at some multiple of the fundamental
frequency. Harmonic currents contribute to apparent power, but do not contribute to real power.
Therefore, as the magnitude of harmonic currents increase relative to the fundamental current, the
power factor of the circuit will decrease. Power factor is defined as the ratio of real power to
apparent power, but it can also be split into two components, which are displacement power factor
(DPF) and distortion power factor (DTF). DPF describes the phase difference between the input
current and the input voltage. The DPF is often described by cosé, where 8 is the phase difference
between the input voltage and input current. This is why highly inductive loads contribute
significantly to power factor. DTF describes how well the shape of the input current matches the
shape of the input voltage. DTF is often described as the ratio of the RMS value of the fundamental
frequency to the total RMS value. The total RMS value is a theoretically infinite vector sum of all
harmonic multiples of the fundamental frequency. In reality, this sum is calculated to about 40
harmonic multiples. The IEC 61000-3-2 standard specifies which of these multiples is measured
and gives specific limits for each of these multiples.
1.2.2 Differences Between Standards

As mentioned above, the IEC 61000-3-2 only accounts for DTF, which implies the DPF
can be quite significant without penalty. However, the Energy Star regulation gives a general
power factor limit of 0.9 that all devices above 100W must satisfy. These standards seem to
approach the same problem from different directions. In fact, it is possible to design a passive PFC
circuit that will pass the test for one standard and not the other and vice versa [7]. This is more of

an interesting point than a true critique of either standard because if an active PFC circuit is



designed, it can easily pass both standards. In effect, these standards heavily encourage active PFC
circuits and are the reason why active PFC circuits are such a common subject in research today.
1.3 Importance of GaN Semiconductors

GaN devices are a type of wide bandgap switching (WBG) device. WBG devices are so
called because they have a higher breakdown critical electric field (Ec) than silicon (Si) devices,
which are the industry standard [8]. The Ec is an important material property of the device because
it is this property and channel length that determine the blocking voltage of a switching device. If
a device has a lower Ec, then the channel length must be longer to achieve the same blocking
voltage. Increasing channel length has the dual effect of increasing on-resistance (Ron) and
increasing device capacitance. Therefore, WBG devices can have a much smaller package size
than Si devices and, due to decreased device capacitance, can switch at higher frequencies, both
of which result in higher power density. Specific figures of merit relating to device capacitance
are given in the next section.

Si devices consist of several regions that are doped positively (P) and negatively (N) and
form NPN or PNP devices. The interface between P and N regions is called a PN junction. When
a voltage is applied to the gate of a Si device, an inversion layer forms in the middle blocking
material of the device allowing current to flow in a conductive channel from one end to the other.
When the device turns off, the charges stored to create the inversion layer take a certain amount of
energy to recombine and cause a small amount of current to flow in the opposite direction of
normal conduction to close the conductive channel. This current is called reverse recovery current
and the losses associated with this phenomenon are called reverse recovery losses. GaN devices

do not have PN junctions and therefore do not require the same recombination energy to close the



conductive channel. Because of this, GaN devices have no reverse recovery current or reverse
recovery losses.

The fact that WBG devices do not have reverse recovery losses is significant for developing
multilevel topologies. Multilevel topologies, like the flying capacitor multilevel totem-pole PFC
or the proposed topology, would require soft switching to function with Si devices due to the
negative effect reverse recovery losses have on multilevel topologies [9]. However, because GaN
devices can switch very quickly and do not have reverse recovery losses, multilevel topologies can
achieve a very high efficiency, very power dense PFC circuit even with hard switching.

1.4 Current State of GaN Semiconductors

Low device capacitance values inherent to GaN devices are a major reason why GaN
devices are of such interest in high switching frequency power devices. There are three figures of
merit, presented in [8] [10] [11] that describe the performance of high speed, high power switches
and they describe maximum switching speed, switching losses, and reverse recovery losses. Lower
figure of merit values are better. The input capacitance is described as follows Ciss = Cgs + Cga.
There are two forms of the switching speed figure of merit, which are RonCiss, Which is not
dependent on the voltage, and RonQiss, Which is dependent on voltage. The output charge is Q,ss =

Co(eryVo- This is the energy stored in the output capacitance which is calculated by the output

capacitance times the output voltage. The switching loss figure of merit that describes the relative
loss of hard and soft switching is given by RonQoss. The final figure of merit describes the reverse
recovery losses of the device. The reverse recovery loss is the loss of the switch that occurs due to
evacuation of the minority carriers of a bipolar junction when the device is turned off. This
evacuation causes a small amount of current to flow in the reverse direction for a small amount of

time before the blocking voltage is established [12]. GaN devices do not function in this way and



do not have minority carriers, so there is no reverse recovery loss associated with turning the device
off. This is one of the major advantages of GaN because it allows converters to operate at very

high efficiency even under hard-switching conditions [13].

Table 1. 600V FETs Comparison (Reprinted)*

Ron Ciss FOM1 Qoss FOM2 FOM3
Technolo Part No C
nolegy ? @2 | () | RuCe) | @O | RonQu) | O (RonQr)
. IPT60R028G7 8.7 (100A/us,
Si SJ [14] 28 4.82 135 0.074 2.072 400V) 243.6
SiC MOS SCT3030 [15] 30 1.53 45.9 0.084 2.55 0.13 (1100A/us, 3.9
600V)
GS66516T [16] 25 0.52 13 0.113 3.25 0 0
E-Mode GaN
FET
PGA26EO7BA 56 0.405 22.68 0.045 2.52 0 0
[17]
Cascode GaN TPH3207WS 0.18 (1000A/us,
FET [18] 35 2.2 77 0.11 3.85 400V) 6.125

Table 1 compares the on resistance, device capacitances, and three figures of merit among
600V switching devices of different materials. The devices characteristics shown are for a state of
the art Si super junction (SJ) switch, a SiC switch, and various GaN switches. For FOM1, the GaN

devices are significantly faster than the Si SJ switch and most are faster than the SiC switch. For

* Reprinted with permission from “Review of GaN Totem-Pole Bridgeless PFC” by Qingyun Huang and Alex Q.
Huang, 2017. CPSS Transactions on Power Electronics and Applications, Vol. 2, No. 3, 187-196, Copyright 2017
by CPSS.

10



FOM2, the state of the art Si SJ switch outperforms all other switches due to its low output
capacitance but suffers from a very large reverse recovery losses as illustrated by FOMS3.

Silicon Carbide (SiC) devices are another type of WBG switching device that is currently
capable of producing higher blocking voltage devices than GaN devices. However, this advantage
is temporary because theoretical maximum blocking voltage capability of GaN devices is higher

than SiC and both are larger than Si. The theoretical limit of each material is shown in Figure 5.

100V 200V

10°
Si Limit |
10°

)
é 107
& 102
J
:-,- /

1073 /

10

10! 102 10° 104

Breakdown Voltage (V)

Figure 5. Specific Ron vs. Breakdown Voltage (Reprinted)*

* Reprinted with permission from “Fundamentals of Gallium Nitride Power Transistors” by Stephen L. Colino and

Robert A. Beach, Ph.D., 2019. Copyright 2019 by EPC.
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The specific Ron value is a measurement of the resistance of the conduction channel
multiplied by the area of the channel. This figure captures the advantages of lower on resistance
and smaller channel size, which also result in smaller device capacitances. These advantages are
especially apparent in low voltage GaN semiconductors.

1.4.1 Low Voltage GaN Semiconductors

The breakdown or blocking voltage of a semiconductor is determined both by the critical
electric field (Ec) and the channel length of the device. As shown in Figure 5 in the previous
section, reducing the breakdown voltage of a device will significantly reduce the on resistance and
required channel length of the device. This reduction has compounding benefits because reducing
the package size of the device also results in lower device capacitance values. Finally, low voltage
GaN devices are simply more advanced at this point than higher voltage GaN devices and therefore

can achieve higher performance. This point is illustrated in Table 2.

Table 2. 600V vs 200V GaN Comparison

Technolo Part No Ren Cis FOML o o o iy
v mQ) | (P | ReC) | (O | ReQe) | (C) | (RenQr)

GS66516T [16] | 25 | 0.52 13 0.113 3.25 0 0

E-Mode GaN FET
(600V)
PGA26E07BA 56 0.405 22.68 0.045 2.52 0 0
[17]
E-Mode GaN FET EPC2034 7| 0955 6.67 0.075 0.525 0 0

(200V)
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The 200V enhancement-mode GaN FET from EPC has reasonable improvement on the
FOML for switching speed of two times to nearest device. However, for FOM2, which describes
the switching losses of the device, the improvement is more than five times the nearest 600V
device. This is in addition to the obvious improvement of the on resistance of more than three
times the nearest device, which will reduce the conduction losses of the converter. These benefits
combined can easily justify using a multilevel topology in order to increase efficiency and increase
the switching speed of the converter, which will also increase power density.
1.5 A Review of PFC Approaches

As mentioned in section 1.1, the strengths of the boost PFC topology are in its simplicity
and small part count. The weaknesses are the large component ratings, large component size, diode
voltage drops, and diode performance at high switching frequency. Each PFC technique reviewed
in this section addresses one or more of the weaknesses of the boost PFC topology and introduces
new trade-offs.
1.5.1 Bridge-less Boost PFC

The bridge-less boost PFC was one of the first topologies that reduced the number of
semiconductors in the PFC topology to increase the efficiency of the circuit [19]. This started the
research into the field in earnest. The bridge-less boost PFC has a lower part count than the boost
PFC topology. The topology also has fewer semiconductors on the current path, which increases
efficiency by reducing the number of conduction losses and voltage drops. Finally, the topology
brings the inductor to the AC side, which is beneficial because the inductor is not required to carry
DC current in addition to the ripple current, so the size can be reduced. Additionally, locating the
inductor on the AC side, helps filter EMI. A schematic of the bridge-less boost PFC is shown in

Figure 6.
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One weakness of the bridge-less boost PFC is that the inductance value remains equivalent
to the boost PFC, which is quite large. Additionally, all switching components are required to
block the full DC voltage. Another weakness is that both diodes are required to switch at high
frequency, which increases the reverse recovery losses and requires high switching frequency
diodes. The EMI performance of this circuit is also a weakness. The EMI issue stems from the fact
that the inductor is connected to the slow switching path for half of the line frequency cycle [20].
Because of this, there is a significant amount of noise on the parasitic capacitor from the output
ground to the input AC ground. If the inductor is attached only to the fast switching leg, then the
EMI issue is eliminated. There are variants of the topology that eliminate this EMI issue.

1.5.2 Totem-Pole PFC
The totem-pole PFC topology is receiving a significant amount of interest from both the

research and industry communities for its ability to improve power density, efficiency, and
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potentially reduce costs by implementation with GaN devices [8] [9] [10] [11] [21]. The
fundamental limitation barring the use of the totem-pole topology without GaN devices is the
reverse recovery issue of typical power switching devices, which have PN junctions as described
in section 1.3. However, with this issue is overcome, the totem-pole PFC has the fewest number
of switching devices of any PFC topology. The topology functions by switching one leg (S1 and
S4) at very high frequency while the other leg (S2 and S3) switch at the much lower line frequency.
Additionally, because GaN devices are still relatively expensive compared with traditional power
switching devices, it has been noticed that Si-based power switching devices can be used on the
lower switching frequency leg because reverse recovery behavior is not significant at lower
frequencies and this reduces the cost of the system. The main advantage of this topology is that for
the same efficiency, GaN devices on the totem-pole PFC can switching several times faster, which
will reduce size and cost of the inductor and EMI filter. Additionally, the conduction resistance is
lower for GaN devices and the lower frequency active switches when compared to diodes, which
results in higher efficiency. These improvements result in higher power density, which ultimately

lowers PCB costs. A schematic of the totem-pole PFC is shown in Figure 7.
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One weakness of the topology is that all switching devices and the DC-Link capacitor
needs to be rated for the full DC-Link voltage. This is especially an issue for the switches because
blocking voltage and on resistance trade off directly and the package size will also increase for
larger blocking voltage, which will increase device capacitance and therefore switching losses.
The inductor can be decreased in size relative to the traditional boost PFC, but the effective
switching frequency of the inductor current is limited to the switching frequency of the switching
devices. Additionally, the maximum voltage stress on the inductor is the full DC voltage, which
makes the inductor ripple quite large for higher DC-Link voltages.

1.5.3 Generalized Multilevel Converter

An early generalized multilevel approach was introduced in [22] and was introduced as an

inverter and a bidirectional magnetic-less DC-DC converter. Because the converter is a multilevel

converter, it has the benefits of reduced switch blocking voltages and reduced inductor voltage
16



stress. Additionally, the structure of the topology also allows for reduced capacitor stresses, which
resulted in significant size reduction for higher power levels. The converter was designed to
function with a DC voltage supply on the DC side to regulate capacitor voltages. The design was
a generalization of many kinds of multilevel topologies such as a diode clamped or flying capacitor
multilevel topology. The generalized converter was called the “P2-Cell” converter. The main
benefit was that the fractional voltage levels were automatically balanced, whereas other multilevel
topologies required isolated circuits to balance voltage levels above 3-level topologies. The
schematic of the “P2-Cell” converter is very similar to the proposed topology, although the devices
used and the control implemented are different.

One weakness of this design are the switches used, which have reverse recovery
characteristics that do not allow high-frequency reverse current conduction, which means topology
could not have been used as a PFC circuit. Additionally, the control did not leverage the benefit of
effective switching frequency multiplication to reduce the inductor size. In addition, the topology
required regulation of the DC-Link voltage, even though it was able to regulate fractional voltages.
1.5.4 Flying Capacitor Multilevel Totem-Pole PFC

The flying capacitor multilevel (FCML) totem-pole PFC topology is detailed in [11]. This
topology leverages the benefits of a totem-pole PFC with the additional advantages of a multilevel
topology and keeps the part count relatively low and significantly improves power density. The
topology also makes use of GaN devices on the high frequency leg and Si-based power switching
devices on the low frequency leg for the same reason as the totem-pole PFC and receives the same
higher switching frequency and higher efficiency benefits as the totem-pole. However, an n-level
topology uses fractional voltage levels to reduce the voltage stress on the inductorto 1/(n — 1) of

the DC-Link voltage, which can theoretically reduce the size of the input inductor to 1/(n — 1) of
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the totem-pole PFC. Additionally, the switching scheme of the topology allows for an effective
switching frequency (fsw) that is n-1 times greater than the fsw on each device, which can
theoretically reduce the size of the input inductor by an additional 1/(n — 1). The topology only
requires 2 * (n — 1) GaN switches and two Si-based power switching devices to achieve an n-
level topology. The GaN switches on the high frequency leg only have a reduced voltage stress of
1/(n — 1) of the DC-Link voltage, which allows this topology to use low voltage GaN devices,
which, as mentioned in section 1.5.2, will increase the efficiency of the topology. A schematic of

the FCML totem-pole PFC is shown in Figure 8.

VS C]_ o~ C2 Py C:3 -~ VDC

Figure 8. FCML Totem-Pole PFC
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One weakness of this topology is that in addition to the DC-Link capacitor, n — 2 “flying”
capacitors that do not regulate DC-Link voltage are required to form the fractional voltage levels.
Additionally, the DC-Link capacitor must be rated for the full DC voltage, which results in much
larger DC-Link capacitors for higher voltages. The fractional voltage levels are also not regulated
typically, so they are not accessible for powering lower voltage loads.

1.5.5 Proposed Topology

The proposed topology builds on the totem-pole PFC and FCML totem-pole PFC
topologies and adds circuitry to reduce DC-Link capacitors voltage ratings. The energy capacity
of the output is maintained but is stored more heavily in the capacitance of the DC-Link capacitors,
which allows power density improvements. Additionally, the design is “fully modular”’, meaning
that the building block components can be designed for any voltage level and the number of levels
can be scaled up to meet the requirements of the topology. The topology also offers access to
fractional voltage levels, which are regulated. This can be advantageous for topologies that
immediately buck the DC-Link voltage. A 3-level version of the proposed topology is shown in

Figure 9 and a 5-level version of the proposed topology is shown in Figure 10.
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Figure 9. Proposed Topology (3-Level)
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Figure 10. Proposed Topology (5-Level)
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1.6 Research Objectives

The objective of this work is to develop a generalized multilevel boost PFC approach for
AC-DC power conversion that improves the power density over the traditional boost PFC. Boost
power factor correction involves controlling the duty cycle of a boost converter to control the input
current and output voltage of the circuit. Because of this, the largest components in the topology
are the passive components that regulate the input current and output voltage, which are the input
inductor and DC-Link capacitor, respectively. These components can grow quite large due to high
voltage stress for a traditional boost PFC circuit and this can also reduce efficiency. In order to
improve the power density and efficiency of the circuit, lower voltage rating components should
be used. A multilevel converter is one that distributes the voltage stress across more components,
which reduces the amount of voltage stress to fractional levels on each component. For this reason,
a multilevel boost power factor correction topology can increase efficiency and decrease the size
of the converter. Additionally, the generalized multilevel boost PFC converter can be controlled
to increase the effective switching frequency of the current through the input inductor by a factor
dependent on the number of levels in addition to reducing the voltage stress on the inductor to a
fractional level, which greatly reduces the size of the input inductor. Finally, the switching control
automatically balances DC-Link capacitor voltages, which improves reliability and allows access

to fractional DC voltages.

The zones of operation of the multilevel converter will be explained and the capacitor
balancing operation will be analyzed. A closed loop controller design methodology for the
topology that can be applied to any variant of the topology will be developed which includes a
switching strategy. The closed loop controller will be a proportional integral (PI) controller with

two loops for controlling voltage and current as is standard in traditional Boost PFC control design
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as well as in many power electronics topologies. The specific switching control block diagram for
a three-level topology will be provided as well as a procedure for producing higher level switching

controllers.

A design guide for sizing components will also be provided. The component sizing will be
based on the sizing of components for a traditional Boost PFC and depend on the structure of the
modular design. Due to the reliance of the sizing on traditional Boost PFC components, a review
of the sizing practices for the traditional Boost PFC topology is also conducted. Different versions

of the proposed topology will be tested in simulation software under different loading conditions.

A physical circuit will be designed using Altium and the design will be tested for the
characteristics listed above. The control will be designed on power electronics simulation software
and use the code generation functionality to implement the PI controller on a microcontroller. The
design will be implemented using a Texas Instruments Delfino controller and Texas Instruments
GaN Half-Bridge modules. The physical results will be compared to simulation results and used

to confirm design guide values and theory.

1.7 Overview
Section 1 gives relevant background information on subjects that will be covered. The
negative effects of power factor are explained and the relevant regulations on power factor are
explained and compared. The relevance of GaN devices to power factor correction (PFC) is
described and the current state of the technology is explored. A review of relevant work in the field
of PFC topologies is conducted and the advantages of the proposed topology are explained.
Section 2 introduces the new topology and describes the switching states and zones of

operation. There is a discussion of the voltage balancing function of the topology and how to
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minimize current spikes of the topology. Design of the switching control of the topology is
discussed and a review of Pl control design for a boost PFC topology is presented. Simulation
results are presented for different loading conditions.

Section 3 presents a design example of the topology and describes potential applications
of the topology and the requirements necessary to meet the demands of these applications. There
is discussion of the necessary passive components for the topology, mainly the input inductor and
DC-Link capacitor. The current and voltage ratings of the switches and (if used) diodes for the
topology are investigated and simulation results confirming design values are presented.

Section 4 describes the hardware design process and presents hardware results. The PCB
design is discussed, and component testing is reviewed. The PI loop tuning process is reviewed
and figures of merit of the topology are analyzed.

Section 5 draws conclusions from the experimental work about the topology and its
applications. Future work on the topology is discussed as well as how this research fits into the

field of PFC and power electronics in general.

23



2. PROPOSED TOPOLOGY

2.1 Operating Principle

As mentioned in section 1.6, the advantages of the proposed topology are increased power
density and efficiency due to reduced voltage stress on the input inductor, output capacitors, and
switching components. Additionally, the effective switching frequency of ripple current on the
input inductor is n — 1 times the switching frequency, where n is the number of levels of the
topology. Fractional voltages are well regulated, which improves capacitor lifespan and allows
fractional voltages to be accessed if needed.

In this section, the switching states of the topology are described in detail and then the
zones of operation in which those switching states are used are explained. A quick reference table
is also provided that describes which switches and diodes are active for every switching state and
in which modes the switching states occur.

2.1.1 Switching States

This section details the switching states of the 3-level circuit. Figure 11 shows the
“positive” switching states. An AC source (Vs) is connected on the left along with an AC side
inductor and the load is connected across C» and Cs on the right. All states are for the positive
cycle of Vs and thus D> is always active.

Figure 11(b) shows the “zero state” (State 1). The reason it is called the zero State is because
the voltage across Vac is zero. This is because Sz, Se, and D2 (highlighted in red) are all conducting.
Another important point about this state is that C1 and Cs are connected in parallel, which occurs
because Ss4 and Se are conducting. This means that if there is any voltage difference between C;
and Cgz before this state, there will be a rush of current from the capacitor with higher voltage to

the capacitor with lower voltage. This will balance the voltage across the two capacitors
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automatically. Techniques for limiting the amount of current required for balancing is discussed

in section 2.2.
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Figure 11. Positive Switching States
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Figures 11(c) and 11(d) show the two states that will yield ¥ Vpc (which is equal to V¢)
across Vac. In state 2, Vac is connected across Cs. Additionally, C1 and C, are connected in
parallel, so the voltage across these capacitors will be balanced. In state 3, Vac is connected across

C: in parallel with Cs, C1 and Cs will be balanced.

Figure 11(e) shows the state that yields Vpc across Vac (State 4). Vac is connected across
C1 and Cz in parallel and in series with Cz. Due to the fact the V¢ is exactly ¥ Vpc, the series
voltage across Cz and Cz (and thus the load) is Vpc. This is somewhat intuitive because the voltage
across the load must be equal to Vpc because it is defined as such and C; and Cs are both constantly

balanced with Cy, so their voltages must be equivalent as well.

The states represented above are the four states for the positive half cycle of Vs. The
negative half cycle uses the same four switch configuration to achieve 0, -%2 Vpc, and -Vpc across
Vac. The negative switch states 5, 6, 7, and 8 are identical to 1, 2, 3, and 4 respectively, but Dy is
conducting instead of D, because Vs is negative. Because D; is conducting, the voltages across
Vac will be negative and may have a different magnitude.

2.1.2 Zones of Operation

The converter shown in Figure 11 is a 3-level converter. This may not be intuitive because
there are two positive voltage levels (%2 Vpc and Vpc), two negative voltages which are equal and
opposite in magnitude to the positive voltage levels, and the zero-voltage level, which gives a total
of five voltage levels. However, for a PFC topology only the positive voltage levels and the zero-
voltage level are counted. An inverter with the same number of voltage levels would be called a

5-level inverter.
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For the positive half cycle, the two positive voltage levels (2 Vpc and Vpc) and the zero-

voltage level are used to create two zones of operation (Zone 1 and 2) shown in Figure 12. These

zones are defined by maximum and minimum voltage levels. In each zone, there are one or more

“boost” states and one or more “charge” states. During the boost state, a positive voltage is applied

across the inductor, which causes a positive change (or boost) in the current in the inductor. During

the charge state, a negative voltage is applied across the inductor, which causes negative change

in the current in the inductor and the excess current is used to charge the output capacitor. The

switching state known as the boost and charge state will change between different zones of

operation.
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Zone 1 is active between zero and %2 Vpc voltage levels as shown in Figure 12 The boost
state of this zone is state 1 (0V) and the charge states are state 2 and state 3 (Y2 Vpc). State 1 is the
charge state because the input voltage (Vs) subtracted from Vac will be positive. State 2 and 3 are
boost states because Vs subtracted from Vac will be negative. Because there are multiple charge
states, each must be utilized for an equivalent amount of time during the zone to balance the voltage
across every capacitor. The easiest way to do this is to alternate between the two charge states after

each boost state. The maximum voltage across the inductor for this zone is %2 Vpc.

Zone 2 is active between %2 Vpc and Vpc voltage levels. The boost states of this zone are
state 2 and state 3 (Y2 Vc) and the charge state is state 4 (Vpc). Again, state 2 and state 3 must be
utilized for an equivalent amount of time to balance capacitor voltages. Notice that the charge
states of zone 1 are the boost states of zone 2. This is because Vs voltage is now greater than the
voltage of state 2 and state 3 (%2 Vbc), which means a positive voltage will be applied across the
inductor in these states, thus satisfying our original definition of a boost state. The maximum
voltage across the inductor in this zone of operation is also ¥2 Vpc. This may seem counterintuitive
because Vs is higher than %2 Vpc in this zone, but the voltage across the inductor is defined by the
difference between Vs and Vac. Because both these values are between ¥ Vpc and Vpc, the

maximum value of their difference is ¥2 Vpc.

Zone 3 is active between zero and -%2 Vpc voltage levels. The boost state of this zone is
state 8 (OV) and the charge states are state 6 and state 7 (Y2 Vpc). Similarly to zone 1, state 6 and
state 7 must be used for an equivalent amount of time to balance voltage levels. This zone is the

negative complement of zone 1. The maximum voltage across the inductor for this zone is ¥2 Vpc.
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The fourth zone is active between -% Vpc and -Vpc voltage levels. The boost states of this
zone are state 6 and state 7 (-%2 Vpc) and the charge state is state 5 (-Vpc). Again, State 6 and state
7 must be used for an equal amount of time to balance voltage levels. This zone is the negative

complement of zone 2. The maximum voltage across the inductor for this zone is ¥%2 Vpc.

Table 3. Zones, States, Switches, and Voltage Levels Reference

State Zone(s) Active Switches and Diodes VAC Voltage

1 Zone 1 (boost state) D2, S2, S4, S6 0

2 Zone 1 (charge state) D2, S2, S3, S5 % Ve (Vc)
Zone 2 (boost state)

3 Zone 1 (charge state) D2, S1, S4, S6 % Ve (Vc)
Zone 2 (boost state)

4 Zone 2 (charge state) D2, S1, S3, S5 Vbe

5 Zone 4 (charge state) D1, S2, S4, S6 -Vbc

6 Zone 3 (charge state) D1, S2, S3, S5 - % Vbc (-Vc)

Zone 4 (boost state)

7 Zone 3 (charge state) D1, S1, S4, S6 -Y%2 Ve (-Vc)
Zone 4 (boost state)

8 Zone 3 (boost state) D1, S1, S3, S5 0
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2.2 Capacitor Voltage Balancing

This section describes the voltage balancing operation of the proposed topology and some
of the design considerations that arise from quickly connecting capacitors in parallel. Additionally,
methods are presented to limit the negative impacts of this operation. Further discussion on
capacitor design is conducted in section 3.1 in order to limit current spikes.
2.2.1 Balancing Operation

The method of balancing capacitors in the circuit is to connect them in parallel, which
means there will be a current spike through the capacitors and the switches that connect them. The
magnitude of this spike is dependent on the voltage difference between the capacitors and the total

impedance on the path connecting the capacitors. An equivalent circuit is shown in Figure 13.
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Figure 13. Capacitor Balancing Equivalent Circuit

The capacitors on the output leg of the topology will always be discharging current to the
load and because of this will need to be regularly charged by other capacitors in the topology or
by the source directly. Due to the configuration of the topology, every fractional voltage level

mode will have at least one capacitor that cannot be charged directly by the source. A capacitor
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that fits this description will be referred to as an off-capacitor. The off-capacitor(s) will change as
the topology operates in different zones. For example, if the 3-level topology is operating in zone
1, where the input voltage is between 0 V and % Voc, the off-capacitor will be C>. However, if the
3-level topology is operating in zone 3, where the input voltage is between 0 V and %2 Vpc, the
off-capacitor will be Ca. Finally, if the 3-level topology is operating in zone 2 or 4, where the
magnitude of the input voltage is between % V4 and Vpc, there is no off-capacitor, because all
capacitors can be charged by the source.

The issue that arises is that the off-capacitor will drift away from the other capacitors very
quickly when the duty cycle becomes very high. This is because the off-capacitor is only charged
when the switching signal is low and when the duty cycle becomes very high, the off-capacitor is
charged much less often. This means that when the off-capacitor is connected to another capacitor
the voltage difference between the capacitors will be very large and the current will spike in order
to balance the capacitors. However, because the duty cycle is so high, the capacitor may not be
balanced even though the current into the off-capacitor is very high, so the current spikes may
continue until the end of the mode of operation. If this current spike is large enough, it will require
a larger current rating for components, driving up the cost of the circuit.

There are many methods of mitigating high peak switch currents, but two will be addressed
in this section. The first is to limit the maximum duty cycle range to something less than 100% to
prevent the capacitor voltages from drifting very far apart close to the input voltage zero crossing.
The second is to add inductors to the midpoints of each half-bridge in the topology to limit current
spikes.

The maximum peak switch current is the highest current value through any one of the six

switches in the three-level topology tested. The maximum peak switch current is the one of interest

31



because it will determine the minimum ratings of the switches. The input current THD is also an
important metric because the goal of PFC is to attain high power factor and large THD will reduce
the power factor of the circuit.
2.2.2 Limiting Maximum Duty Cycle

Limiting maximum duty cycle from the PI controller trades off between lowering input
current THD and reducing current spikes. The second solution is to limit the maximum value of
the duty cycle. This option is warranted when capacitors have very low ESR values and large
current spikes occur in the switch currents near the input voltage zero crossing. A maximum value
of the duty cycle will occur very close to the zero crossing of the input voltage waveform because
the PI controller will try to boost the low voltage value by a very large amount causing the duty
cycle to become large. When the duty cycle becomes very large, the amount of time the off-
capacitor is charged becomes very low and thus the voltage of the off-capacitor will drift away
from the other capacitors in the circuit. One simple way to avoid this is to limit the maximum value
of the duty cycle so that the voltage of the off-capacitor is not allowed to drift very far and thus
the peak current is minimized. However, the consequence of limiting the duty cycle is that the
input current will not be controlled while the duty cycle is limited. Additionally, when the duty
cycle is no longer above the limit and controller starts controlling the input current again, the step
response of the controller will cause an overshoot and a small amount of ringing further distorting
the input current waveform. This will cause the THD of the input current waveform to increase.

As mentioned previously, this spike only appears when the ESR value is very low, so the
simulation tests are run with an ESR value of 20 mQ, which is 100 times smaller than the expected
ESR for an electrolytic capacitor of this voltage rating and capacitance. Figures 14-18 show the

simulation results for a different Dmax values.
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Figure 18. Input Current Overlaid for Dmax = 0.98 (Blue), 0.99 (Red), 1.00 (Green)

Table 4. Maximum Duty Cycle Effect on Switch and Input Currents

Dmax Maximum Peak Switch Current (A) Input Current THD (%)
1.00 3.88 5.74
0.99 3.75 5.77
0.98 3.39 5.89
0.97 2.94 6.21
0.96 2.52 6.82
0.95 2.36 7.82
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Table 4 shows peak switch current and input current THD for several Dmax values. Small
changes in Dmax have a large effect on the input current waveform. A limit of 0.95 will cause a
current spike that is almost as high as the peak input current.

2.2.3 Adding Inductors on Each Half-Bridge Midpoint

The idea of this method is to add inductors with value L to the midpoints of every half-
bridge in order to limit the amount of current that can flow between capacitors when they are
charging. For small inductors, which are inductors that have an inductance that is smaller than
10% of the inductance of the input inductor, this method will increase the amount of current that
flows through the half-bridges and capacitors, which will increase the cost of the system by
requiring high current rating devices. For large inductors, which are inductors that have an
inductance that is larger than 10% of the inductance of the input inductor, the THD and maximum
peak switch current can be improved. This does come at a cost of adding size and cost to the system
and may increase the losses by introducing extra parasitic resistance and resonance into the system.

The results of several of the tests are shown in Figures 19-24.
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Figure 23. Input Current for Lym = 1200 uH
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Figure 24. Currents of Switches 1-6 for Lm = 1200 uH
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The midpoint inductors appear to have a resonant frequency with the DC-Link capacitors
of each half-bridge. If this resonant frequency is well tuned, it may allow for zero voltage
switching. However, this will require more investigation. The benefits of adding inductance on the
midpoint of each half-bridge do not seem to appear until the inductor becomes very large. Table 5
shows the peak switch current, input current THD, and RMS switch current for several values of

Lm.

Table 5. Midpoint Inductor Effect on Switch and Input Currents

Lm Inductance Maximum Peak Switch Current | Input Current THD Maximum RMS Switch Current
(MH/% of L) (A) (%) (A)
0/0% 3.86 5.74 0.638
0.6/0.1% 14.2 5.68 1.64
30 /5% 15.2 5.58 1.74
60/10% 111 5.45 1.73
600/ 100% 6.73 3.90 2.44
1200 / 200% 2.39 2.94 0.863

2.3 P1 Control Design

Two proportional integral (P1) controllers are necessary to control a PFC topology. The
first is the current PI controller, which is fast because it controls the inductor current, which is an
AC signal oscillating at the line frequency. The second is the voltage PI controller, which is slow
because it controls the output/capacitor voltage, which is a DC signal. The fundamental reason

why two PI controllers are needed is because two quantities are being controlled. The reason both
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quantities can be controlled by a single control signal (the duty cycle) is because the frequencies
of the controllers are very different. [23] gives a detailed explanation of the state equation set up
and P1 control design.

The purpose of the switching control block is to take a single input, which is the duty cycle
for a traditional boost PFC, and output however many switching signals are necessary to control
the generalized multilevel PFC. For this reason, the PI controllers for the generalized multilevel
PFC are designed in the same manner as the traditional boost PFC controllers with only a few
exceptions. The first step to designing PI controllers is to develop the transfer functions from the
control input to the variables of interest. The next step is making an educated guess of the Pl
controller k,, and k; coefficients. The final step is to tune the values in simulation and in hardware.
2.3.1 Transfer Functions

The first step to developing transfer functions for the control loops is to develop the state
equations. In order to simplify the design process, assumptions are made about the behavior of the
control loop across the eight switching states. The first is that the switching states are symmetric
for each half of the input voltage sine wave. This is a reasonable assumption because input current
and output will affect the inductor voltage and capacitor currents in a very similar manner, although
the current will flow through different switches and different capacitors to achieve the same
behavior. Another assumption is that the input and output capacitance will be constant for properly
sized capacitors. This is reasonable for the output capacitance because every possible connection
will give the same capacitance, but the input capacitance will vary. However, this variance does
not have a large effect on the control loop and can accounted for during tuning of the control loop,
so it can be ignored. This will allow the control to be simplified to two generic switching states

and the same design process can be followed as the traditional boost PFC and using the output of
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that controller, the duty cycle can be adjusted by the switching controller to control every switch
in the topology.

The first generic switching state is the boost state. The boost state occurs when the switch
in the traditional boost PFC is turned on. In this state, the voltage across the inductor is positive
and is the absolute value of the input voltage. The value of the input voltage will always be taken
as the absolute value, so the notation will be dropped in all equations. The current through the
capacitor will be determined by the output voltage and the output resistance. Figure 25 shows the

boost state of the boost PFC converter.

L
— Y Y Y
+ —_—
Vi Y Ic +
Vsl () cw~ [R| Vo

Figure 25. Boost State

di,
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e TR @)

Equation 1 describes the voltage across the inductor and equation 2 describes the current

through the capacitor during the boost state. The value C is determined by the number of levels in
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the topology and the actual capacitance value, which will be explained in section 3.2. Figure 26
shows the charge state of the boost PFC converter. The voltage across the inductor in this state is
negative and is the difference between the output voltage and the absolute value of the input
voltage. The current through the capacitor is the difference between the inductor current and the

output voltage over the output resistance.

___nAﬁh
+ - .
Vi Ylc +
Vsl () cw~ [R| Vo

Figure 26. Charge State

di
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Equation 3 describes the voltage across the inductor and equation 4 describes the current
through the capacitor during the charge state. From these two sets of equations, two state equation
matrices can be set up. The first set of equations, given in equation 5, will describe the system
when the switch is on, which will occur for a time DT, and the second set of equations, given in

equation 6, will describe the system when the switch is off, which will occur for a time (1 — D)T.
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Now that these state equations have been developed, they can be dealt with in a more
general way. The state variables, i; and v,, can be grouped into a single vector called x.
Additionally, the matrices scaling the state variables and the input will be renamed A and B. These
changes are reflected in equations 7 and 8 for equations 5 and 6 respectively.

X = A1x + Byvg (7)
% = Ayx + Byvs (8

It is readily apparent that B; and B, are identical, so they will be renamed as B. The
equations can now be combined using the duty cycle (d) as the final state variable. This
combination is shown in equation 9.

x = (dA; + (1 —d)Ay)x + By, 9)

Each state variable and the input can be represented as a constant or “zero order” term and
a first order time-varying term. This is because the circuit is assumed to be at a steady-state
operating point in order to be controlled. The time-varying terms will be represented as x. This
deconstruction is shown in equation 10.

X+x=((D+dDA;+(1— D +d)A)X +2) + BV, + 1) (10)

First, the zero order term of the derivative of the state variables will be zero because the

derivative of a constant is zero. Next, the terms will be sorted into zero order, first order, and

second order based on how many first order terms are present in each multiplication. Zero order
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terms are in equation 11, first order terms are in equation 12, and second order terms are in equation

13.
0 = (DA; + (1 — D)A,)X + BV, (11)

% = (DA, + (1 =D)A,)R + BU; + (A, — A,)Xd (12)

0= (4, —Ay))dx (13)

First order terms are much smaller than constant value terms by assumption, so the second
order terms that consist of two first order term multiplied together will be much smaller than all
other terms and can be ignored. Additionally, all zero order terms are constant when the circuit is
operating in steady-state and will not contribute to the differential equation and thus can be
ignored. However, the DC operating point will occur when the DC terms are equal to zero, so
equation 11 can be used to solve for the steady-state operating values of the state variables and this
is done in equation 14. Finally, the matrices multiplying the state variable matrix and the duty
cycle are renamed in equation 15.

X =[(DA; + (1 —D)A)]'BY, (14)
X = A% + BU;, + Kd (15)

Finally, these values can be arranged into transfer functions. The transfer function from the
input voltage to the state variables can be found by taking the Laplace transform of equation 15,
setting the small signal duty cycle to zero, and solving for the small signal state variables divided
by the small signal input voltage. This solution is given in equation 16 and the transfer two transfer
functions derived are shown in equations 17 and 18, where s is the Laplace variable in the

frequency domain.

A~

— =(sI-A)"'B (16)
Vsla—o
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5 = — D)2 (17)
o5+ (gg) s+ S

1
% _ rct-D (18)
s — 2
s (qp)s+ Bt

The transfer function from the duty cycle to the state variables can be found by again taking
the Laplace transform of equation 15, setting the small signal input voltage to zero, and solving
for the small signal state variables divided by the small signal duty cycle. This solution is given in
equation 19 and the transfer two transfer functions derived are shown in equations 20 and 21,

where s is the Laplace variable in the frequency domain.

f = (sl —A)7'K (19)
dlp=o
A 2
i IA-D) (s +7z) (20)
d 1 (1-D)?
s2+ (gg)s + ¢
—V, R(1 — D)?
0, _RC(1—D)? (5 T L ) 21)
d 1 (1-D)
52+ (gg) s+ ¢

The transfer functions given in equations 17, 18, 20, and 21 will be used in the next sections
to build the control loop model and design the PI controller constants.
2.3.2 Current and Voltage Loops

The current control loop is the faster of the two control loops. One of the assumptions made
above was that the small signal values were oscillating about a DC operating point, but the current
is tracking an AC signal. Therefore, it must be very fast so that the 60 Hz AC signal appears to be

a DC signal to the controller. However, the control loop also cannot be so fast that it adjusts that
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control value significantly between switching times. A general rule of thumb for the designing the
current control loop is that the crossover frequency of the closed loop control should be less than
10% of the switching frequency, which is usually several magnitudes higher than the line

frequency of 60 Hz [23]. The current control loop block diagram is shown in Figure 27.

Current Loop

Figure 27. Current Control Loop

The reference inductor current (i, .. ) is the input into the controller and must be generated
by tracking the input voltage. Subtracting the normalized inductor current (i,/I;) from the
reference gives the current error (é;), which is the input to the current PI controller (C;). The output
of the PI controller then goes to the circuit, which is modeled by the transfer function given in

equation 20, which was developed in the previous section. The PI controller is designed to keep
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the error as close to zero as possible. The general equation for a PI controller is given in equation
22.

C:kps+ki
S

(22)

If k,, is factored out, then it is clear that the equation has one pole at zero and one zero at
—k;/k, and a DC gain of k,,. The DC gain and the zero value must be set to force the gain of the
closed-loop control to be unity until the crossover frequency and force the crossover frequency to
be significantly more than the line frequency but less than 10% of the switching frequency.

The voltage control loop is the slower of the two loops and is the outer loop. The voltage
controller must be much slower than the current controller or the two loops will interfere with each
other. The voltage control loop can be as slow as desired, but the crossover frequency is usually
less than 10% of the current control loop crossover frequency. The overall control loop in shown

in Figure 28.

Voltage Loop

'__

—_——_—e—e—_e—_ e

Figure 28. Overall Control Loop
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The reference output voltage (v, ,.f) is a constant value that is set to 1 in this case to
achieve the steady-state output voltage. The normalized output voltage (7, /V,) is subtracted from
the reference to give the voltage error (é,), which is the input to the voltage P1 controller (C,). The
output of the voltage PI1 controller is then multiplied by the normalized input voltage (75 /V;) to
generate the reference inductor current. This value is then fed into the current control loop and the
output of the current control loop is fed into another transfer function that models the physical
circuit. This transfer function was not developed in the previous section but can easily be derived
by dividing equation 18 by equation 17 or by dividing equation 21 by equation 20. The resultant

transfer function is given in equation 23.

5, =1-D)
YoStRre

2.3.3 Designing PI Controllers

The circuit modeling equations require knowledge of the passive component values, the
input and output voltage, and the effective load resistance. The design guide in section 3 will
describe how these values should be designed. This section will describe the design goals of the
PI controllers and how to properly design them.

The current control loop should be designed first. The current controller is the inner loop
and must have a very high crossover frequency as mentioned in previous sections. The goal of the
current loop PI controller is forcing the gain of the closed loop system to be very close to unity
until the crossover frequency, which should also be set by the PI controller. The open loop transfer

function is shown in Figure 29.
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Figure 29. Duty Cycle to Inductor Current Transfer Function

The transfer function from duty cycle to inductor current has one zero and two poles, which
means the end behavior will be a single pole because the zero and one pole will cancel out. All
poles and zeroes are on the Left-Hand Plane (LHP). However, before this end behavior is reached,
there is a resonant frequency which for this circuit occurs around 3 kHz. The PI controller should
cancel this resonant frequency and bring the corner frequency to around 20 kHz. This can be
achieved be setting the absolute value of the multiplication of the transfer function and the

controller equation evaluated at the desired corner frequency to one and solving for k; and k,

values that will satisfy this requirement.

First, the equality constraint is given in equation 24, where C(jw.:) and P(jw,) are the
controller function and transfer function evaluated at the corner frequency. This constraint will

cause the closed loop transfer function to be % at the desired corner frequency.
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IP(jwc)C(jwe)| =1 (24)
Next, the equality can be re-written with the controller equation expanded, as in equation

25, and then solved for k,, as in equation 26.

K2+ ((’;—) - ﬁ (25)

1 k?
ky = | —— (26)
IPGw)? wé
The w, term dividing the k; term comes from the s term in the controller function. When

taking the absolute value of the controller function or the transfer function, the imaginary and real

parts are found separately and added using the sum of squares. Finally, k,, is found as a function

of k;. This function can be plotted for many values of k; and this plot is shown in Figure 30 for k;

from 0 to 50,000 (or 50K). This plot describes the combined k,, and k; that will result in a corner
frequency of w,. If k; is set to a value above 50k or below 0, there will not be a k,, value that will

set the corner frequency at the desired value of 20 kHz. The goal of setting k; is to be within these
limits and find a value that minimizes THD on the input current, which will be achieved by

balancing response time with overshoot on the closed loop step response.
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Figure 30. k,, vs k;
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Figure 31. Magnitude (Top) and Phase (Bottom) Bode Plots for k; = 100, 1k, 5k, 10k, 15k, 25k,

30k, 40k, 50k
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Figure 31 shows magnitude and phase bode plots for values across the spectrum of possible
k; values. As k; increases to 50k, the resonance on the magnitude bode around the corner frequency
increases substantially and unity gain crossing also increases somewhat, although it will still be
reasonably close to the corner frequency. As k; decreases to 100, there is no resonance around the
corner frequency, however, the unity gain crossing frequency occurs much earlier, which will

significantly slow the response of the control loop.

Next, the most extreme options will be eliminated and k; values of 10k, 15k, 25k, and 30k

with k,, values calculated using equation 26 will be used to plot a step response as shown in Figure

32.

Duty Cycle to Inductor Current Step Response
<— Ki =30k

nnnnnnnnnnnnnnnnnnnnnnnnnnn

Figure 32. Duty Cycle to Inductor Step Response for k; = 10k, 15k, 25k, 30k
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The step responses of the k; values plotted have an increased overshoot as k; increases and
have a faster response time as k; increases. In order to select the optimal value, the values will

need to be tuned in simulation software. This will be carried out in the next section.

The voltage PI values are designed in a similar manner, however, because there is no speed
requirement for the voltage controller, the crossover frequency will be designed for 2 kHz and the

k; value is chosen to be a value that has no overshoot. The step response of the chosen k; value of

25 is shown in Figure 33.

Duty Cycle to Output Voltage Step Response
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Figure 33. Duty Cycle to Output Voltage Step Response
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2.3.4 Tuning

Using the k; values selected from the previous section, several simulations are run with
different current PI controller values to assess their performance and shown in Figure 34. For k;
values of 25k and 30k, the values are almost identical, and they are very difficult to distinguish on
the graph, which means our final value can be somewhere between these values. The lower
frequency values appear to have a response time that is too slow, which results in an inductor
current ripple that is almost twice the value of the optimal inductor current ripple. For reference,
k; values of 100 and 50k are plotted against the optimal k; value of 25k in Figure 35. If k; is
increased to 50k, then the overshoot and ringing will cause a large amount of ripple. However, if
k; is reduced to 100, the current ripple will still increase, but will increase because of the slow

tracking speed of the PI controller, which will cause lower frequency oscillations.

Inductor Current

¢ Ki =15k
Ki-= 25k & 30K~

Ki=1.0k —

Figure 34. Circuit Simulation Inductor Current for Various k; Values
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Figure 35. Circuit Simulation Inductor Current for k; = 100, 25k, 50k

The python code used to design the PI controllers for the current and voltage loops and
generate the graphs included in this section is included in the appendix.
2.4 Switching Control Design

This section describes the function and design of the switching controller. The switching
controller takes the duty cycle control signal from the PI controller and the input voltage as an
input and outputs PWM switching signals for each switch in the topology. The design of this
controller design is modular and can be scaled up to higher level topologies. Both 5-level and 3-
level topologies are used as examples throughout the section. This section also describes the logic

that allows the effective switching frequency to be doubled for inductor current.
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2.4.1 Switching Controller

The first step in the control design is to recognize that for an n-level topology, there will
only be n distinct switching signals and their complements. This is because all half-bridges on a
single leg will be controlled in the exact same manner. With n binary switching signals, there are
2" possible switching combinations. Several of these possible switching combinations result in the
same voltage being produced across Vac. A 3-level topology with both legs labeled is shown in

Figure 36.

Figure 36. 3-Level Proposed Topology with Legs Labeled

Leg one contains Sy and S,. Si and Sz will be controlled in opposition, which means if the
state of Sy is known, then the state of S will be known. This means that the state of the first leg

can be entirely described by Si. Leg two contains Sz, Ss, Ss, and Se. If the state of Sz is known,
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then S4 and Se will have the opposite state and Ss will have the same state. This means that the
state of the second leg can be entirely described by Ss. Table 6 shows the voltages across Vac, the
switching states which occur, and the zones of operation for each leg state depending on whether

Vs is positive or negative.

Table 6. Switching States, Zones of Operation, and Voltages Based on Leg States for a 3-Level

Topology

Leg States (S1, S3)

Vac (+Vs, -Vs)

States (+Vs, -Vs)

Zones (+Vs, -Vs)

0, 0) 0V, -Voc 1,5 1,4
0, 1) Y Vpc, -%2 Ve 2,6 1,2,3,4
(1, 0) Y Vpc, -%2 Ve 3,7 1,2,3,4
(1, 1) Voc, 0V 4,8 2,3

Therefore, in order to known which leg state must be used, the sign of the input voltage
must be known. To simplify the discussion, the binomial term a will be used to describe if the
input voltage is greater than zero and a will be used to describe the complement. Next, a term will
be needed to determine if adjusted duty cycle (d’) is more than 1/(n — 1). This term will normally
indicate the positive input voltage operating region and will limit the current spike that results from
transitioning between regions. This term will be called b and its complement will be called b.
Finally, a regression term will be used to track the duty cycle input from the PI controller. This

term will be called c and its complement will be called ¢. The duty cycle must be modified slightly
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so that that it is kept between 0 and 1/(n — 1). This is because of the frequency doubling feature
of the topology, which will cause each switch to be active for 1/(n — 1) of the duty cycle which

will result in the same effective duty cycle. The block diagram of the part of the controller that

generates these terms is given in Figure 37.

b=d’> 1/(n-1)?

—_—_———  —m——————— -

d' = d - (n-2)/(n-1)*(a) — | )@-— T
|
C

e — — — — -

c=d’-1/(n-1)*(b)

n

Figure 37. Switching Control Logic Term Generation Block Diagram for an n-Level Topology

Using the terms generated by the logic term generation, a pseudo-logic gate network is
built that sets the proper duty cycle value for input to a PWM block. This logic network is given
in Figure 37. It should be noted that the PWM carrier should have a maximum value of 1/(n — 1)
and a minimum value of 0. Each group of AND gates has at least one regression term. Due to this

fact, the logic gates cannot be binary logic gates, or they would discard the continuous value of
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the regression term and output a binary value. Therefore, the AND gates are in fact multiplication

gates and the OR gates are in fact addition gates.

2:@—}

+
B—E‘E—
—T 12
° X

| +
° X

Figure 38. Switching Control Logic Block Diagram for an n-Level Topology

Finally, these logic gates are feed to a PWM block that consists of a triangular carrier
oscillating at the switching frequency and a comparator that compares the PWM input to the
carrier. The same logic is used to generate the PWM input value for all leg states in the topology.
However, the PWM carriers are each offset 360/(n — 1) degrees from each other. This offset
results in a multiplication of the effective switching frequency of the topology as described in the

following section.
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2.4.2 Multiplying Effective Switching Frequency

The fundamental reason why the effective switching frequency of the topology is (n — 1)
times higher than the switching frequency of each half-bridge is due to the 360/(n — 1) offset of
the PWM carriers for each leg state signal. This offset results in the voltage across Vac changing
at (n — 1) times the switching frequency, which results in the inductor current ripple having a

frequency of (n — 1) times the switching frequency.

Table 7. Leg States and Vac Voltages for a 5-Level Topology

Leg States (Si, S3, S7, S11) | Vac (+Vs, -Vs)

(0, 0, 0, 0) 0V, -Voc

(0,0,0,1),(0,0,1,0),
Ya VDC, '3/4 VDC
(0,1,0,0),(1,0,0,0)

0,0,1,1), (0, 1,0, 1),
(11 0! 01 1)1 (01 1! 1! 0)1 ]/2 VDC; -]/2 VDC

(1,0,1,0),(1,1,0,0)

0,1,1,1),(1,0,1,1),
¥ Vpc, -¥4 Ve
(1,1,0,1),(1,1,1,0)

(1’ 1$ 11 1) VDC, 0 V

For a topology of any level, there will be many redundant states to produce a single

fractional voltage level across Vac. Table 7 lists the leg states and the associated voltage levels for
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a 5-level topology. As for the 3-level topology, there are n — 1 leg states that produce each
fractional voltage across Vac. This means that each state can be turned on 1/2 of the time required
to achieve the set duty cycle. Additionally, each fractional voltage level can be enabled using a
separate leg state signal, which means if all switches are operating at a frequency of f;,,, then Vac
changes at a rate of (n — 1)f;,,.

In order to achieve the frequency multiplication, the effective duty cycle that is input to the
PWM blocks must remain between 0 and 1/(n — 1). This is achieved by offsetting the PWM

blocks and allowing the PI1 controller to automatically adjust the required duty cycle values.
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Figure 39. Vs and Vac and Operating Zones for a 5-Level Topology
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Figure 39(a) shows the input voltage (Vs) and Vac and identifies the operating zones of
the circuit. Figures 39(b, c, d, e) show a zoomed view of the leg signals in each operating zone and
corresponding Vac changes. The zones of operation can roughly be split up based on how many
leg signals are overlapping, or on at the same time. In zone 1, shown in Figure 39(b), no leg signals
are on at the same time and the leg states shown in row 1 and 2 of Table 7 are used to generate the
desired duty cycle. Additionally, Vac switches at a rate of 4 times the rate of each individual leg
signal. In zone 2, shown in Figure 39(c), at least one leg signal is on at all times and Vac is in a
high state when multiple leg signals are overlapping. In zone 3, shown in Figure 39(d), at least two
signals are on at all times and Vac is high when three signals are on at the same time. This means
that leg states shown in rows 3 and 4 of Table 7 are used to generate the Vac voltages. Finally, in
zone 4, shown in Figure 39(e), there are always at least three leg signals active and the image can
be viewed as the inverse of the zone 1. This is because instead of no leg signals being on at the
same time as in zone 1, no leg signals will be off at the same time. Figure 40 shows as similar

figure for a 3-level topology.
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Figure 40. Vs and Vac and Operating Zones for a 3-Level Topology
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2.5 Simulation Results

In this section, the topology will be tested in simulation. Two variants of the topology will
be tested which are the 3-level and 5-level versions. The first set of tests will examine the effect
of changing the load suddenly, often called a “load step”. The test will be conducted with low to
high load step and a high to low load step for both versions. The second set of tests will examine
the effect of changing the input voltage suddenly, often called a “voltage spike” or “voltage sag”.
2.5.1 Changing Load Conditions

The first tests are performed on the 3-level topology. The load is step from full load, which

is 100W in this case, to half load, which is 50W in this case. The results are shown in Figure 41.

Full Load to Half Load
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Figure 41. Output Voltage and Inductor Current for Full to Half Load Step for 3-Level Topology
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The transient lasts about 10 line frequency cycles and the voltage overshoot is less than 50
volts. The input current is briefly non-sinusoidal, but quickly returns to a more sinusoidal shape.
The second load step is also on the 3-level topology and is the reverse case from half load to full

load step for the same power level. The results are shown in Figure 42.

Half Load to Full Load

.50
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Figure 42. Output Voltage and Inductor Current for Half to Full Load Step for 3-Level Topology

The transient lasts more than 20 line frequency cycles, which is more extreme than the
down load step. However, the input current remains sinusoidal for the entire transient. The next
test is a down load step on the 5-level topology. The full load power is again 100W and the half
load power is 50W. The results are shown in Figure 43. The results of a full load to half load step

for the 5-level topology are shown in Figure 44.
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Figure 43. Output Voltage and Input Current for Full to Half Load Step for 5-Level Topology
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Figure 44. Output Voltage and Input Current for Half to Full Load Step for 5-Level Topology
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The transient response for the full to half load step lasts about 10 line frequency cycles as
in the 3-level topology, but the 5-level topology is able to maintain sinusoidal current throughout
the transient. The transient response for the half to full load step also lasts about 10 cycles, which
is faster than the 3-level transient response, indicating that the controller is a bit more responsive.
2.5.2 Changing Source Conditions

Boost PFC circuits are often designed for a wide input range and must be able to handle
temporary voltage sags, which are when the input voltage drops to some lower value inside the
operating input voltage range for several line frequency cycles and returns to full value.
Additionally, PFC circuits must be able to withstand voltage drops, which are when the input
voltage goes to zero for a short period. Often, DC-Link capacitors are designed to power the load

during voltage drops for a certain number of line frequency cycles.

Single Cycle Voltage Drop
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Figure 45. Input/Output Voltage and Inductor Current for a VVoltage Drop for 3-Level Topology
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The circuits tested in this section are 3.2kW circuits with 240Vrms rated inputs and
universal input ranges of 85\V~265V. The first test is a single cycle voltage drop on the 3-level and

5-level topologies. The results are shown in Figures 45 and 46.
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Figure 46. Input/Output Voltage and Inductor Current for a VVoltage Drop for 5-Level Topology

The recovery time of the 5-level topology is slower than the 3-level topology, but the 5-
level topology does not experience an input current spike. The current spike on the 3-level topology
is more than 3 times the peak input current. The second test is a three cycle voltage sag on the 3-

level and 5-level topologies. The results are shown in Figures 47 and 48.
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Three Cycle Voltage Sag
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Figure 47. Input/Output Voltage and Inductor Current for a VVoltage Sag for 3-Level Topology
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Figure 48. Input/Output Voltage and Inductor Current for a Voltage Sag for 5-Level Topology
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The 5-level topology takes about the same amount of time to recover as the 3-level
topology, however, this likely because the voltage drop is considerably less for the 5-level
topology. Again, the 3-level topology experiences a large input current spike, but the 5-level
topology also has a current overshoot of about twice the peak current.

These tests were performed with PI control loops that were not tuned and the responses
could certainly be improved if the values were adjusted. The response of the output voltage loop
would benefit from a faster response time, which could eliminate the current spike from the 3-

level topology. These characteristics should be considered when tuning the P1 loops.
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3. DESIGN EXAMPLE

3.1 DC-Link Capacitor Selection and Sizing

The main purpose of DC-Link capacitors is to stabilize the DC voltage at the output of
boost PFC rectifiers and even diode rectifiers. The sizing of the DC-Link capacitor is inversely
proportional to the ripple voltage on the DC voltage. These capacitors typically occupy a very
large amount of space on the converter. Reducing the size of the DC-Link capacitor is a very
important key to increasing the power density of a boost PFC rectifier. For a given material and
construction, the size of the capacitor is determined by two main factors: voltage rating and
capacitance value. The voltage rating will tend to increase the size of the capacitor more than the
capacitance value, so decreasing the voltage rating while increasing the capacitance value is a
reasonable trade-off. There are typically two types of capacitors that are connected to the DC-Link,
which are low frequency filtering capacitors and high frequency filtering capacitors. The design
of both of these types of capacitors are described in this section.
3.1.1 Choosing a High-Frequency Capacitor

High frequency capacitors are usually small value film capacitors that are placed as close
as possible to the switching devices in order to minimize the EMI noise generated by the device.
Film capacitors tend to be better high frequency filtering capacitors because they have much lower
ESR and maintain their capacitance values at higher frequencies than electrolytic capacitors. Film
capacitors can also be used as DC-Link filtering capacitors, but film capacitors are much bulkier
and more expensive per unit of capacitance and voltage rating than an electrolytic capacitor of the

same capacitance and voltage rating, so film capacitors are rarely used for this. However, for high
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frequency filtering, small film capacitors can be used in parallel with large electrolytic capacitors
to filter low and high frequency noise at an effective price point and minimal size.
3.1.2 Traditional PFC Capacitor Sizing

The main purpose of the low frequency DC-Link filtering capacitor for single-phase PFC
circuits is to attenuate the second harmonic current. The second harmonic current is particularly
large in single-phase AC-DC converters because the rectification performed by the switching
devices essentially doubles the frequency of the line current on the DC side. The easiest way to

see this is to use a diode rectifier, shown in Figure 49, as an example.

D: &A D; &
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Figure 49. Diode Rectifier with Pure Resistive Output
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In a diode rectifier, when the 60 Hz input voltage sine wave is positive and a purely resistive
load (which is what a PFC load should look like) is attached to the output of the diode rectifier,
current will be flowing through D: and D.. These diodes will always conduct current on the
positive side of the input voltage sine wave and be zero when the input voltage sine wave is
negative and the current through these diodes will have a frequency of 60 Hz. When the input
voltage is negative, current will be flowing through Dz and Da4. Similarly to D1 and D>, these diodes
will always conduct on the negative side of the input voltage sine wave and be zero when the input
voltage sine wave is positive and the current through these diodes will have a frequency of 60 Hz.
Finally, the output will experience the sum of the currents through these diodes offset by 180
degrees. When the current through one set of diodes is equal to zero, the other diodes will be

conducting. This results in an output current that has a frequency of 120 Hz shown in Figure 50.
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Figure 50. Diode Rectifier Diode and Output Currents
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Because of this fundamental behavior that all AC-DC converters exhibit, the DC-Link
capacitors are sized to limit the size of the second harmonic, which is also called the “double line
frequency ripple”. We will assume that the load is entirely resistive for the purposes for the
purposes of sizing the DC-Link capacitor. The size of the second harmonic voltage (V,) will be
determined by the size of the second harmonic current (I,) and the capacitive impedance at the

output. This relationship is shown in equation 27.

I

Vy= ——=
27 2% (2T fiine)C

(27)

The second harmonic current can be represented as the reactive component of the output
power divided by the output voltage, which is given in equation 28. The second harmonic voltage
will be determined by the size of the output capacitor and thus can be represented as a fraction of

the total output voltage as in equation 29.

F

I = 7c08 (2 (2fie) * t) (28)
o

V, = A% 29

2= (29)

The cosine term can be dropped from equation 28 because magnitude is the only term of
interest for determining the output voltage ripple. By substituting the magnitude of equation 28
and equation 29 into equation 27 and solving for the capacitance, the sizing equation for the
traditional boost PFC rectifier output capacitor can be found and is given by equation 30.

- 2% (Znﬁine)A%% (30)

C

3.1.3 Sizing the DC-Link Capacitor for the Proposed Topology
For the proposed topology, the effective output capacitance is less than the capacitance

value of each capacitor. If all capacitors are assigned the same capacitance value, then they must
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be multiplied by some variable that depends on the number of levels of the converter. The
capacitance seen by the output is always the same for the proposed topology no matter state the
converter is currently in. To see this, we will examine a three-level converter. There are eight total
states for three-level converter of the proposed topology. Four of these states only differ in which
diode is conducting, which has no effect on how capacitors in the topology are connected to the
output, so we will only consider the four positive cycle states. For states 1 and 3, the only difference
is whether switch 1 or switch 2 is turned on, which does not affect how the capacitors are connected
to the output. The same is true for states 2 and 4. However, states 1 and 2 do connect the capacitors
in the circuit to the output differently. During state 1, Cy is connected in parallel with Cz, but during
state 2, Cz is connected in parallel with C,. However, the equivalent capacitance of both of these
configurations is the same if all capacitors are sized as some value C. The equivalent capacitance

for an n-level topology is given by equation 31.

1 1 1

In order to account for this lower effective capacitance, the capacitance of each capacitor
must be sized up by a factor of k in order to have the same capacitor performance at the output.
3.1.4 Designing Capacitor Values for Peak Switch Current

There are two very important values to consider when choosing a DC-Link capacitor,
which are the capacitance value and the equivalent series resistance (ESR) of the capacitor. As
mentioned previously, if the voltage difference between two capacitors that are connected in series
is large, then the short circuit current will be large. Therefore, if a capacitor with very low ESR,
such as a film capacitor, is used as a DC-Link capacitor, the current spikes that would occur when
the DC-Link capacitors are balanced would be very large. This might require larger current rating

components and would certainly reduce the lifespan of the components that experienced the spike
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currents. However, if very high ESR capacitors are used, they can significantly reduce the
efficiency of the system. A possible compromise solution to this issue is connecting multiple
capacitors in parallel to achieve reasonable figures for both peak switch currents and efficiency.
If the DC-Link voltage has a smaller ripple voltage, the voltage difference between
capacitors will also be smaller. Because of this, more tightly regulated DC-Link voltages will
increase efficiency and reduce peak current ratings of components. The voltage difference between

capacitors for a 100W design for different ESR values is shown in Figure 51.
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Figure 51. Capacitor Voltage Differences for Various ESR Values on a 3-Level Topology
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Figure 52. Capacitor Voltage Differences for Various Capacitance Values on a 3-Level

Topology

Figures 51 and 52 show the voltage difference between the leg 2 capacitors and the leg 1
capacitor. As mentioned previously, the voltage difference is smaller for larger capacitance values
and smaller ESR values. The reason why the voltage difference is small for a smaller ESR is
because there is a large amount of current flowing between the DC-Link capacitors and the
switches that connect them which is balancing the capacitors. This helps stabilize capacitor
voltage, but also significantly increases switch current ratings. However, the reason why the
voltage difference is small for larger capacitance values is because the voltage is not allowed to

drift very far from the DC value.
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3.2 Inductor Selection and Sizing

Inductor sizing is an important topic for PFC circuit design. For traditional boost PFC
circuits, the input inductor is a significant portion of the total size of the converter [24]. One reason
for the large size of the input inductor is that the inductance value must be sized for the minimum
input current. This is an issue because of the wide input voltage range that most PFC circuits must
be able to handle, which requires a very large inductance value at high input voltage and low input
current, called “high-line” operation [25]. The large inductance value is required in order to
maintain high power factor and avoid discontinuous conduction mode (DCM) operation. DCM
operation can be used in certain scenarios but is undesirable if the controller of the circuit is
designed to operate in continuous conduction mode (CCM).

In order to address the large inductance value required for high-line operation, a special
type of inductor core is used for PFC applications. This type of inductor is called a “swinging
choke” or powder core inductor and is much smaller than a “linear” inductor of the same
inductance value [26]. The swinging choke is so called because the inductance value drops
significantly as the input current through the inductor increases. This means that the inductance
value will be much higher during high-line operation, which will help avoid DCM operation.
Additionally, care must be taken to obtain an inductor that meets the high-line requirement at the
high-line current and meets the rated voltage requirement at the rated current because these
inductance values will vary significantly.

3.2.1 Choosing a High Frequency Inductor

GaN devices are allowing PFC circuits to operate at higher frequencies and inductor core

materials are required to operate at higher frequencies with higher current. A good choice for

switching frequencies up to 100 kHz is a powdered iron core toroid inductor such as Kool Mu or
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High Flux [11]. However, for frequencies above 100 kHz, ferrite core materials, such as MnZn,
can be used to obtain higher efficiency with lower core losses [27]. This material is suitable for
switching frequencies up to 5 MHz and can handle currents as high as 32 A without the need for
an external heatsink. Finally, an inductor designed using MnZn core material can be more compact
than the powdered iron core material for the right application. Either of these options is suitable
for the proposed topology.
3.2.2 Traditional PFC Inductor Sizing

For a traditional boost PFC rectifier, the current ripple is given using the same equation as

a boost converter shown in equation 32.

DV,

Al max = il (32)
However, it is not obvious what value of duty cycle or input voltage should be used to
obtain the worst-case ripple for the traditional boost PFC rectifier. First, we will investigate the
duty cycle. It is well known that for a boost converter, the relationship between duty cycle and
input voltage is given by equation 33.
Yo __1_
Vi, 1-D (33)
Equation 33 also holds for a boost PFC rectifier and a multilevel boost PFC rectifier.
However, in these cases, the input voltage and duty cycle are time varying functions. Duty cycle
is controlled to satisfy the above equation and can be re-written as in equation 34 with d and Vin

representing duty cycle and input voltage as time varying functions and V, remaining constant.
Vo (34)
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Because the duty cycle and the input voltage are the only time varying functions, finding
the maximum value of the multiplication of those two numbers will also give the maximum value
of Ai;. To solve this, duty cycle and input voltage are first multiplied together.

Vin
d = VL - Vin(l - 70) (35)
Vin =V * sin(t) (36)

In order to find the maximum value, the derivative of d * V, is set equal to zero. Then, the

solution of this equation will give the value of V;,, that maximizes Ai; .

2

ki d*V, ki V * sin(t 7 sin? t)) =0
* = * —_ * =
dt( L) dt( sin(t) y ¥ sin (wt))

0 @
2V
V  cos(t) = va * cos(wt)sin(wt) (38)
, W
V *sin(t) = > (39)
W
Vin = ? (40)

Plugging this value of V;, into the original duty cycle and inductor ripple equation yields
the sizing equation, if Viy, ,eqax > V,/2 given by equation 41. If Vi, 04k is Ot greater than V, /2,
then plug in Viy peak-

P
4fawhiy (41)

3.2.3 Sizing Inductor for the Proposed Topology
For a multilevel converter, the answer is slightly different. In a traditional boost PFC, the

maximum voltage on the inductor is V,. However, in a 3-level converter, the voltage across the
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inductor never exceeds V, /2. Additionally, in a 4-level converter, the voltage across the inductor

never exceeds V, /3. This relationship is true for all n-level converters and is given by equation 42.

o

Yimex = Gy (42)
This relationship also holds for a traditional boost PFC rectifier, which is simply a 2-level
converter. To complete the derivation, simply substitute V; .4, in for 1, in the derivation of
maximum d = V. The V;,, value that maximizes current ripple is given by equation 43.
V.
Vi = 26— 43)
The duty cycle that will maximize the minimum inductance equation will again be 0.5.
Finally, the switching frequency must be multiplied by n — 1 to account for the inductor current
ripple frequency multiplication that is achieved by the topology. Equation 44 is the solution for
minimum inductor size for an n-level generalized multilevel PFC rectifier.

L Vo
mn 4-(Tl - 1)2fswAiL,max

(44)

3.3 Switch and Diode Ratings

An important design consideration is the current and voltage ratings of diodes and switches
in the topology. The diode and switch voltage ratings are a somewhat simple discussion as they
closely match the output voltage and are very similar across like devices. However, the switch
current ratings are not uniform across all switches and they also do not depend entirely on the input
or output current. This is because of the unique voltage balancing feature of the topology. The ESR

of the DC-Link capacitors and the Rys,,, Vvalues of switches are design parameters that will

determine the switch currents.
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3.3.1 Voltage Ratings

The voltage ratings for the diodes and switches in the topology can be addressed somewhat
simply because the maximum ratings only depend on the output voltage. The maximum diode
voltage ratings are simply the DC-Link voltage plus the maximum voltage ripple. This is because
the diodes will be conducting if the input current flowing through each diode and will only block
voltage when the other diode is conducting. Because the voltage on the other diode must be close
to zero volts, the voltage on the blocking diode must be equal to the voltage across the DC-Link.
This means the maximum voltage across the diodes is the maximum voltage on the DC-Link.

The maximum voltage ratings on the switches are also quite straightforward. The
maximum voltage on any switch will simply be the maximum voltage on the capacitor that is
connected to the half-bridge that the switch is connected to. Because the voltage on every half-
bridge is identical, the maximum voltage on all switches will be the same. This maximum voltage
is simply the maximum voltage of the DC-Link over n — 1. This is due to the multilevel operation
of the topology which keeps the voltage across all capacitors very close to the DC-Link voltage
over n — 1. Because the half-bridge switches always act in opposition, they only need to block the
voltage across the half-bridge capacitor when the other switch is conducting.
3.3.2 Current Ratings

In this section, the diode and switch current ratings are considered. Simulation results are
presented and correlated for various values of capacitance and capacitor ESR values. Additionally,
the variation of current rating for switches throughout the topology is addressed.

The first point to address is that the switch current ratings for each switch position are
different but are mirrored across the topology. For example, in a 3-level topology, switches 1 and

2, 3 and 6, and 4 and 5 all have very similar current ratings. This implies that switches mirrored
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across the midpoint of the topology have the same current ratings, which is supported by simulation
results. The 3-level topology will be taken as an example.

The line frequency diodes and the switches on the first leg will have a similar current rating
as the input inductor. This means the vector sum of RMS currents through the first leg switches
and the diodes will be equal to the RMS current through the inductor and the peak currents will be
the same as the inductor. This is because no capacitor balancing current flows through the first leg
switches or the diodes. The outermost switches on the second leg (3 and 5) will have similar RMS
and peak current ratings from capacitor balancing currents, the input inductor current, and the
output current. Finally, the innermost switches on the second leg (4 and 5) will have similar RMS

and peak current ratings largely due to capacitor balancing currents and from the output current.

Table 8. Switch Currents for 100W Example with Various ESR Values

Capacitor Switch 1/2 | Switch 1/2 | Switch 3/6 | Switch 3/6 | Switch 4/5 | Switch 4/5
ESpR ) RMS Peak RMS Peak RMS Peak
Current (A) | Current (A) | Current (A) | Current (A) | Current (A) | Current (A)
0.1 0.596 1.283 0.636 2.802 0.224 2.567
0.25 0.597 1.285 0.635 2.181 0.225 1.957
0.5 0.599 1.289 0.633 2.124 0.224 1.579
1 0.601 1.297 0.627 1.995 0.227 1.337
2 0.607 1.311 0.606 1.770 0.242 1.248
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An example simulation with 100W power, 120V input, and 200V output is analyzed to
assess the effect of changing capacitor ESR values and capacitance on the switch currents. The
RMS and absolute peak switch currents for all switches are listed for various capacitor ESR values
in Table 8. The RMS and absolute peak switch currents for all switches are listed for various

capacitance values in Table 9.

Table 9. Switch Currents for 100W Example with Various Capacitance Values

Capacitance Switch 1/2 | Switch 1/2 | Switch 3/6 | Switch 3/6 | Switch 4/5 | Switch 4/5
p( ) RMS Peak RMS Peak RMS Peak

K Current (A) | Current (A) | Current (A) | Current (A) | Current (A) | Current (A)
1000 0.599 1.290 0.351 0.933 0.345 0.990
500 0.601 1.295 0.415 0.991 0.327 0.937
200 0.604 1.303 0.543 1.17 0.277 1.161
100 0.607 1.311 0.607 1.269 0.241 1.248
50 0.609 1.321 0.634 1.960 0.226 1.357

Tables 8 and 9 demonstrate the significant impact capacitor design has on the current
ratings of switches in the topology. Most PFC capacitor designs will not be affected by these results
because film capacitors are rarely used as DC-Link capacitors due to their high cost and low power
density, so the ESR values are rarely a concern. Additionally, most capacitors are designed for a
very small output voltage ripple which will again result in switch current ratings that are well

controlled.
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3.4 Design Example

Table 10. Design Example Specifications

Output Voltage 400V
Input Voltage (RMS) 85V ~ 265V
Power 100W
Maximum Input Current 0
Ripple @ 240V 30%
Switching Frequency 100 kHz
Maximum C_)utput Voltage 1.5%
Ripple
Number of Levels 3

Table 10 gives the design specifications of the design example. The maximum output
voltage ripple is given as a percentage and this percentage is taken from the rated output voltage
of 400V. This means the second harmonic ripple on the output voltage should be no more than 4V
at full power. Using equation 30, given in section 3.1, the equivalent capacitance is calculated in
equation 45.

o (100)
~ 2% (2m60)(6)(400)

= 55.3 uF (45)

Next, the actual capacitance will be calculated using equation 31, also given in section 3.1

and the final calculation is given in equation 46.
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1
C = (1 + E) * 55.3 = 83.3 uF (46)

The chosen value for each DC-Link capacitor is 100 uF and the suggested voltage rating
is at least 20% higher than the rated DC voltage which is 480V.

The maximum input current ripple is 30% of the peak current at 240V input voltage. The
ripple at this condition is 0.177 A. Using equation 44, given in section 3.2, the inductance is
calculated in equation 47.

Lonin = (400) = 1.41 mH
min = 43— 1)2(100000)(0.177) (47)

The peak is calculated as the maximum amplitude of the input current plus one half of the
current ripple, which is 1.913A. Current rating of the input inductor should be large enough to
avoid saturation of the core and the inductance value should be at least 1.41 mH at the rated current.

Finally, the circuit is simulated in PLECS to confirm the results. The worst-case output
voltage ripple occurs at the maximum input voltage and is shown in Figure 53(a). The highest
THD current occurs at the maximum output voltage, which is also shown in Figure 53(a). The

peak current occurs at the minimum input voltage, shown in Figure 53(b).
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Figure 53. Input and Output Voltage and Input Current for (a) 265V and (b) 85V Input Voltage

The output voltage is less than 5V for the worst-case condition and the input current ripple
is less than 30% for the worst-case scenario. The peak current is about 1.9 A for the worst-case
scenario. These readings confirm the design values. Finally, Figure 54 shows the fractional

capacitor voltages are well regulated at less than 1.5% ripple.
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Figure 54. Fractional Capacitor Voltages
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4. HARDWARE RESULTS

4.1 PCB Design
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Figure 55. Prototype PCB Schematic

The printed circuit board (PCB) was designed in Altium and the schematic is shown in
Figure 55. Isolated voltage sensors were used for both the input current and input voltage and an
isolated voltage transducer was used to sense the output voltage. The use of isolation circuits
contributed a significant amount to the losses of the prototype, especially the output voltage sensor,
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but the isolation was deemed necessary to protect the controller and any computers that were
attached to the circuit. The digital ground was therefore able to be completely isolated from the
from the power circuit. Additionally, 5V DC-DC isolated converters were necessary to power the
isolated voltage sensing circuits. 3.3V, 5V, and +/- 15V supplies are required for the prototype to

function.
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Figure 56. Prototype PCB Layout
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In order to keep the design simple, a sense resistor was used to measure the input current

of the circuit. This contributed to losses, but also made the current sensing circuit simpler to design

and acted as a fuse to prevent high current from damaging the switching devices. The final PCB

layout of the prototype is shown in Figure 56.
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Figure 57. Final Prototype PCB
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After the board was printed, the board was populated, and small practical changes were
made to the design. For example, the sense resistor values were changed slightly in order to ensure
the measured values remained within the controller Analog-to-Digital Converter (ADC) range.
The final populated PCB prototype used for testing is shown in Figure 57.

4.2 Test Setup

The test setup is shown in Figure 58. As mentioned previously, a 5V supply and +/- 15V

supplies are necessary for the prototype to function. Additionally, the controller and EMI filter are

externally attached to the prototype.

Figure 58. Test Setup
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A 120V variac was used to soft start the topology. This was achieved by slowly ramping
up the voltage at the input of the topology. This is so the DC-Link capacitors will charge up to the
DC-Link value slowly. If care is not taken to slowly charge the DC-Link, the inrush current could
be several times the rated current and could damage some components. The controller is designed
to limit the DC voltage when the input voltage is low.

Electromagnetic Interference is caused by high frequency switching devices in power
electronics circuits and is emitted by magnetic components. There are standards limiting the
amount of EMI that can be conducted in the power line and the amount that can be emitted by the
device. EMI can interfere with digital control signals within the same package as the power
converter or those outside the device. EMI noise can be measured using a Line Impedance
Stabilization Network (LISN). This device can indicate the level of the EMI noise and the
frequency of the EMI noise which needs to be attenuated.

EMI filters are usually placed directly at the input of the power connections to the power
converter and the output of the EMI filter is then fed to the power converter. Some EMI filters are
attached to the power line that connects to the board that the power converter is built on. The EMI
filter is the main EMI noise attenuation method, but there are other techniques that can help to
reduce EMI that can be integrated into the design of the power converter. One of these techniques
is adding film capacitors to each half-bridge module of the proposed topology to filter out EMI
noise generated by the switching devices. Another is to choose a topology with an input inductor
on the AC side to provide increased input inductance to filter EMI noise generated by the topology.
An EMI filter was added to the front end of the topology to limit the noise experienced by the

circuit. A larger EMI filter will result in cleaner input voltage and current waveforms.
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Sensing circuits are an important part of controlling a PFC topology. The three sensing
circuits in the prototype tracking the input voltage, input current, and output voltage. The output
voltage sensing circuit is tracking a DC value and thus the delay in the sensing circuit will likely
not affect the control of the DC value greatly. However, because the input voltage and current are
AC waveforms, the delay in the sensing circuits are more important. The delay of the sensing
circuits is determined by the filtering components and the controller. If the filter capacitors are
very large, the delay may limit the response of the controller. The delay of the digital controller
typically is not a significant contributor to the delay of the sensing circuit, but if the controller is
operating in the megahertz frequency, this may become a larger issue. The current Pl loop cutoff
frequency should be designed with this delay in mind. If the response of the current loop is poor,
the cutoff frequency should be lowered to account for the sensing delay.

4.3 Digital Control Implementation

The control signals are generated by a Delfino microcontroller unit (MCU) made by Texas
Instruments. This controller was chosen for rapid prototyping by using the code generation feature
of the power simulation software PSIM. However, the control method for this topology is
relatively simple and can be implemented on any controller that can control a typical boost PFC
topology. The only consideration necessary for higher level topologies is ensuring the controller
has a sufficient number of PWM outputs for each switch in the topology. For a 3-level converter,
this is 6 signals. However, for a 5-level converter, this is 20 PWM signals.

4.3.1 Code Generation

A PSIM simulation was used to model the sensing circuits and determine the delay of the

filtering components and the delay of the controller. When the circuit was functioning correctly in

simulation, the software was able to generate code for the Texas Instruments Delfino
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TMS320F28335 microcontroller. Using code composer studio, the code was loaded onto the
controller and the control was tested on the topology. The values could quickly be tuned by editing
the PSIM simulation or directly changing values in the code composer studio code.

The code generation feature of PSIM is very useful for rapid prototype design but is limited
by the use of a special code composer studio library that is only used by PSIM. There is other
software that has code generation features such as MATLAB/SIMULINK and PLECS with the
PLECS RT Box. More testing will need to be done to assess the merits of each of these programs
and identify the limitations.

4.4 Figures of Merit

The figures of merit for the topology are the power factor of the input and the output voltage
ripple. Additionally, the fractional voltage level is shown and confirmed to be correct. The input
voltage and current are required to observe the input power factor. The ideal input current and
voltage will be sinusoidal in shape and perfectly aligned in order to minimize distortion power
factor (DTF) and displacement power factor (DPF) respectively. The output voltage should be
regulated at the designed value and the voltage ripple should be within the designed value.

The first figure of merit is the input current and voltage shown Figure 59. The current and
voltage are almost perfectly aligned which will result in very high power factor. The input current
waveform is also sinusoidal in shape. This prototype is meant to be a proof of concept and there is
room for improvement on the shape of the input current. The input current has a significant amount
of noise on the waveform due to hardware challenges listed in section 4.2. This waveform will

improve with simple modifications.
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Figure 59. Prototype Input Current and Voltage
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The power factor of the input was 0.98 and the THD of the input current was 13%. The

maximum efficiency of the topology was 95.9%. The DPF is very high because the input current

and voltage are closely aligned, but the DPF is slightly lower due to the distortion of the input

current. Overall, the power factor achieved is good, but can be improved.
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Figure 60. Prototype Output Current and Voltage

The output voltage and current are shown for the prototype in Figure 60. The circuit was
designed for a relatively high ripple voltage of 10V and this measurement confirms that the
prototype meets the specification. Additionally, the prototype regulated the DC voltage close to

the reference DC output voltage of 150V.
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Figure 61. Prototype Output Voltage and Fractional VVoltage Level

The output voltage and fractional voltage level of the topology is shown in Figure 61. The
fractional voltage is one half of the output voltage, as expected, and is well regulated. The output
voltage was increased to 200V from 150V in the previous test. This means the fractional voltage

level is regulated at 100V.
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5. CONCLUSION

5.1 Conclusions

A generalized multilevel boost PFC converter was presented that allowed the use of low
voltage GaN devices to improve power density and efficiency. The benefits of low voltage GaN
devices were explained and compared to higher voltage GaN devices and types of devices. A
review of the previous literature was conducted, and the limitations of previous topologies were
explained. A description of the zones of operation was presented and the method of capacitor
balancing was discussed. Methods for improving capacitor balancing operation were presented. A
review of PI control of boost PFC topologies was presented and python code for designing the
controller constants was provided. The switching control of the topology was discussed and the
extension of the control to higher level versions of the topology was explained as well as the
frequency multiplication operation. The design of the DC-Link capacitors for a traditional boost
PFC converter and the proposed topology was presented. A derivation of the minimum inductance
equation for a traditional boost PFC converter and the proposed topology was presented that
illustrated the substantial improvement in inductor sizing that the proposed topology achieves.
Additionally, voltage and current ratings of switching components were discussed. A design
example was presented, and simulation results confirmed the validity of the design values. The
PCB design and sensing circuits were described and the PCB diagrams from Altium were
presented. The experimental setup was shown, and some challenges of the design were discussed.
The digital implementation of the controller was discussed. Finally, hardware results were

presented as a proof of concept of the design.
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5.2 Future Work

Future work should include adding active switches to the slow switching leg of the
topology to increase efficiency. Further work on this concept should include scaling the topology
to a greater number of levels. A prototype of a 3-level topology was presented, but a 5-level
topology can easily be implemented using the design equations and descriptions from this work.
An examination of the optimal number of levels should be conducted to find the best number of
levels for a given design. This would make choosing the number of levels of the topology a design
parameter rather than something that is decided before the design process begins. Next, the design
of an EMI filter for the topology should be explained. This path of EMI filter design is exciting
because if the filter can be designed well enough, the input inductor may be eliminated, which
would allow for a more power dense solution. DC-DC converters have entered this territory with
“magnetic-less” topologies. This is particularly appealing for PFC topologies because magnetic
components are usually the largest components in the design. Next, a soft start approach using the
proposed topology should be examined. This would involve operating the GaN devices on the fast
switching leg like SCRs in order to slowly ramp up the voltage at the output in order to avoid
inrush current. This is important because dedicated inrush current circuits usually must be designed
for higher power PFC circuits because the current at start up is very large. If the topology can
implement soft start without the need for extra components, this could be a major advantage over
traditional boost PFC. Finally, an investigation of adding inductors to the midpoints of each half-
bridge in the topology should be conducted. This is of interest because it could enable soft
switching with the topology which would allow the switching frequency to be increased to a much
higher level at the same efficiency level. Increasing switching frequency will allow for further

reduction in the size of the input inductor.
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APPENDIX

CURRENT AND VOLTAGE CONTROL LOOP DESIGN PYTHON CODE

The code in this appendix is written for python 3.6 and the libraries required to run the
code are control, matplotlib, numpy, and scipy. A description of how the code should be used is
given in section 2.3. The text of the two files for the current and voltage loops is included on the

following pages.
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Title: MLBPFC_Current_Loop.py
Author: Kevin Hodge

Date: 02/01/2020

import control as ctrl
import matplotlib.pyplot as py
import numpy as np

import scipy as sci

py.close()

# Relevant Circuit Values
Vs =120 # RMS Value

P =100

Vo =200

D =1-Vs/Vo

R =Vo**2/P

L = 0.000636

C =0.000066 # Equivalent VValue

# Transfer Function from Duty Cycle to Inductor Current
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Gi = ctrl.tf([R*C*Vs/(R*L*C*(1-D)), 2*Vs/(R*L*C*(1-D))],[1, 1/(R*C), (1-D)**2/(L*C)])
#ctrl.bode(Gi)

#ctrl.rlocus(Gi)

# Set Cutoff Frequency of Current Control Loop (usually <= fsw/10)

wcC = 2*np.pi*20000

# Select ki value that makes unity gain crossing match crossover frequency
ki_bound = np.linspace(0, 50000)

P = ctrl.evalfr(Gi, wc)

Pr = sci.real(P)

kp_bound = np.sqrt(1/(Pr**2)-ki_bound**2/wc**2)

#figl = py.figure()

#ax1 = figl.add_subplot(111)

#ax1.plot(ki_bound,kp_bound)

#ax1.set_xlabel('ki")

#ax1.set_ylabel('kp")

#ax1.set_title('Kp vs Ki")

py.figure()
for i in [100, 1000, 5000, 10000, 15000, 25000, 30000, 40000, 50000]:

# Calculate kp based on ki value

ki =i # 25000
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kp = np.sqrt(1/(Pr**2)-ki**2/wc**2)

# Plug Constants into Controller and Construct Feedback System
C = ctrl.tf([kp, ki], [1, 0])

GIiCL = ctrl.feedback(ctrl.series(C,Gi),1)

#ctrl.rlocus(GiCL)

#ctrl.bode(GiCL)

# Plot Continuous Step Reponse

T = np.linspace(0,0.05,3251)

yout,Tc = ctrl.step_response(GiCL,T)
#py.figure()

py.plot(yout, Tc)

print("Current kp: ", kp)

print("Current ki: ", ki)
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Title: MLBPFC_Voltage_Loop.py
Author: Kevin Hodge

Date: 02/01/2020

import control as ctrl
import matplotlib.pyplot as py
import numpy as np

import scipy as sci

py.close()

# Relevant Circuit Values
Vs =120 # RMS Value

P =100

Vo =200

D =1-Vs/Vo

R =Vo**2/P

L = 0.000636

C =0.000066 # Equivalent VValue

# CURRENT LOOP
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Gi = ctrl.tf([R*C*Vs/(R*L*C*(1-D)), 2*Vs/(R*L*C*(1-D))],[1, 1/(R*C), (1-D)**2/(L*C)])
wci = 2*np.pi*20000

Pir = sci.real(ctrl.evalfr(Gi, wci))

kii = 25000

kpi = np.sqrt(1/(Pir**2)-kii**2/wci**2)

Ci = ctrl.tf([kpi, kii], [1, 0])

GIiCL = ctrl.feedback(ctrl.series(Ci,Gi),1)

# VOLTAGE LOOP

# Transfer Function from Voltage PI to Ouput Voltage
Gv = ctrl.tf([R*(1-D)],[R*C, 1])

GVGICL = ctrl.series(GiCL,Gv)

#ctrl.bode(GvGiCL)

#ctrl.rlocus(GvGiCL)

# Set Cutoff Frequency of Voltage Control Loop (usually <= fsw/100)

WC = 2*np.pi*2000

# Select ki value that ensures no overshoot
ki_bound = np.linspace(0, 15000)

Pr = sci.real(ctrl.evalfr(Gv,wc))

kp_bound = np.sqrt(1/(Pr**2)-ki_bound**2/wc**2)

#figl = py.figure()
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#ax1 = figl.add_subplot(111)
#ax1.plot(ki_bound,kp_bound)
#ax1.set_xlabel('ki")
#ax1.set_ylabel('kp")

#axl.set_title('Kp vs Ki'")

# Calculate kp based on ki value
ki =25

kp = np.sqrt(1/(Pr**2)-ki**2/wc**2)

# Plug Constants into Controller and Construct Feedback System
C = ctrl.tf([kp, ki], [1, 0])

GVCL = ctrl.feedback(ctrl.series(C,GvGiCL),1)
#ctrl.bode(GvCL)

#ctrl.rlocus(GvCL)

# Plot Continuous Step Reponse

T = np.linspace(0,0.005,32501)
yout,Tc = ctrl.step_response(GvCL,T)
#py.figure()

py.plot(yout,Tc)

print("Voltage kp: ", kp)

print("Voltage ki: ", ki)
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