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Abstract

In this research, a method to regulate switched-capacitor converters (SCC) by utilizing a regulated
magnetic converter in a quasi-parallel configuration is proposed, analyzed, and experimentally verified
for a telecommunication power supply application. The proposed quasi-parallel regulated switched-
capacitor converter (SCC) has the advantages of high efficiency, high conversion ratios, and high
power density typical of unregulated switched-capacitor converter while achieving both line and load
regulation. The magnetics required for the regulating converter are greatly reduced in cost and physical
size due to the low voltages, high switching frequency, and partial power property of the regulating

converter.

This research analyses the small-signal behavior of SCC and proposes an averaged small-signal circuit
model for reduced-order models of SCC. The small-signal circuit model of SCC is then utilized to
provide analysis of the proposed converter. The analysis demonstrated that besides the benefit of
inherent feedback due to the quasi-parallel configuration, the control strategy for the proposed
converter can be designed in the same fashion as typical PWM converters either as buck or boost

converters.

Datacenter power consumption makes up two percent of United States electricity consumption or
80TWhr. Roughly half of this energy is spent on cooling or lost in power conversion. Further, as data
centers try to maximize compaction, the need for small and highly efficient power supplies is
enhanced. Telecom power supplies often rely on large and lossy transformers to achieve large
conversion ratios or to provide isolation. By utilizing a quasi-parallel regulated switched-capacitor
converter, the magnetics can be removed while achieving high efficiency and power density. A 120W
prototype of the proposed converter is built for a 48V to 12V telecom power supply and achieves
efficiencies of 94% at 50% rated power and 93% at the full rated power. The proposed converter is
shown to achieve desired load regulation and limited line regulation. The converter is experimentally
shown to operate from 36V to 52V. Improvements in the efficiency, power density, and implementation

of the proposed converter are included with the concluding remarks at the end of this thesis.

Keywords: switched-capacitor converter, quasi-parallel, input-series, output-parallel, sigma, small-signal

analysis, MMSCC, multilevel modular switched-capacitor converter, switched-capacitor converter regulation
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Chapter 1 Introduction

1.1 Motivation

Switched-capacitor converters (SCC) offer high conversion ratios, high efficiencies, and high power
density. Their primary advantage is the ability to achieve power conversion without the use of
magnetics which are bulky and lossy compared to capacitors. Disadvantages of SCC are that they
suffer from limited load regulation, line regulation, and discontinuous conversion ratios. Additionally,
by regulating, SCC decrease their efficiency, while only unregulated SCC can achieve the high

theoretical efficiencies.

Regulation strategies, such as switching frequency modulation, duty cycle modulation, sliding voltage
mode control, and adaptive on-time control have been proposed for SCC. However, these strategies
have all achieved limited regulation, while providing continuous conversion ratios, and retaining the
high power density and high conversion ratio advantages of SCC. These regulation approaches all

suffer from lower efficiencies.

In order for SCC to be competitive, a regulation strategy that does not degrade its efficiency is
required. By using a regulating cascaded magnetic converter, the SCC can operate unregulated
retaining all of its advantages, while still achieving line and load regulation. In a step-down converter
the regulating converter will see reduced voltages allowing for higher switching frequencies and
smaller sized magnetics. The disadvantage is that the regulating magnetic converter must have the

same power rating as the SCC, limiting the reduction of the magnetic's size.

The approach proposed in this thesis will allow a SCC to operate unregulated while a partial-power
inductor based converter provides regulation. The partial-power property implies that the converter
only converts a small portion of the total output power from the input. This allows for a reduced power
rating of the regulating converter enabling further reductions to the magnetic's size. This provides the
advantages of high efficiency and high energy density of a SCC and achieving line and load regulation

through the use of a small inductor based converter.



1.2 Datacenter Application

In 2010, datacenters consumed two percent of all United States electric usage [1]. The 2010 U.S.
electrical energy consumption was roughly 4TWh according to www.eia.gov, thus approximately
80TWh was consumed by datacenters. More than half of this consumed energy is lost in power
conversions, distribution, and cooling devices [2]. The primary cost of a datacenter is no longer the cost
of the servers, but the cost of electricity and cooling [3]. Ten years ago large datacenters required
10MW of power, resulting in $8 million being spent on electricity and another $3-$5 million on cooling
[3].

In datacenters and telecom applications, the efficiency and size of the power electronics is extremely
important. With so much energy and money spent on cooling, it is important that the power supplies for
servers have high power density and increased efficiency to minimize losses in power conversion and
cooling costs. A major contributor to energy losses and power supply size are transformers and other
magnetic devices. Switched capacitor converters (SCC) offer lightweight, small size, and high power
density [4] without the use of magnetic components. Improvements in SCC topologies have reduced
component stresses, capacitance, and peak current charging allowing for the design of kilowatt power
SC converter [5-11]. SCC, such as the Multilevel Modular Switched Capacitor DC-DC Converter
(MMSCC) [5], have achieved zero current switching (ZCS) and efficiencies above 95% in the kilowatt

range [5-9].

Due to the high efficiency and large conversion ratios attainable by SCC, a telecommunications power
supply is an excellent application of the QRPSCC. In most datacenters 48V (36V to 72V range) is
applied to server racks, where each rack will have DC/DC converter to step down the 48V to 12V.
Common sizes, in inches, for these DC/DC converters are full brick 4.6"x2.4"x0.5”, half brick
2.3"x2.4"x0.35", and quarter brick 2.3"x1.45"x0.35". Power ratings range from 50-720W for these
sizes [12], with 720W attained in half bricks [13], 180W in an eighth brick [14]. Future telecom power
supplies will require high power density (180W/in3), high reliability, and fast transient responses [15-
17].

The QPRSCC can be designed for the 48V to 12V DC/DC power converter. The use of ceramic
capacitors will provide increased reliability compared to electrolytic capacitors which are known to dry
out after several years. The QPRSCC will provide a highly efficient and high power density converter

for the datacenter server racks.


http://www.eia.gov/

1.3 Summary of Chapters

Chapter 1 has presented the motivation for this research. The choice of a datacenter application has

been explained and the voltage requirements presented.

Chapter 2 provides the state-of-the-art review for SCC modeling, dynamic analysis, design, and

regulation strategies. The limitations and merits of current regulation strategies are discussed.

In Chapter 3 the quasi-parallel regulated switched-capacitor converter is presented explaining the basic
operation and advantages over other regulation approaches for SCC. The selection, design, and
modeling of the SCC and the regulating magnetic converter is documented. A proposed averaged

small-signal model for SCC based of a reduced-order model is presented and analyzed.

In Chapter 4 the QPRSCC is modeled and analyzed showing the steady-state and dynamic
characteristics. The expected losses are calculated and presented, demonstrating the high efficiency of
the QPRSCC. Steady-state and transient response simulations are performed in LTSpice and

documented for the proposed converter.

Chapter 5 provides the final design choices and presents the experimental prototype. The results of

steady-state, efficiency, and transients tests are presented demonstrating the promise of the QPRSCC.

Chapter 6 presents the highlights of the research and experimental results. Recommendations for future

revisions are suggested in an effort to increase the power rating and efficiency.



Chapter 2 State-of-the-Art Review

There has been a renewed interested in Switched-Capacitor Converters (SCC) for power applications
due to their high conversion ratios, high efficiencies, and high power density without the use of
magnetics. The popularity of SCC has lead to new topologies and applications in DC-AC, AC-DC, AC-
AC, and DC-DC converters [5,18,19]. The focus of this work is the application of SCC for DC-DC
applications. The proposed technology provides regulation for any DC-DC converters, multiphase or
two phase, however, consideration of multiphase SCC is beyond the scope of this work and proved to
be more complex than necessary for the purposes of this design. The following overview and work will
focus on two phase DC-DC switched-capacitor converters. A basic overview of SCC will be given
through steady state and dynamic analyses, including an evaluation of losses in a SCC in section 2.1.
Different regulation strategies will be presented in section 2.2 emphasizing that SCC have limited
ability to be regulated and attempts to regulate them hurt their efficiency. This will provide the

background information for the proposed quasi-parallel configuration for regulating a SCC.

2.1 Overview of DC-DC Switched-Capacitor Converters

Switched-capacitor converters offer lightweight, small size, and high power density [5] without the use
of magnetic components. Improvements in switched-capacitor topologies have reduced component
stresses, required capacitance, and peak current charging allowing for the design of kilowatt power
SCC [5-11]. Switched capacitor converters, such as the Multilevel Modular Switched Capacitor DC-
DC Converter (MMSCC) [5], have achieved zero current switching (ZCS) and efficiencies above 95%

in the kilowatt range [5-9]. A SCC can also provide ground isolation [20] for certain applications.

The major advantage of the SCC is that it does not utilize magnetics for power conversion, which
enables higher power densities. Magnetics are generally large and lossy compared to capacitors for
similar power levels. A comparison of energy densities is given in Table 2.1 illustrating the advantage
of capacitive energy over magnetic. Capacitors can more easily be implemented in monolithic

integration. SCC can also have the advantage of being able to operate at high temperatures [5].



TABLE 2.1: SUMMARY OF INDUCTOR AND CAPACITOR ENERGY DENSITIES

Type Manufacturer Value Dimensions [mm®] | Energy Density
Ceramic Capacitor TDK 10pF@10V 2x1.25x1.45 138uJ/mm’
Ceramic Capacitor TDK 10puF@50V 32x1.6x1.8 1206pJ/mm’
Ceramic Capacitor Taiyo-Yuden luWF@35V 1.6x0.8x0.8 1196 pwJ/mm?

Electrolytic Capacitor Nichon 330uF@10V 8(dia) x 11.7 28uJ/mm’
Shielded SMT Inductor Sumida 12uH@8A 145x145x8 0.23uJ/mm?
Shielded SMT Inductor Wurth 4. 7WH@1.65A 48x4.8x%x2 0.14pJ/mm?
Shielded SMT Inductor Wurth 0.47uH@1A 229 x1.7x 1.48 0.041p)/mm?
Shielded SMT Inductor Vishay IpH@11A 6.86x 6.47x 3 0.45uJ/mm’

The basic premise of SCC is to utilize a network of switches and capacitors that can shuttle charge
from the input to the output by achieving different charging and discharging states. While some
switches can be constructed with diodes, typically MOSFETs are used and with proper gate signals will
form a set of subcircuits for charing and discharging. Each state is referred to as a phase. The most
common topologies (e.g. series-parallel) are two-phase SCC. The series-parallel topology has two
subcircuits, one which charges all the capacitors in series from the input to the output, and the second
aligns the capacitors in parallel to discharge to the output. If the series-parallel SCC is unregulated each
phase will have a 50% duty cycle. Depending on the number of capacitors and the direction of power
flow the series-parallel can achieve a step up or step down conversion ratio that is set by the number of

capacitors.

Each SCC has an ideal discrete conversion ratio that is determined by the topology, resulting in an
unloaded output voltage proportional to the input voltage. Some SCC can be designed to alter their
conversion ratio dynamically such as in [5-8,21]. Without regulation the output voltage will decrease
with increased load, essentially acting like DC transformers with a set output resistance. The theoretical
maximum efficiency achievable for a SCC is dependent on its ideal conversion ratio n:1, the input

voltage, and the output voltage given as (2.1).

nVv
o 2.1
Nsce V. (2.1)

For an unregulated SCC with increasing load the output voltage will drop due to either capacitive

charging losses or resistive losses leading to decreased efficiency.

One problem with SCC as power converters is their limited regulative abilities. A SCC is most efficient

when unregulated and operating at its ideal conversion ratio as evident by (2.1). Without regulation the



output voltage will vary proportionally with the input voltage and droop with high loads. Unique
topologies and use of regulation techniques as in [22] and [23] provide line and load regulation but at
the expense of efficiency. Regulating a SCC away from its ideal conversion ratio drastically reduces its
efficiency. For example with 12V input and desired 5V output the SCC can be 83.3% efficient at best.
To achieve its theoretical maximum efficiency a SCC it must be unregulated. To utilize the advantages
of an unregulated SCC, some power converters implement cascaded or merged buck converters as
proposed in [24] to provide regulation. These topologies suffer losses in both stages leading to
decreased overall efficiency. In addition, both stages are required to have the same power rating,

increasing the physical size of the converter.

2.1.1 Steady State Modeling and Analysis

The typical steady state model of a SCC is illustrated in Fig. 2.1, consists of a DC transformer with a

turns ratio, n, dictated by the SCC conversion ratio followed by a series output impedance R,,.

v, (i) 3R,

Fig. 2.1 Steady-state model of a SCC with a DC transformer and output impedance

The output impedance, R, is an equivalent resistance representing losses due to capacitive losses and
parasitic resistances of the circuit (e.g. MOSFET on resistances, PCB trace resistance, and capacitors
equivalent series resistance (ESR)). An effective, quick, and simple method for calculating this
equivalent output impedance is presented in [21,25-27]. The equivalent output impedance can be
determined by inspection of the SCC topology allowing for easy comparison of different SCC

topologies. The design and optimization methodologies for this approach are provided in [25,27].

The equivalent output impedance has two asymptotic limits, the slow switching limit (SSL) and the fast

switching limit (FSL), in relation to the switching frequency as depicted in Fig. 2.2.
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Fig. 2.2 Equivalent output impedance showing the SSL and FSL asymptotic limits

For SSL the output impedance is dominated by capacitive charging losses and is dependent on the
switching frequency and the capacitance of the switching capacitors. In this limit, the capacitors are
allowed to charge to voltage equilibrium within the duty cycle and the current can be modeled as an
impulse. In the FSL, the output impedance is dominated by the charging and discharging resistive
conduction losses. While the model presented in [25,27] only considers the switch's on-resistance the
capacitor ESR and PCB trace resistances can easily be incorporated into the model, introducing

minimal added complexity [28]. In the FSL, the capacitors have a constant voltage and the current is

considered constant within the duty cycle.

The calculation of the output impedance, R,, in the SSL will be detailed in subsection A and the
calculation of it in the FSL will be detailed in subsection B. For switching frequencies near the
intersection of the asymptotic limits an approximate model is presented in [28] and will be briefly
discussed in subsection C. As previously mentioned, the equivalent output impedance only represents
conduction losses and does not include switching losses or gate drive loss. Such losses can be

incorporated into the model as a parallel resistance as in [19]. Switching loss analysis will be covered

in section 2.1.3.

A. SSL

Within the asymptotic slow switching limit (SSL) the output resistance, R, , is given by (2.2) for a

properly defined m-phase SCC



Rsq = Z Z ( ) (2.2)

i€caps j=1 2C fSW
The symbol i is the number of switching capacitors, C; is the capacitance of switching capacitor C;,

fsw 1s the switching frequency, and af, ; 1s called the charge multiplier vector. The charge multiplier
vector aﬁ,,. represents the ratio of the charge flow per switching period that flows through capacitor
C; to the charge flow to the output per switching period in the phase j. As an example, consider the
simple two phase 3:1 Ladder SCC, depicted in Fig. 2.3(a). It will operate with a switching frequency of
250kHz and each phase will be given a nominal duty cycle of 50%. The phases 1 and 2 are shown in
Fig. 2.3(b) and (c) respectively.
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(a) 3:1 Ladder Switched-Capacitor Converter
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(b) Charge flow duri_ng Phase 1 (c) Charge flow during Phase 2

Fig. 2.3 (a) Schematic of the 3:1 Ladder SCC and the charge flows in (b)Phase 1 and (c)Phase 2



The charge multiplier vectors can be derived using Kirchhoff's current law (KCL) constraints and using
the fact that the charge multiplier vectors for each phase are equal and opposite as outlined in [25]. The
charge vectors can also be found by inspection of the two-phase SCC by following the charge transfer
and that the charge flow into a capacitor in one phase flows out in the next phase.

During phase 2, shown in Fig. 2.3(c), capacitor Cj is charged with charge ¢;, from the input voltage
source. During phase 1 capacitor C5 will discharge g;,, into capacitor C,. Returning to phase 2, C, must
discharge ¢;, resulting in a total of 2¢;, transferring into capacitor C;. At this point, analysis of each

phase through KCL gives the total charge transferred to the output in one period given by (2.3).

qout=3qin (23)
This relation provides the normalization of the charge multiplier vector but also gives the conversion
ratio of the SCC. The charges ¢;, and g,,,, are proportional to /;, and /,,,,,, giving (2.4) and since power

in must equal power out (in the ideal case) the voltage conversion ratio will be (2.5).

1

014[:3 (2.4)
[in

Vout 1

ot~ 2.5
73 (2.5)

With the charge flows known, and denoted as in Fig. 2.3(b)&(c) the capacitor charge multiplier vectors

can easily be written as in (2.5) and (2.6). For a two phase SCC, the capacitor charge multiplier vectors

must be equal and opposite.

a'=-2 1 —1] 2 ={—3 1 —l} 2.6)
o | 3 3 3

a’=2 -1 l}ﬂ: 2 _11 (2.7)
Gou |3 33

With the capacitor charge multiplier vectors so defined, (2.2) can be solved for the expected equivalent
output impedance in the SSL, Rgg;. If it is assumed that each switching capacitor has the same
capacitance (2.2) can be simplified to (2.8)

1 IR
Rygy=777 - 2.8
SSL 2 CfSW ie%‘;,s JZI (ac,l) ( )

Solving (2.8) gives the SSL output impedance related to the capacitance and switching frequency (2.9).
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Calculating (2.9) with a given capacitance of 40uF for each capacitor and a 250kHz switching

Ry =
frequency, then Rgq; = 2/30 Q.

From (2.9) it can be seen that the charge multiplier vectors from each phase, when squared, become

equal. For two-phase SCC equation (2.2) can be reduced to (2.10) which is presented in [25].

i
R, = ’ 2.10
ot iEcZaps Cifsw ( )

There is also a method to optimize the capacitance of each switching capacitor presented in [25,27,28].

For a given Rgg; and switching frequency each capacitance can be optimally sized to provide the

lowest total capacitor energy storage. The total energy E 7oy is given by (2.11).

1
Etot: Z Ecz vc,i(rated))z (211)

iE€caps

The symbol v is the rated voltage of the capacitor, which is at minimum, the voltage of the

c,i(rated)
blocking voltage. In the ladder topology shown in Fig. 2.3(a), each capacitor has a steady state blocking
voltage equal to the output voltage. For this example, let the output voltage be 1V. The optimally sized

capacitance is then given by (2.12).

2E
da (2.12)

aC,/C Vc,k(rated)

a

c,i |

C.=

1

2

k€ caps

vc Ji(rated)

Using (2.12) Rggy is then described by (2.13).

2

1€ caps

1

Ryg=m———
S5t 2ETOTfSW

ac,ivc,i(rated)

)2 (2.13)

Continuing with this example, if Rgg; = 2/30 Q is the value desired, with a switching frequency of
250kHz, then from (2.13) the total energy Ejpr is calculated to be 4/75 pJ. Now using (2.12), the
optimal sizes are C; = 53.3uF, C, = 26.7uF , and C5 = 26.7uF. By minimizing the total energy E 7o,
the area taken by discrete capacitors or integrated capacitors is minimized as well. The total capacitor

energy is approximately proportional to the printed circuit board (PCB) area used by discrete capacitors

or to the silicon area used for integrated capacitors. This optimization methodology can be used to

10



achieve the smallest PCB area for a given design.

The series output impedance Rgg; represents the capacitive losses caused by the charging and
discharging cycles. This impedance is easily obtained through inspection of the SCC and finding the
capacitor charge vectors. From (2.2) it is evident that Rgg; is inversely proportional to the switching
frequency so with increasing switching frequency the output impedance will decrease. The SCC output
impedance will continue to decrease along the SSL asymptote until reaching FSL asymptote. The FSL
asymptote provides the output impedance when the SCC is operating such that the conduction losses

are due to the resistances of the switches, capacitors, or parasitics.

B. FSL

In the fast switching limit (FSL), the current flow between capacitors is considered to be constant and
the capacitor's voltage remains constant. The circuit loss is solely due to the conduction loss in any of
the modeled resistive elements (e.g. MOSFETs, parasitic resistance). The equivalent output impedance,

Ry, in the asymptotic fast switching limit is given by (2.14) .

R, .
RFSL:Z Z Dl(ai’i) (2.14)

i€caps j € phases j

The symbol R; is the resistance of switch S; or other parasitic resistances, D; is the duty ratio of the jth

J
r,i

phase, and a is the resistive charge multiplier coefficient. The resistive charge multiplier

J
r,i

coefficient, a; ; ,is the ratio of the charge flow per period in switch S; in phase j and the total output

charge flow per period. The resistive charge multiplier vector can be found in the same manner as the

J
c,i

capacitor charge multiplier vector a in the SSL. Analysis of the charge flow has already been

performed for the SSL and shown in Fig. 2.3(b)&(c). Considering this as a unidirectional converter,

with power flowing from input to output, the sign of each element in a’ . Indicates the direction of
current flow with respect to the blocking voltage of the switch. Switches with negative charge flow can
be implemented with a diode if the losses due to the forward voltage drop are acceptable. From Fig.
2.3(b) the phase 1 resistive charge multiplier vector is (2.15) and from Fig. 2.3(c) the phase 2 resistive

charge multiplier vector is (2.16).

1 2 1 1
— 2.1
a, 3 0 3 0 3 0 (2.15)
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2 1 1
0 — 0303

3 (2.16)

2
a.=

Using the resistive charge multiplier vectors just defined and assuming each phase has a duty cycle of
50% and each switch on-resistance is 10m€2, then the asymptotic FSL output impedance can be

calculated using (2.17).

R
9 9 9 9 9 9

_op, 12_8 30 10 (2.17)

RFSL:2 R ds—on ?_ 3 ds—on — 3

ds—on

Calculation of Rpg; thus far has only considered the resistances of the switches. In order to model
parasitic resistances, such as capacitor ESR or PCB trace resistance, another term can be added to
(2.14). In [28] capacitor ESR is added to the original model giving (2.18) where Rgg;,, 1s the modified
FSL output impedance.

Rispn=Rps + Z RESR,i(ac,i)2

i€caps

1 1

The modified FSL output impedance, shown in (2.18), is for only two-phase SCC but can easily be
extended and written for multi-phase SCC. Other parasitic resistance such as PCB trace resistance can
be modeled as resistances in series with the switches or the capacitor ESR. These resistances can then

be combined eliminating the need to add other terms to (2.18).

As with the SSL there is also an optimization methodology for minimizing the total switch size. The
total switch size A oy 1s roughly proportional to the area for integrated circuits. This may not hold true
for discrete switches but the optimal resistance for each switch can still be found. Knowing the optimal
resistance for each switch enables proper selection of switches by choosing either a smaller package

switch or lower gate charge. From [25,27,28] the total switch size Aoy is given by (2.19).

Atot: Z Gi(vr,,‘(m;ed)z (219)

i€ switches

Where G; is the conductance of the switch S;and v, is the switches rated voltage, which again

Ji (rated )
needs to be at least the blocking voltage. Equation (2.19) assumes standard behavior of CMOS and
LDMOS switches, if the actual devices do not adhere to this assumption a modified form is available

and can be investigated in [28].

If only switch resistances are considered and one assumes the SCC is a two-phase SCC with equal duty

cycles of D, then the optimal switch conductance is given by (2.20).
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A
for (2.20)

ar,kvr,k(rated)

G — ar,[ |

1

2

k €switches

vr, i( rated)

The asymptotic fast switching limit output impedance R zg; can then be expressed as (2.21).

2

i€ switches

2

_1
D Aror

2.21)

RFSL: ar,ivr,i(rated)

Given a desired Rpg; and duty cycle, the required minimum total switch area can be found from (2.21)
and subsequently used in (2.20) to find the optimal conductance of each switch. Although this
optimization methodology is geared towards integrated switches, insight from the optimal

conductances can lead to smarter selection of discrete switches.

Unlike in the SSL, the output impedance in the FSL asymptote is solely dependent on the resistances of
the switches and other parasitic resistances modeled. Switching frequency and capacitance are no

longer factors in the FSL asymptote. The Ryg; sets the minimum possible output impedance i.e. the

maximum theoretical efficiency.

C. Approximated Total Output Impedance

The total output impedance of a SCC is bounded by the asymptotic SSL and FSL derived in
subsections A and B. For either the SSL or the FSL, the output impedance is easily determined by the
calculated RSg; and Rpg; as long as the assumptions made in each limit hold true. As the switching
frequency reaches the intersection of the SSL and FSL asymptotes, the converter is not operating in
neither the SSL nor the FSL and the assumptions made for the impedance calculations no longer hold.

In [27] an approximation of the total impedance is given as (2.22).

R~ R+ R (2.22)

This approximation is compared to the calculated output impedance for a simple SCC and found to be
reasonably close and suitable as an estimate for design purposes [27]. Another method to calculate the
equivalent output impedance of a SCC is presented in [29] using discrete state-space averaging. This
produces a model that describes the dynamics of the SCC and will be given in Section 2.1.2. A
comparison of SSL and FSL modeling along with the discrete state-space averaging method will be

given in Section 2.1.2, and will show that they are in good agreement.
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2.1.2 Dynamic Modeling

As switched capacitor converters (SCC) moved into the power conversion realm, accurately modeling
their dynamics became much more important for controlling and understanding their behavior. A
common approach is to use state-space averaging (SSA) as in [30]. While this method is able to capture
the SCC dynamics, SSA is unable to accurately capture the switching frequency dependency of the
output impedance. In state-space analysis, the state variables are the capacitor's voltages and the
governing state-space equations are obtained from each state of the SCC. These state-space equations

are then written as in (2.23).
X(t)=4,X(¢)+B,U(t) (2.23)
where X(?) are the state variables (e.g. the capacitor voltages) and U(?) are the system inputs (e.g. input

voltages, load current). The matrices A; and B; are defined for each jth state of the SCC. The SSA

method averages the matrices as shown in (2.24).

o (T
__ \JEstales __ \ jEstates
Aavg_f Bavg_f (224)

s N

In (2.24) t; is the time spent in the state j and Ty is the switching period. The averaging method simply

multiplies each state by its duty cycle. The duty cycle is switching frequency independent and any
attempts to model the steady state output impedance will only result in one value regardless of
switching frequency. As stated in section 2.1.1 this result is undesirable and a better method for

analyzing the SCC is needed.

In [31] a modeling method is proposed that captures the steady state output impedance as well as the
large and small signal dynamics. This approach is able to provide a circuit model that can be used for
SPICE simulations. This method works for hard-switched, multi-phase, and multi-capacitor SCC. A
necessary requirement is that the each of the sub-circuits (each phase of the SCC) must be able to be
modeled or approximated as a first-order RC circuit network which as shown in [32] is possible for

most SCC.

Another method for dynamic modeling of SCC is presented in [29,33] and is able to accurately model
the dynamics of SCC and the switching frequency dependency of the output impedance. The proposed
method from [29,33] uses discrete state-space averaging (DSSA) to model the SCC and can be directly
and most easily applied to quasi-steady-state SCC irregardless of their complexity. The method

14



presented in [29] can be extended to regulated converters but will not be covered in this paper. The
work done in [34] shows how the DSSA approach to dynamic modeling from [33] can be used for duty
cycle regulation. The disadvantage of this approach is that it only generates discrete numerical results

and not analytical solutions.

A brief overview of the dynamic model presented in [33] using DSSA will be covered in subsection A.
If a more in-depth look is desired it can be found in both [29,33]. The DSSA dynamic model approach
will be applied to the two-phase 3:1 ladder SCC used as an example in section 2.1.1. A comparison of
the static output impedance found through DSSA will be compared to the output impedance model
found using that approach (the SSL and FSL output impedances) will be shown in subsection B.
Finally, subsection C will demonstrate, as presented in [29], that a reduced order model can be used to

represent the dynamics of a complex multi-capacitor SCC.

A. Dynamic Modeling Using DSSA

Consider a general SCC modeled as a black box with an output stage and a load modeled as a Thévenin
equivalent circuit as shown in Fig. 2.4. The black box SCC has n capacitors, whose voltages are
elements in vector v and the capacitors' currents are elements of vector i. The two vectors v and i can

be related by (2.25).The matrix C is a diagonal matrix where the element Cj; is the capacitance of

capacitor j.
i=Cv (2.25)
i
om'.h Rrh
= = P o
< 1%
SC T -/ "
: V
Vin < Converter | + | ™ © Vin
YCour LT i V' h
e Cum <

Fig. 2.4 Switched-capacitor converter with Thévenin equivalent load and output stage as in [29]
The vectors i and v and the matrix C represent the current and voltages and the capacitances of the

capacitors in the SCC. These vectors can be modified to incorporate the output capacitor of the output
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stage. The modified vectors are defined in (2.26).

i= ! v=l V

(2.26)

cC 0
0 Co

lCaut VCuut

The system input vector is given as u=|v,, Vthr . For each switching state, j€{l,...,m} ,

Kirchhoff's current and voltage laws (KCL and KVL) may be applied resulting in n+1 equations
(number of capacitors in the SCC and the output capacitor). The equations can then be expressed as m
matrix equations of the form
Ei+F v+G,a=0 (2.27)

The matrices E;, F;, and G; are the result of analysis of the jth switching state through KCL and KVL.
The individual rows are a result of either KVL or KCL, but not both. For rows due to KVL, entries in E
are resistances and entries in F and G are +1, -1, or 0 as voltage drops are summed around the loop.
Rows due to KCL yield entries in E that are either +1, -1, or 0 and entries in F and G are all zero as

currents are summed at a node.

From (2.27) the matrices E;, F;, and G; are used to find the matrices A; and B; using (2.28) and (2.29)

to write m continuous-time state-space equations (2.30).

A A*lA*IA
A=—C'E/'F, (2.28)
A A_l A1 A
B,=-C'E;'G, (2.29)
v=A V+B i (2.30)

Once defined as a continuous-time dynamic model the model is converted to a discrete-time dynamic
model as detailed in [35] as implemented in MATLAB by the c2d function. The sample time of the jth

dynamic model is the time spent within the switching period in that subcircuit. This sample time t; is
typically represented by the duty cycle, D;, multiplied by the switching period Tg. The discrete-time
state-space equations are of the form defined by (2.31).

V[k+1]=® v[k]+T a[k] (2.31)
These m dynamic models can be combined into a single dynamic model with a sample period of Tg.

The discrete-time dynamics of the SCC at every switching period is as given in (2.32).

V[k+1]=®V[k]+Ta[k] (2.32)
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@ (2.33)

A

IA-‘:I-‘m +&m (f‘mf 1 +&m71 f-‘mfz—i_ém72

£, o+ (2.34)

The system output, y, is then expressed as (2.35). In most cases this is simply the output voltage and
can be approximated by the output capacitor. If the dynamics of the capacitor ESR is desired the output

voltage can be calculated as a function of Vv and u.

y=PvV+Qu (2.35)
The DC gains of the system from inputs to outputs can be found by (2.36).

0=Q+P(I-®'T (2.36)

As an example, the 3:1 Ladder SCC, shown in Fig. 2.3, analyzed in Section 2.1.1 will be again
considered here. The first step is to analyze the two phases using KCL and KVL to write a system of

equations. From phase 1 the matrices E;, Fy, and G are given in (2.36), (2.37), and (2.38) respectively.

0 1 1 0
E — _Rth Rth Rth _(rco+Rth) (2 37)
! _(r€+2r3) O rS r(,‘() '
T, 0 —(2r,+2r,) 0
(0 0 0 o0
0O 0 0 -1
F.= 2.38
"I-1 0 0 1 (2.38)
. 0 1 -1 0
0 0
0 1
G, = 2.39
=0 (2:39)
0 0

From phase 1 the matrices E,, F,, and G, are given in (2.40), (2.41), and (2.42) respectively. The
switching capacitor ESR, output capacitor, switch on resistance, and Thévenin resistance will be

represented by r,, r,, r,,and R, respectively.

cod
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—1 -1 1 0
+ —(r+
0 (r?+r6) (r?+r€) rCO
Rth Rth O _<rco+ Rth)
0 0 0 0
1 =1 0 0
F,= 2.41
1o 1 1 1 (2.41)
0 0 0 -1
0 0
0 0
G.— 2.42
=1 o (2.42)
0 1

The A and B matrices can be calculated using (2.28) and (2.29) and converted to discrete-time utilizing
MATLAB's c2d command. Finally the models are combined using (2.33) and (2.34). In this example
the outputs y are just the capacitor voltages so P is defined as a 4x4 identity matrix.

As before, the switching capacitors C,=C,=C;=40uF , the output capacitor C,=100uF ,the
switching frequency is 250kHz, the resistances are r,= 3mQ, r,= 10mQ, r.,= 30mQ, and R;= 1Q. A1V
input step is applied to a circuit model in LTSpice and to the model developed in MATLAB. The

capacitor voltages are compared in Fig. 2.5(a-d) and show reasonable agreement between the SPICE

simulation and the dynamic model.
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X DSSA Dynamic Model — SPICE Simulation
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Fig. 2.5 Comparison of SPICE Simulated 3:1 Ladder SCC and the DSSA Dynamic Model.

B. Output Impedance Modeling

An important outcome of the DSSA approach used in [29] is that it captures the switching frequency
dependency of the steady state equivalent output impedance. The common approach of state-space
averaging in continuous time does not capture this dependency. In section 2.1.1, a simple method was
described to approximate the output impedance in relation to the asymptotic slow switching limit (SSL)

impedance and the fast switching limit (FSL) impedance, R gg; and Rpg; respectively. From [33] DSSA

dynamic model can approximate the output impedance as (2.43).

R
=%l (2.43)

1—(12

R ~7
eq

out |S:O

where @, isthe DC gain found by (2.36) from the input v, to the output voltage.
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By generating a dynamic model at various switching frequencies, a comparison of the modeled output
impedances can be made between the DSSA dynamic model and the previously covered switching limit
approach. The Rzg; used in this comparison is the modified impedance given in (2.18) that includes
capacitor ESR. The results shown in Fig. 2.6, show the model generated by DSSA is in close agreement
but does show an error in the both the SSL and the FSL. This discrepancy is due to the effect of the
output stage (output capacitor and ESR) on the SCC dynamic model. While modeling the SCC output
impedance with the SSL and FSL method the output voltage is assumed to be ideal (fixed and no
resistance). If the DSSA dynamic model is generated with a much larger output capacitance and small

ESR, C, = 600puF and r., = 1mQ, the difference becomes negligible and the models are in good

agreement as seen in Fig. 2.7.

- - Asymptotic Rgg; and Rpgy

o DSSA Dynamic Model
— Approx. Output Impedance

Output Impedance [Q]

10-245 ‘5;;55 ; = , =
10 10 10 10 10

Switching Frequency [Hz]
Fig. 2.6 Steady-state output impedance of the DSSA dynamic model and of the SSL/FSL model

- - Asymptotic Rgg; and Rpgy.

o DSSA Dynamic Model
— Approx. Output Impedance

)
[}
Q
=}
[a~]
=l
(]
o
g
=
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=
o

10'2 . ‘ .|5 ; ; 5 i . ; .

10 10 10 10 10

Switching Frequency [Hz]

Fig. 2.7 Steady-state output impedance of the DSSA dynamic model and of the SSL/FSL
method without an output capacitance ESR
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C. Model Reduction

The model generated by (2.32), as shown in Fig. 2.5, captures all the internal dynamics of the SCC. In
addition, the model will be a n-ordered model where n is the number of capacitors in the system
including the output capacitor. In most cases the only dynamics of interest are those of the input and
output stages. The SCC model only contains capacitors and resistors resulting in real eigenvalues of ©.
In general (2.32) yields a single dominant pole, A, that dominates the dynamics. For most applications,

a first order model can be generated from this higher order model given by (2.44).
ylk+1]=rylk]+(1-A)oulk] (2.44)

Again, o represents the DC gains of the output from the inputs as found in (2.36). This simple

model can easily be converted to continuous time via (2.45).

a

Y (s)=

U(s) , a=— (2.45)

s+a
The transfer function defined in (2.45) can be transformed to give the audio susceptibility and output
impedance. Audio susceptibility is the small-signal input to output voltage transfer function and can be
written as (2.46) for a model with output y = v, and the inputs u = [v;, v, ]T. The output impedance,

for the same example system, is written as (2.47).

v o, a
=1 (2.46)
v, Sta

a,aR,

=_— 2.47
=t {I—ay)a (247

2.1.3 Switching Losses

Switching losses in the SCC are made up of gate charge losses, MOSFET output capacitance losses,
and turn on losses. In most SCC current goes to zero right after a switch turns off unless there is
significant parasitic inductance. With proper design of the printed circuit board (PCB), the parasitic

inductance is on the order of a few nano-Henries and provide negligible loss [36].

The gate charge loss is due to charging and discharging of the MOSFET input capacitance by the gate
driver. For a drive voltage of Vpp, total gate charge Q,, and switching frequency fj,, the gate charge
loss is calculated by (2.48).

Pg: VDDngsw (248)
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There is also an output capacitance with stored energy associated with each MOSFET that is abruptly

discharged when the MOSFET turns on. For each switching period, the switch output capacitance C,
is charged and discharged to the blocking voltage of the MOSFET Vg, resulting in lost power
calculated as (2.49).

1
PgZE VDS—oﬁ"Cossfsw (249)
The last switching loss considered is the turn on loss caused by the overlap of the falling switch voltage

Vps and the rising switch current. The switch voltage falls from Vpg. . to approximately zero while
the current rises from zero to a peak value Ipg ,; during the turn on transition occurring in time 7,,,. For

a SCC the switch load is resistive so the turn on loss can be approximated by (2.50) assuming linear

voltage and current waveforms during the turn on period.

t

Pon:% VDS—oj/"'IDS—pk fsw (250)

2.2 Switched-Capacitor Converter Regulation Strategies

The poor or almost absent line and load regulation of SCC has been a major reason preventing the
acceptance of SCC for various power converter applications. There are various approaches to provide
regulation for the SCC [21-24][37-39]. One method is to control the switching frequency to vary the
output impedance allowing for a small range of load regulation, though this approach does not solve
line regulation issues. A second method is to dynamically alter the topology using different switching
patterns to achieve multiple discrete conversion ratios. By monitoring the input and output voltages the
closest achievable conversion ratio is chosen and switching pattern implemented. Other methods use

duty cycle variation and adaptive on-times have also been researched as options for regulation.

Other approaches added magnetics to provide regulation. One approach is to utilize a second inductor
based converter in a cascaded configuration to provide regulation. Another approach is to put an
inductor at the end of suitable SCC and with the proper control strategy, regulation can be achieved.
These approaches utilize the high conversion ratios offered by SCC but reintroduce magnetics to
provide regulation. The magnetics used in a cascaded regulating converter will have to be rated for the

power rating of the SCC making them undesirable for regulation of higher power SCC.
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2.2.1 Regulation Through Switching Frequency

As covered in section 2.1, the SCC in steady state can be though of as a DC transformer with an output
impedance. This output impedance is switching frequency dependent and has a minimum as the SCC
nears the fast switching limit (FSL). In the slow switching limit (SSL) the output impedance varies
inversely proportional to the switching frequency as shown in Fig. 2.8. By manipulating the output
impedance through the switching frequency, voltage regulation can be achieved below the nominal
output voltage. The impedance is varied to create the necessary voltage drop for the desired voltage.

Regulation is provided by increasing or decreasing the losses of the SCC as appropriate.

— SSL & FSL
--- Ro

Equivalent Output Impedance R [€2]

10° 10° 10 1’
Switching Frequency [Hz]

Fig. 2.8 Equivalent output impedance showing the SSL and FSL asymptotic limits

This can be thought as a SCC followed by an LDO in series. It is practical and relatively efficient for
low voltage drops. Regulation can be provided for a large range of load current through variation of the
switching frequency. The maximum theoretical efficiency is dependent on the SCC conversion ratio n,
the input voltage, and the output voltage given by (2.51). For a desired regulated voltage of 1V and
SCC with a conversion ratio of 2:1 (n=2) the input voltage must be larger than 2V. For a input voltage
of 2.2V the SCC can be regulated for large load transients at roughly 91% efficiency. This approach
quickly becomes inefficient and ineffective in the face of large input voltage variation or output voltage
variation due to increased loads. While this regulation strategy may be an effective choice for low
power, for applications at higher powers, like an LDO, it is a poor choice as losses become excessive.

Further the heat generated by the losses in the converter become problematic.

nVv

=—2 2.51
Nsce v ( )

in
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This method of regulation can be implemented with a linear feedback from the output voltage. Output
current feedforward can also be added for better transient response. Using linear feedback may not be
the most desirable since the system is non-linear due to the frequency dependence of the transient
response. If a larger ripple voltage is acceptable a hysteresis feedback (bang-bang control) can be
implemented. Hysteresis feedback is effective, stable, and a simple means of control for switching

frequency based regulation [28].

2.2.2 Adjustable Conversion Ratios

In the face of large input voltage variation, switching frequency regulation becomes inefficient and
impractical as seen in (2.51). One solution is to modify the SCC topology to enable it to achieve
multiple conversion ratios. Then as the input voltage increases the conversion ratio that results in
highest efficiency can be selected and the desired switching pattern implemented. This can be done
with a complex set of switching patterns [21] or by implementing different input or output taps to the
topology [28]. This method can be combined with switching frequency regulation to provide tighter
output voltage control and excellent load regulation. Further as the conversion ratio is being altered,
through a new switching pattern or different tap, the output voltage will see a large transient due to the

change. Utilizing frequency modulation can help provide a fluid conversion ratio transition as in [22].

An example of utilizing different switching patterns is taken from [21]. In [21] a method to solve for
the set of realizable conversion ratios for a given number of capacitors is covered. If there are 2
capacitors then 2:1, 1, and 1:2 are possible conversion ratios. For 4 capacitors there are 19 realizable
ratios: 5:1, 4:1, 3:1, 5:2, 2:1, 5:3, 3:2, 4.3, 5:4, 1:1, 4:5, 3:4, 2:3, 3:5, 1:2, 2:5, 1:3, 1:4, and 1:5. By
identifying the different topologies needed for a set of desired ratios, the circuits can be combined to
create a single SCC. This single SCC, with the right switching patterns, achieve the desired ratios. In
[21] an example is given for a 3 capacitor SCC that desires the ratios 3:1, 2:1, and 3:2. The switched
circuits are given in Fig. 2.9. They are then combined to create a SCC with an adjustable conversion

ratio.
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Fig. 2.9. Switched-capacitor converter sub circuits for conversion ratios of (a) 3:1, (b) 2:1, and (¢) 3:2 can be combined
and realized by the (d) switched-capacitor converter with an adjustable conversion ratio. Diagrams from [21].

Achieving multiple conversion ratios in such a manner generally requires more switches, complex
topologies, and complex switching patterns and control. The other approach slightly modifies the SCC
by adding numerous input or output access points, or taps, to the topology. An example from [28] is a
4:1 Ladder SCC also has a 3:1 and a 2:1 Ladder SCC within it. By adding input taps as in Fig. 2.10 the
4:1 Ladder SCC can also achieve 3:1 and 2:1 operation with little added complexity or switches.

Ay Ay Ay
/| /1 A
1—1»—// —u—f/l/ —— —»—//l—u—// —— —o—
N | Ay A
S Jl A /
Vour cl c2 c3
= | % |
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Fig. 2.10. Step down ladder with different taps for the input voltage allowing multiple integer
conversion ratios to be achieved. Figure taken from [28].

By providing multiple conversion ratios in a single SCC regulation can be implemented for variations
in input voltage to some degree. This works well for applications that do not require strict output

voltage regulation. Adjustable conversion ratios can be combined with switching frequency modulation

to provide tighter output regulation.
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2.2.3 Regulation Through Duty Cycle

Another approach for regulation is to control the duty cycle or the on time of a SCC phase. Such
regulation techniques have been employed in [38,39] but they lead to increased losses as it moves the
output voltage away from the ideal conversion ratio (i.e. ideal output voltage). In some cases, such as
low power, the power density of SCC may outweigh the efficiency lost due to regulating the SCC.
These strategies are not suitable for high power applications or where efficiency is top priority such as

battery powered consumer devices like smartphones.

Results in [38] demonstrated that line and load regulation can be provided (in SCC) using the duty
cycle as a control variable. The control strategy is implemented on a simple two phase SCC with four
active switches shown in Fig. 2.11(a). The timing waveforms for the switches depicted in Fig. 2.11(b)

and show there will be four different states, two in each phase.

:S S,

1 S, ——l —
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L
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Y

(a) (b)Switch Gate Waveforms
Fig. 2.11. The (a) 2:1 step down SCC and the (b) corresponding gate signals for switch

operation. Images taken from [38].
State-space averaging (SSA) techniques are employed to find the steady-state output voltage function
(2.52) where r, is the capacitor ESR, r; is the on-resistance of switches S; and S,, r, is the on-
resistance of switches S3 and Sy, and V; is the forward voltage drop of the diodes. Inspection of (2.52)
shows that the output voltage can be regulated through the duty cycle variable d by varying the
effective resistances seen in the equation. In addition, there is a limit to the regulation ability of the
control variable d as illustrated in .
V=2V,

r.+r, r.+r,
2 4d

(2.52)
1
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Fig. 2.12. Regulation limits of the SCC from [38]
The SCC in [38] is designed for a 12V input and 5V output with a maximum load of 7A. The
experimental results confirmed regulation within the limited capabilities of the regulation strategy. The

efficiency of the converter is limited to the theoretical maximum efficiency given by (2.53).

WV, _2(s)
nscc:V_ 12 =83.3% (2.53)

in

2.2.4 Pulse Dropping Technique

Another method to regulate a SCC is the pulse dropping technique (PDT) utilized in [22]. This
technique's effect on the SCC is similar to switching frequency regulation in that it changes the
effective output resistance of the SCC. The gate signals for PDT are generated by comparing a square
wave signal to a triangular wave and generating a pair of opposing gate signals. One gate signal is
generated when the triangular wave is larger than the square wave signal and while the other when the

square wave signal is larger. Control for PDT is implemented with two modulation indexes: amplitude

modulation (m,) and frequency modulation (my) defined in (2.54) and (2.55) respectively. Using the

amplitude modulation index m,, different gate signals can be generated as shown in Fig. 2.13.

‘A)sqr

m = (2.54)
vtri
fS r

m =2 (2.55)
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Fig. 2.13. PDT can vary m,, to generate different gate signals and vary the equivalent
output impedance of the SCC. Diagrams taken from [22].
Like switching frequency regulation, PDT varies the output impedance but does so by varying the
modulation indexes m, and my Again regulating the converter in this fashion simply varies the power

dissipation within the SCC to provide a constant output voltage. A lower amplitude modulation index

not only increases losses but causes larger output voltage ripples.

An advantage shown in [22] is that the SCC can also change its conversion ratio allowing for a larger
range of regulation for either the input voltage or the output voltage. In [22] the results shown in Fig.
2.14(a) that different output voltages can be achieved with a constant input voltage and load meeting
the goal of a continuous conversion ratio. The experimental results shown in Fig. 2.14(b) shows the
efficiency fluctuates across the conversion ratio but remains above 85%. This demonstrates the benefits

of having a SCC that can change its conversion ratio in order to remain close to the ideal conversion

ratios set by the topology.
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Fig. 2.14. Through PDT (a) a continuous conversion ratio is achieved. Due to the ability to change
the topology dynamically and thus the ideal conversion ratio (b) efficiencies are kept above 85%[22].

2.2.5 Cascaded Or Merged Topologies for Regulation

With the previous methods regulation required operating the SCC at a non-ideal conversion ratio
leading to decreased efficiencies. For low power applications this can be acceptable considering the
benefits of high power density and larger conversion ratios achievable by SCC. Others approaches have
utilized SCC “cells” to be merged with common topologies such as buck, boost, buck-boost, Cuk, and
SEPIC converters to achieve higher conversion ratios [40],[41]. These hybrid converters focus more on
augmenting the original converter and increasing the conversion ratio and minimizing switch stresses.
In work such as [24] and [42] the SCC is used for its high efficiency, power density, and conversion
ratio and then regulated with a second converter in a cascade configuration. The work in [24] also

pursued SCC as it lends itself well for integrated power chips.

By cascading a second converter, such as a buck or boost converter, the SCC can be operated
unregulated, at its ideal conversion ratio and highest efficiency, while the cascaded converter provides
regulation. This approach also decreases the voltages and input voltage range seen by the second
converter which can minimize that converter's component stresses and losses. The drawback to this
approach is both converters must be rated for the full power requirements and the combined efficiency

of the two converter efficiencies is (2.56).

ecascaded = eSCC ePWM (256)

An unregulated SCC can provide a high conversion ratio, high efficiency, and high power density while
providing a lower unregulated voltage for the second regulatory magnetic converter. The second
converter can then utilize fast, low voltage devices allowing for higher switching frequencies.

Operating at high frequencies allows for smaller passive components which is vital with the
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introduction of a magnetic device.

This cascaded regulation approach can be used with a SCC that can dynamically change its conversion
ratio. Utilizing a SCC that achieves multiple conversion ratios allows for the second regulation stage to

see a low and narrow range of voltages even with a large input voltage to the system.
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Fig. 2.15. The SCC transformation stage coupled with a fast regulating buck converter from [24]
The work in [24] built a prototype of the cascaded converters shown in Fig. 2.15 and utilizes the second
converter to provide soft charging of the SCC. Typically as SCC capacitors are charged they experience
a large current that exponentially decreases on top of a steady state current. This is referred to as hard
charging and generally leads to larger capacitive losses than resistive losses. Alternatively, when there
is a voltage source, such as a secondary converter, that produces the difference between the charging
voltage and the capacitor voltage the charging current can be reduced. This is referred to as soft
charging in [24]. This soft charging approach can produce efficiency gains for the SCC or for reduction

in the switching capacitances and the capacitor labeled Cg,,,;;. The purpose of [24] was not to create a

high efficiency converter but to prove the benefits of soft charging. The output voltage of the SCC with

soft charging is shown in Fig. 2.16 along with the regulated output voltage from the second converter.
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Fig. 2.16. The soft charging SCC provides an output voltage V, that the
second converter regulates to V,,,;. Image taken from [24].
With this approach the cascaded converter attains peak efficiencies of about 85% as seen in Fig. 2.17.
The SCC is estimated in [24] to be 90% efficient. The work in [24] noted that they did not design the
converter for efficiency but to demonstrate the soft charging concept and use it to reduce the needed
switching capacitance. The work in [42] did aim for efficiency and achieved a SCC that maintained
efficiencies above 97% with an overall peak efficiency of 89% for the cascaded converters. Thus even
with highly efficient converters the overall efficiency of the cascaded approach is limited. The
regulating converter benefits from smaller voltage requirements and higher switching frequencies

allowing for size reduction, but it must still have the same full power rating as the SCC.
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Fig. 2.17. Efficiency of the cascaded SCC and regulating buck converter from[24].
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Chapter 3 Proposed Quasi-Parallel Regulated Switched-
Capacitor Converter

The proposed Quasi-Parallel Regulated Switched-Capacitor Converter (QPRSCC) utilizes an
unregulated switched capacitor converter and a partial power inductor based pulse width modulated
(PWM) converter in an input series and output parallel configuration as shown in Fig. 3.1.

I/

5C

_+

5C

+ Isolated

| Vs SCC
L

DC/DC > +
V pwm —— PWM — 3V,
Converter B

Fig. 3.1. Proposed quasi-parallel regulated switched-capacitor converter showing an
unregulated SCC with a partial-power PWM converter providing regulation.

The QPRSCC utilizes a PWM DC-DC converter in an input-series output-parallel (ISOP) configuration
allowing for line and load regulation of the SCC. This regulating PWM converter is a partial power
converter, only converting a portion of the QPRSCC total power. This enables decreased converter size
and cost, but most importantly it decreases the necessary size of the magnetics introduced. Due to the
ISOP configuration the overall efficiency of the topology is additive of the two individual converter
efficiencies, offering better efficiency than cascaded topologies whose efficiency is the multiple of the
individual converters' efficiencies. The QPRSCC also boasts higher overall efficiencies than the partial

power series regulated converters [43].

Depending on the input voltage range and the required output voltage, the PWM converter can be
implemented with common buck, boost, or buck-boost topologies. The PWM Converter provides load

and line regulation for the QPRSCC while only converting a portion of the total converted power. The
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SCC is operated unregulated handling the majority of the converted power. This allows for all the
benefits of an unregulated SCC such as high conversion ratio and high efficiencies. Unlike cascaded
designs [24] and merged switched-capacitor buck/boost topologies [45-47] the PWM converter is

partial power allowing for significant size reduction of the magnetics and the overall converter size.

This configuration satisfies the requirements to be considered quasi-parallel in [48], due to the SCC
operating unregulated with a regulating PWM converter. The quasi-parallel configuration, also called
the Sigma architecture [49], provides an inherent feedback path through the power stage and offers
excellent transient properties. It is also inherently stable, unlike ISOP configurations that utilize
multiple regulating converters. Multiple regulated converters in ISOP configurations must have their
input voltages actively balanced due to the input impedance of a regulated converter appearing
negative. With the unregulated SCC acting like a transformer a natural stability is attained. For instance
if the regulating PWM converter pulls more current to increase the output voltage, the input voltage on
the PWM will drop as it's input capacitor is discharged. As the PWM converter input voltage drops the
SCC input voltage increases which will lead to a higher output voltage since the SCC is unregulated.
With this increase of the output voltage the regulating PWM will require less input current and it's input

voltage will either decrease at a slower rate or stabilize.

In section 3.1 the QPRSCC will be analyzed in an ideal steady state condition to show the partial power
property and develop the efficiency equation given the efficiency of the SCC and the regulating PWM
converter. The improved transient response of the quasi-parallel configuration will also be outline in
the overview of the QPRSCC. Using a telecom application, the topologies for the SCC and the PWM
converter will be selected for the QPRSCC. The selected topologies, the isolated multilevel modular
switched-capacitor converter (MMSCC) and the DC-DC H-bridge converter, will be described and

formally designed in sections 3.2 and 3.3 respectively.

3.1 Quasi-parallel Regulated Switched-Capacitor Converter Overview

3.1.1 Partial Power Property and Efficiency of the QPRSCC

The QPRSCC provides regulation of a SCC utilizing a inductor based PWM controlled converter in an
ISOP configuration. With this configuration the PWM converter handles some portion of the total
converted power. Regulation strategies, utilizing a merged or cascaded inductor-based PWM converter,

required this PWM controlled converter to be sized for the total SCC power rating increasing total size,
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total cost, and magnetic size. The partial power property of the QPRSCC allows for a smaller sized and

lower cost inductor based PWM converter to provide regulation.

Partial power processing is one of the major benefits of this configuration. A second major benefit is
the increased overall efficiency of the QPRSCC when compared to cascaded or series regulated
converters. Both of these properties can be illustrated by a top level steady-state analysis of the

QPRSCC.

The efficiency and partial power property of the QPRSCC can be defined in terms of the input voltage
V.

mn’

the output current /,, the SCC efficiency e, the PWM efficiency the SCC input voltage Vg,

sc? Cpwm>

the PWM input voltage Vpp,, the SCC output current /g, and the PWM output current /pp,,. The
output power is related to the input power by its efficiency as in (3.1). The output power can be written

as the sum of the two converters output power (3.2), which are defined as (3.3) and (3.4) for the SCC

and PWM converter respectively.

PautzeQPRSC P,= €opPRSC Vil (3.1)
Pou=V st Ly |= Pt P oy (3:2)
Pse=esc V1, (3.3)
P o =epyu V pwua L (3.4

The power processed by each converter is dependent on the input voltage of the converter shown in
(3.3) and (3.4) . If it assumed that each converter is ideal (100% efficiency) then the percentage of the
total power processed in each converter can be written as (3.5) and (3.6). From these equations it is
immediately evident that the power processed is entirely dependent on the ratio of the converter's input
voltage to the total input voltage of the QPRSCC. The PWM converter power rating is then dependent
on the input voltage range of the application of the QPRSCC, as given by:
Py _ Ve, _ Ve
Porpse Vinl V

in” in in

(3.5)

P g _ V pwat Lin _ V (3.6)
Porpse Vil V,

m m m

To find the efficiency of the QPRSCC in terms of each converter's efficiency the output power of each
converter, given in (3.3) and (3.4), is substituted into (3.2). This gives (3.7) which can be solved for

the QPRSCC efficiency epprgc (3.9).
P :(ePWM Vo tesc Vsc‘,) I, (3.7)

out
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€oprsc Vil :(ePWM ViewuteseV sl (3.8)
V pwae Vsc
€oprsc = €pwm V. tege V. (3.9)

The QPRSCC efficiency is a weighted average of the individual converter efficiencies, dependent on
the ratio of the converter's input voltages to the total input voltage of the QPRSCC. This offers higher
possible efficiencies than cascaded converters where the power is processed twice, once by the SCC
and once by the regulating PWM converter, and the efficiency is given by (3.10). There may be
applications that the cascaded regulated SCC can achieve a higher efficiency, the proper choice is
highly dependent on the efficiency of the SCC. Further discussion into this matter is beyond the scope
of the thesis.

€ cascaded — €scC € Pm (3.10)
The QPRSCC efficiency, in some cases, can be better than in series regulated converters which utilizes
the partial power concept as well. If a series regulated SCC configuration (SRSCC) is employed the
SCC would have a power rating for the full power and handle all power processing. The series

regulating partial power PWM converter would then process a portion of that power to provide

regulation. If the regulated output voltage V, is always higher than the output voltage of the

unregulated SCC which can be expressed as V,, /n where 7 is the SCC conversion ratio (n:1), then the

efficiency of the SRSCC is given by (3.11). This is certainly better than a cascaded approach for
regulation but the max efficiency is still limited by the efficiency of the SCC. In comparison with the
efficiency of the QPRSCC, (3.9) can be expressed similarly as (3.12). From inspection it can be seen
that the QPRSCC will obtain a higher efficiency compared to the series regulated switched-capacitor

converter.
nVv, v,—nV nv, V.,—nV,
€srsc = €5¢ Vm +epwm V[n =€y Vm +esc epwm V,',, (311)
nV V,—nV,
eQPRSC:esc Vin +epwm V,'n (312)

Hence the QPRSCC utilizes partial-power processing to provide an overall higher efficiency when
compared to the other two converter regulation strategies. The partial power property allows the
regulating PWM converter to be smaller in size and lower cost proportionally to its power rating. For a

given application, it becomes necessary to know what power rating the PWM converter will need.
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Depending on the application, the input voltage to the QPRSCC can vary greatly. The voltage seen on
the PWM converter will vary linearly with the input voltage. The unregulated SCC will act like a DC-
DC transformer in steady state; the input voltage will aways be equal to the output voltage times #» as in

(3.13).

Vee=nV, (3.13)
Thus the ratio of the power processed by the PWM to the total power can be written in terms of the

input voltage, output voltage, and SCC conversion ratio n giving (3.14).

V.

_ m_nVo
Pprwu= v

in

nl,
V.

mn

(3.14)

3.1.2 Benefits of Quasi-parallel Configuration

The quasi-parallel configuration allows for high overall efficiency. In most cases unregulated
converters achieve higher efficiencies, and in particular, unregulated SCC can achieve high efficiencies
[5,11,22]. With the unregulated SCC converting a majority of the power, the overall efficiency of the
QPRSCC will be dependent on the SCC efficiency. The QPRSCC will enable regulation while
providing high efficiencies [48,49].

The quasi-parallel configuration has two feedback paths. The first is the usual feedback due to closed-
loop control. The regulated PWM DC/DC converter will alter it's duty cycle to maintain tight
regulation of the output voltage. The second feedback path is inherent to the quasi-parallel structure,

where the configuration is repeated here in Fig. 3.2 for reference to the following thought experiment.

Consider a increase in load causing a droop in the output voltage. The decrease in output voltage will

decrease the voltage seen at the SCC input, V.. This will lead to an increase in the voltage at the PWM

converter allowing for more power to flow through the regulating PWM converter to raise the output

voltage [48,49].
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Fig. 3.2. Proposed quasi-parallel regulated switched-capacitor converter showing an
unregulated SCC with a partial-power PWM converter providing regulation.

The quasi-parallel configuration also provides excellent load transient response. Unregulated
converters provide low output impedance which provides the quasi-parallel configuration with a fast
current slew rate [48]. An unregulated SCC operating near or in the FSL will provide very low output
impedances that will be proportional to the total resistance due to switches, parasitics, and capacitor
ESR. The output impedance of the QPRSCC can be represented as Fig. 3.3(a) and the approximate
frequency response in Fig. 3.3(b). The low output impedance of the SCC will give the QPRSCC a low
output impedance improving the current slew rate and load transient response. Further the lower output
impedance of the SCC indicates it will provide the majority of the current during an increase in load to

the QPRSCC.

Z Gow Zsed| | Zrwm

(a) Equivalent Output Impedance Circuit  (b) Approximate QRPSC Output Impedance Frequency Response
Fig. 3.3. Approximated QPRSCC output impedance indicating excellent load transient response

3.1.3 Topology Selection for Telecom Application

The proposed Quasi-Parallel Regulated Switch Capacitor Converter is a general solution and can be

applied to any switched capacitor converter. The application requirements will dictate which SCC are
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suitable and from the appropriate subset of SCC, a specific topology can be selected based on the
restricting requirements such as efficiency, number of components, gate drive simplicity, or overall
component volume. Other variables such as the input voltage range and the maximum power capacity

of the regulating PWM converter will also limit the choice of SCC for the QPRSCC design.

Due to the high efficiency and large conversion ratios attainable by a SCC, a telecommunication's
power supply is an excellent application of the QRPSC. In most datacenters 48V (36V to 72V range) is
applied to server racks, each rack will then have DC/DC converters to step down the 48V to 12V.
Common sizes, in inches, for these DC/DC converters are full brick 4.6"x2.4"x0.5", half brick
2.3"x2.4"x0.35", and quarter brick 2.3"x1.45"x0.35". Power ratings range from 50-720W for these
sizes [12], with 720W attained in half bricks [13], 180W in an eighth brick [14]. Future telecom power
supplies will need have high power density (180W/in?), high reliability, and fast transient responses
[15-17].

The QPRSCC can provide high efficiency, the SCC can provide high power densities and if designed
with ceramic capacitors improve reliability over electrolytic designs. The QPRSCC can also provide

excellent transient response. The QPRSCC prototype design requirements and goals are as follows:
* Input Voltage: 48V Nominal (36V to 72V)
e Output Voltage: 12V + 10%
* Power Rating > 120W (10A @ 12V)
* At Most Half Brick Size

With a wide input voltage range, the regulating PWM power rating will vary significantly for a SCC
with a single conversion ratio. In the following (subsection A), the PWM power rating will be
determined in terms of the conversion ratio #n of the SCC. The result will be the needed to select a SCC
that achieves a few discrete conversion ratios while remaining unregulated leading to the selection of a
SCC topology in subsection B. Lastly, analysis of the input voltage seen by the regulating PWM

converter will dictate what topologies will be selected for the PWM converter in subsection C.

A. PWM Power Rating Limit and SCC Conversion Ratio Selection

The power processed by the PWM converter is given by (3.15) where n is the SCC conversion ratio,
V, is the QPRSCC output voltage, and V', is the QPRSCC input voltage. The choice of the conversion
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ratio of the SCC is then determined by the input voltage range and/or the maximum power rating
desired of the PWM converter.

_ Vin L Vo _

Prwm= % =

in

1 nVv,
V

(3.15)

in

If it is assumed that the SCC conversion ratio # is static, then as input voltage increases, the power
converted by the PWM regulating converter will increase as well. If the input voltage range is large
enough, the power rating of the PWM converter may become undesirably high. For a Telecom power
supply application, the output voltage is 12V and the input voltage range is from 36V to 72V. With a
single conversion ratio, the SCC conversion ratio is selected at the minimum input voltage required to
keep a reasonable voltage (at least 4V) on the PWM converter over the input voltage range. Thus the
largest integer conversion ratio the SCC can have is n=2. As the input voltage increases so will the
power processed in the PWM as shown by Fig. 3.4. At the maximum input voltage, the PWM converter
input voltage will be 72V — 2*12V = 48V and processing 66.66% of the total power. At this point the
SCC is no longer processing the majority of the power and the benefit of a small regulating PWM
converter is lost. For applications, such as telecom power supply, with large input voltages it will be

necessary to limit the PWM power by achieving multiple conversion ratios on the SCC.
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Fig. 3.4. The percentage of total power processed by the PWM with 2:1 SCC
operating over the QRPSC input voltage range (36V to 72V).

If the SCC, while still unregulated, is able to achieve multiple conversion ratios » with minimal added
complexity then a maximum PWM power rating can be chosen as the design requirement in terms of
SCC topology selection. There are SCC that can achieve numerous non-integer conversion ratios [21]
but require numerous different switching patterns. Utilizing these conflicts with the main objective of

using a simple unregulated SCC. If the conversion ratios are limited to a few discrete values then
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multiple conversion ratios can be obtained with little complexity [8,28].

The required conversion ratios can be found by setting a power limit for the PWM converter. With a
power limit set, then for the given input voltage range the conversion ratios can be identified to prevent
the PWM from converting more than the set power limit. A plot for the telecom application's required
conversion ratios for a given power limit is shown in Fig. 3.5. The lower the percentage of power the
PWM is designed to convert, the more conversion ratios must be provided in the SCC. It becomes
evident that the SCC will need multiple conversion ratios to minimize the power, size, and cost of the

regulating PWM converter in the telecom application of the QPRSCC.
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Fig. 3.5. The SCC conversion ratios n:1 over the QRPSC input voltage range for selected
maximum PWM power in terms of percentage of the total power.

B. SCC Topology Selection

The requirement for multiple conversion ratios and a simple method to switch between them greatly
reduces the number of switched-capacitor converters to consider. There are some SCC which can
produce numerous conversion ratios by switch phasing [21], but their implementation adds more

complexity than desired for the QPRSCC prototype. Other SCC, such as the Ladder and Dickson
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Charge pump, can be augmented to have different taps where the input voltage is applied. Essentially
the SCC is designed for the highest conversion ratio and either the access point for the input or the
output is changed via different switches. An example of a ladder topology with this approach is taken

from [28] and shown here in Fig. 3.6.
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Fig. 3.6. Step down ladder with different 'taps' for the input voltage allowing
multiple integer conversion ratios [28]

Another SCC converter that achieves multiple conversion ratios is the multilevel modular switched-
capacitor converter (MMSCC) [8]. The MMSCC is a two phase SCC that is bi-directional, can achieve
high conversion ratios without increasing switch voltage stresses, and possess excellent capacitor
utilization (low and equal current stress). The MMSCC is designed with modules which can be
bypassed or activated to achieve any number of integer conversion ratios [50-55]. The conversion ratio
achievable is k+/ where k& is the number of modules. Bypassing a module is done by turning off the
bottom two switches in the module and setting the floating MOSFET to be always on. The designed
isolated MMSCC for the QPRSCC is shown in Fig. 3.7 with the modules labeled.

Isolation Module

i
—
—
\lx
A
?i
o
m%
|_.
+0

- 1 Tl
—_ =G —c Vo
— p. I
fp| T odp| TS gpl TS
L L L
15 1% S,
Module 2 Module 3 Module 4

Fig. 3.7. The two phase isolated multilevel modular switched-capacitor converter (red MOSFETs indicate phase
1 and blue MOSFETs phase 2)
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The MMSCC is chosen as the SCC for its proven ability to operate at power levels from a hundred
watts to a few kilowatts, achieve high efficiencies, and adjust its conversion ratio [5-11,21]. In addition,
the MMSCC allows for a simplified gate drive as each module has two MOSFETS that can be driven
by commercially available synchronous HS/LS gate drivers. The only complicated gate drive is the
floating MOSFET seen in each module. In comparison, the Ladder SCC shown in Fig. 3.6 has a total of
8 switches 7 of which are floating. In order to be used with the quasi-parallel topology the MMSCC is
combined with the ground isolation strategy from [20] to create the isolated MMSCC shown in Fig.
3.7.

Since the MMSCC can achieve any integer conversion ratio up to k& +/, where k is the number of
modules not counting the isolation module (Fig. 3.7), it is necessary to find the max conversion ratio
for the QPRSCC. As discussed previously, the higher the conversion ratios achieved, the lower the
required power rating of the regulating PWM converter. Higher conversion ratios require more modules
increasing cost and the physical area of the SCC. The percentage of power converted by the PWM
converter as a function of the QPRSCC input voltage with increasing achievable conversion ratio for
the MMSCC is plotted in Fig. 3.8. The conversion ratio of the MMSCC is changed to the next
conversion ratio (e.g. 2:1 to 3:1) once the input voltage of PWM will be 4V with the new conversion
ratio. To clarify, at 40V the MMSCC can operate as 3:since as the MMSCC will have an input voltage
of 36V leaving 4V for the input voltage of the PWM. At 39V the PWM would only see 3V and thus the
MMSCC will operate as 2:1. This minimum input voltage of 4V chosen by a rule of thumb for boost
converters. It is best to keep the conversion ratio less than 1:3 (input to output) and with 12V output
voltage then the minimum input voltage should be 4V. When the QPRSCC is actually implemented the

LT8705 will be utilized for control and it has under voltage lock out implemented at around 4V as well.
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Fig. 3.8. Maximum allowed power for the PWM (in terms of percentage of total power)
given selected maximum SCC conversion ratios n:1 over the QPRSCC input voltage range

It becomes evident from Fig. 3.8 that because the SCC cannot operate as 3:1 below an input voltage of
40V (to keep at least 4V on the PWM and maintain regulation) the PWM will have to be rated at a
minimum of 40% of the QPRSCC power rating. In order to keep the PWM power rating at 40% of the
total power then a max conversion ratio of 4:1 is needed. The 4:1 MMSCC has been selected as the
SCC for the QPRSCC, as the input voltage increases to the QPRSCC the MMSCC will activate
modules to increase it's conversion ratio from 2:1, 3:1, and to 4:1. This will limit the input voltage, i.e.
the power, of the PWM converter. The MMSCC will change conversion ratios at approximately 40V
for 2:1 and 3:1 operation and at 52V for 3:1 and 4:1 operation.

C. PWM Topology Choice

With the SCC topology selected as a 4:1 MMSCC a suitable topology for the regulating PWM
converter needs to be selected. The PWM converter should have simple control, high efficiency, and
low component count. The regulating PWM converter will also need to be a non-inverting buck-boost
topology due the selected voltage range of 4V to 24V (seen at the PWM input) and a 12V output. This
can be seen in Fig. 3.9 as the QPRSCC input voltage increases so does the PWM input voltage until the
transition voltages are reached at which time the MMSCC will change it's conversion ratio. For the
telecom application described here, the PWM input voltage swings from below to above the output

voltage thus requiring a buck-boost topology.
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Fig. 3.9. The input voltages for the regulating PWM converter indicate it must be a non-
inverting buck-boost converter for a QPRSCC with a 4:1 MMSCC

The SEPIC, Zeta, and DC/DC H-bridge converters will be considered since they are well documented
and there are commercially available power management ICs for control and regulation [56-63]. The
SEPIC and Zeta converters are both fourth order systems with two inductors, a series capacitor, and a
filter output capacitor. Both exhibit two resonant peaks in their duty cycle to output voltage transfer
function since the transfer function has two pairs of complex conjugate poles. There are also a pair of
complex zeros that, depending on component values, will be in the right half plane (RHP) or left half
plane (LHP). RHP zeros are extremely undesirable as each will add 180 degree phase lag. The SEPIC
also has one real RHP zero that is common to all boost derived topologies [60-63], while the Zeta
converter does not as it is a buck derived topology. The RHP zero found in boost derived topologies
can be removed by implementing current mode control [56]. Since SEPIC and Zeta converters are

fourth order, design and control are complex and generally limited in terms of bandwidth.

The other converter considered is the DC/DC H-bridge converter. The H-bridge combines a buck and
boost converter utilizing four active switches (realized with synchronous MOSFETS or MOSFETs and
diodes), one inductor, and an output filter capacitor as shown in Fig. 3.10. Analog and DSP based
controls strategies are outlined in [64-66] and have achieved efficiencies over 95% [64]. The H-bridge
does have a RHP zero, having a boost derived topology that can be eliminated with current model
control. One disadvantage of the H-bridge is having to control and drive four different MOSFETs.
Using commercially available power management ICs, such as the LT8705 provided by Linear

Technology, provides current mode control and the necessary gate drive in a single package.
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Fig. 3.10. The H-bridge DC/DC Converter utilizes one inductor and an output capacitor

The DC/DC H-bridge converter was selected for the QPRSCC because it only requires one inductor
and a small output capacitor, which for the QRPSC will be provided by the SCC output capacitor. The
SEPIC and Zeta both require two inductors and a flying series capacitor, (generally a large component).
The H-bridge provides a simplified and generally faster control since it is a second order system
compared to the fourth order systems of the SEPIC and Zeta. The one disadvantage of the H-bridge,
namely the four active switches, is mitigated by utilizing the LT8705 which will provide current mode

control and gate drive for the switches.

3.2 Isolated Multilevel Modular Switched-Capacitor Converter

The multilevel modular switched-capacitor converter (MMSCC) is chosen as the switched-capacitor
converter for its proven ability to operate at power from a hundred watts to kilowatts [5-11], obtain
high efficiencies [5-8,10], and adjust its conversion ratio while in operation [8]. In order to be used
with a quasi-parallel topology, the MMSCC is combined with the ground isolation strategy from [20] to
create the isolated MMSCC shown in Fig. 3.34. The isolated MMSCC is four-level MMSCC with the
usual three modules and an added isolation module. The isolated MMSCC is a two-phase SCC; the two
phases are color coded in Fig. 3.34. The quasi-parallel regulated switched-capacitor converter
prototype is designed to be roughly 120W, i.e. 10A at 12V output. The isolated MMSCC will need to
be designed to handle the majority of the power. For the prototype the MMSCC is designed for a
maximum output of 9A (108W).
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Fig. 3.11. The two phase isolated multilevel modular switched-capacitor converter (red MOSFETSs indicate phase
1 and blue MOSFETs phase 2)

3.2.1 Modeling and Design of the Isolated MIMSCC

The chosen design of the MMSCC allows for the choice of switching frequency and capacitance to
achieve to the desired efficiency and size. Ideally, large capacitance and low MOSFET resistances will
achieve the highest efficiency but to be competitive in terms of power density, some compromise
between area and efficiency must be made. One objective of this research is to implement a SCC using
ceramic capacitors and switching frequency in the hundreds of kilohertz, reducing the required

capacitance and size so that the SCC can use ceramic capacitors.

In steady state, a SCC can be modeled as a DC transformer with an output impedance (Fig. 3.12). The
output impedance is bounded by two asymptotic limits, the slow switching limit and fast switching
limit [25]. This modeling approach will be outlined in subsection A, obtaining the required switching
frequency and capacitance in subsection B. Steady state analysis also provides the blocking voltages
seen by the switches and the rated voltages needed for the switching capacitors. Once the MMSCC
component values have been chosen, a dynamic analysis using DSSA will be presented in subsection
C, focusing on the choice of the sampling time within the switching period to provide an averaged

small-signal model.
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Fig. 3.12. Steady-state model of an unregulated SCC
with an equivalent output impedance R,

A. Steady State Modeling

The MMSCC will now be analyzed to identify the steady-state output impedance, capacitor voltages,
and the switch blocking voltages. This analysis will provide the groundwork for the component and
switching frequency selection following the design methodology given in [33]. The output impedance

has two asymptotic limits, Rg¢; and Rpg;, which can be found from the capacitor charge multiplier

vector and the resistance charge multiplier vector.

47



4./% S, 44
;‘W”j J_—”Wi .
C, + C;
o—w\,j Vo
S = Si

(b) 4:1 Phase 2

q /3 S]] qo/3
o <
PR L LY o]
+
v, i Z C, + C
_ V,
S + Sho
(c) 3:1 Phase 1 (d) 3:1 Phase 2
q,/2
q./2 q_D/E Sy Sy —’:\M
i—’\/\/\/—_l_ J_ M '\/\f\"l Lo 8 o+
S 1 =—C +
Vin CZ + 2
;_W\,_T V Vo
—I—a % S, Se <

(e) 2:1 Phase 1
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The MMSCC is shown in phase 1 and in phase 2 in Fig. 3.13(a) and Fig. 3.13(b) when operating with

a 4:1 conversion ratio. The charge flow of the capacitors are found by inspection, as outlined in section

2.1.1, and displayed in Fig. 3.13. The capacitor and resistive charge multiplier vectors are (3.16) and

(3.17) respectively. The position of element j in the charge multip

capacitor C;or switch S;.
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The MMSCC while operating as a 3:1 converter has the sub-circuits with the charge flows shown in
Fig. 3.13(c) and Fig. 3.13(d). The capacitor and resistive charge multiplier vectors are (3.18) and
(3.19) respectively.

0 (3.18)

o
W | —
W | —

gin-|l 1111111111, (3.19)

Lastly the MMSCC while operating as a 2:1 converter has the sub-circuits with the charge flows shown
in Fig. 3.13(e) and Fig. 3.13(f). The capacitor and resistive charge multiplier vectors are (3.20) and
(3.21) respectively.

w11

== =00 3.20
=3 2 (3.20)
w1111 1111 1

=l = 2 = = =~ = = — 21
4 =32222222007°00 SE

From the charge multiplier vectors, the slow switching limit impedance and the fast switching limit
impedance, Rgq; and Ry, can be calculated for 4:1, 3:1, and 2:1 operation. If it is assumed that each
capacitor has the same capacitance and each switch has the same on resistance then a single equation
can be written for each switching limit impedance. Examining the capacitor charge multiplier vectors,
(3.16), (3.18), and (3.20), one sees that the number of operating capacitors and charge flow are n and
1/n where n is the conversion ratio. For the resistive multiplier vectors, (3.17), (3.19), and (3.21), each

element is also 1/n while the number of operating switches is 5 + 2n. Using these assumptions, R ¢,
and Rpg; can be written as (3.22) and (3.23), respectively where 7 is the conversion ratio, C is the

capacitance of the switching capacitors, fy, is the MMSCC switching frequency, there obtains

R :ij(lzz Lo L]=—1 (3.22)
S5t Cfswizi\n Cfsw n nC f o .
13-2n 2
1 5+2n
RFSLzszsfon Z (;) :2Rdsfon n2 (323)
i=1

The fast switching limit impedance, R ¢, , can be modified to include capacitor ESR giving (3.24).
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Reg=2R,_,, 0 L +4RESR; (3.24)
Finally the total output impedance can be approximated by (3.31).
Ru:\/Ri"SL-i_ RZSSL (3.25)

The voltages seen on the capacitors can be found by inspection of Fig. 3.13(a)-(f) for each mode of
operation of the MMSCC (4:1, 3:1, and 2:1). In steady state, each capacitor will have a constant
voltage (the rated voltage of the capacitor will have to be larger than this value). Similarly, once the
voltage of the capacitors are known, the blocking voltages seen by each switch can also be found by
inspection of Fig. 3.34. The capacitor's voltages for each mode of operation are shown in Table 3.1.
The blocking voltages of the switches are shown in Table 3.2. The average current seen in each switch
is the output current divided by n, the conversion ratio of the MMSCC. Assuming the MMSCC is
operating in the FSL, the current waveforms can be approximated by square waves. Thus the current in

the switch will be the average current divided by the duty ratio (here 50%). The current in the switch is

(21, /n ). If operating on the boundary of the SSL and FSL a SCC will have partial charging, i.e. the

current behaves roughly linearly [67]. Thus the current's waveform can be approximated to have a 50%

ripple. The approximate peak currents in the switches are given in Table 3.3.

TABLE 3.1: SUMMARY OF MMSCC CAPACITOR VOLTAGES

Conversion Ratio C; C, C; Cy

4:1 4r, 3V, 2V, v,

3:1 3V, 2V, v, 0

2:1 2V, v, 0 0

TABLE 3.2: SWITCH BLOCKING VOLTAGES FOR THE MMSCC
Conversion S, S, S3 Sy S5 S S, Sg So | S;o | Si1 | Si2 | Sp3
Ratio

4:1 Vij- &V | Vi3V, | V=4V, | V-4V, | 2V, s L |2V, , v, v, v, s
3:1 Vi3V | Vi 2V | Vi= 3V, | Vip= 3V, | 2V, v, v, v, v, v, 0 0 v,
2 Vi 2Vo | Vi Vo | Vi 2Vo | Vir 2V | Vo 0 0 Vo | 0 0 0
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TABLE 3.3: APPROXIMATED PEAK CURRENTS IN THE SWITCHES FOR THE MMSCC

Conversion S; S, S; Sy Ss S S, Sg So | S;o | Siz | Sz | Sy3
Ratio
4:1 31, /4 31, /4 31, /4 31,/4 |31,/4|31,/4\31,/4|31,/4\31,/4|31,/4|31,/4|31,/4|31,/4
3:1 1, 1, 1, 1, Lo L L\, |, L]0 0
2:1 31,2 31,2 31,2 31,02 | 30,/2|30,/2|31/2|30,/2] 0 0 |3,2| 0 0

Having set the asymptotic limits of the output impedance and the voltages seen by the capacitors and

switches one may now design the MMSCC. The output impedances Rgg; and Ryg; will determine an

appropriate switching frequency as well as the capacitance of the switching capacitors.

B. Determining Component Values and Switching Frequency

In common power converters (e.g. a Buck converter), the switching losses are proportional to the
switching frequency. As the switching frequency is increased so are the switching losses. For SCC this
is not necessarily the case. Low switching frequencies cause high peak currents leading to high
conduction and switching losses [11]. Increasing the switching frequency, approaching the fast
switching limit, will decrease the peak charging and discharging current leading to smaller RMS

currents [11] as well as decreased the output impedance. Once the switching frequency reaches the

corner frequency, i.e. the intersection of Rgg; and Ry, the current is almost a square wave and the
output impedance is approaching it's minimum (R, ). Increasing switching frequency beyond this

point will provide no additional benefits and simply increase the switching losses of the MOSFETs.
Thus the ideal switching frequency is near the intersection of the asymptotic switching limits

impedances Rgq; and Rpg; [33]. In general the most efficient SCC will have large capacitance and low

switch on resistances.

In this section the MMSCC will be analyzed in the different operating modes (4:1, 3:1, and 2:1) to
identify the proper operating point. Then MOSFETs will be chosen to construct the switches, giving an
estimate of Ry¢; and switching losses. Using the calculated conduction and switchings losses a suitable
range of switching frequencies will be chosen to obtain high efficiency. Lastly, from the range of
switching frequencies the necessary capacitance of the switching capacitors will be calculated. The
final value of capacitance and switching frequency will be chosen to minimize the size of the capacitors

while maintaining an acceptable efficiency.

Unlike the SCC in [33] the designed isolated MMSCC achieves multiple conversion ratios (4:1, 3:1,
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and 2:1) by turning off modules which alter the R ¢¢; and R;. The change in Rgg; and R, will lead

to three different “optimal” operating frequencies as shown in Fig. 3.14. One approach is to change the
switching frequency to the “optimal” frequency as the conversion ratio changes. This approach adds
negligible complexity to the control of the MMSCC. A second approach is to keep the switching
frequency fixed and design the MMSCC at the intersection of 4:1 operation. This will ensure the

MMSCC will be in or on the cusp of the FSL operation regardless of the operation mode as shown in

Fig. 3.14.

—2:1

— 3:1
— —4:1
G,
2z Evaluated with:
.E‘ C, = 120uF
2 C,;=C,=C5=C,
% Rds—on = 6mQ
g Rpgp =3mQ
<
m@

Frequency [Hz]

Fig. 3.14. The MMSCC equivalent output impedance asymptotic limits

A third method is to choose the capacitances of C;, C,, C;, and C, such that Rgg;, will intersect with
R, at the same or approximately the same switching frequency. If it is assumed that C; = C, = C then
the intersection of Rgg; and Ryg; will happen at /. which can be solved for using (3.26). Using the

other two modes of operation, a system of equations relating R .¢; and R¢g; obtains as in (3.27), where

a is the ratio of the jth capacitor capacitance, C; , to C and where a:',l is the ith element of the
capacitor charge multiplier vector for operation of the MMSCC as n:1. Equation (3.27) can then solved
for the ratios a (3.28).

1
=_— (3.26)
f 2CRFSL,2:1
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a’ +a 0 0 ||
R T
Rrg 51 :Cf a,,ta., a’; 0 o (3.27)
R c by 4 4:1 4:1 3
L FSL,4:1 ac,l ac,2 ac,S ac,4 1
o
n L
n || p |
1 1

0(._2 4(RESR+Rds—on)
L = 4RESR+9Rds—0n
4(R +Rdsfon>

ESR

;| |4R,+9R

(3.28)

ds—on |
Evaluating (3.28) assuming an R ;;_,, of 6mQ and Rp¢p of 3mQ gives C,=C,=1.83C,=1.83C,- In

Fig. 3.14, the intersecting frequency, f,., occurs roughly at 170kHz for the 4:1 MMSCC. To obtain f, =
170kHz C,=C,~90uF thus C;=C,~165uF, plotting the output impedance asymptotic limits in
Fig. 3.15 shows that intersecting frequency occurs at 170kHz when operating as 4:1, 3:1 and 2:1. Using
this constant f_ ratio in this example only required 10uF additional capacitance compared to the
MMSCC depicted in Fig. 3.14 which had C,=C,=C;=C,~120uF. In addition to aligning the
intersecting switching frequencies, utilizing a constant f, ratio minimizes the total energy of the

MMSCC thus decreasing the total area required by the capacitors. The total energy of a SCC is given
by (3.29), evaluating the MMSCC in each operating mode assuming each capacitor is 120uF and
assuming C,=C,~90uF C,=C,~165uF yields total energy in (3.30) and (3.25).

Ee=2 ¥ v’ (3.29)
2 i€caps

Ecz,cz,c3,c4:120uF:15C1V§:0'0018 Vi [J] (3.30)

E ¢ cr-o0ur =17.0825C, V2=0.0015 V[ J] (3.31)
C3,C4=165uF
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Fig. 3.15. MMSCC's output impedance asymptotic limits employing “constant f,, ratio”

Despite the benefits of the last method (the constant f, ratio), this method was not utilized in the design

of the MMSCC due to inexperience in SCC design. Instead the MMSCC will be designed to be near
the cusp of the FSL while operating with a 4:1 conversion ratio. The MMSCC will be controlled by a
microcontroller allowing for the switching frequency to be changed with no added complexity as the

MMSCC changes operating modes (4:1, 3:1, and 2:1). This will keep the MMSCC operating at the

desired intersection of R ¢; and Ry, .

Following this design methodology [33] MOSFETs were chosen that have low switch resistances and
meet the current and voltage stress requirements. The output voltage of the MMSCC will be the same
as the output voltage of the QPRSCC (12V). From Table 3.2 the minimum blocking voltage required
for each switch in each operating mode is given in Table 3.4. The switches are then designed for the
maximum voltage which occurs in the 4:1 configuration. To find the current ratings of the MOSFETs,
the MMSCC is assumed to be operating in FSL or near FSL operation. The peak currents approximated
in Table 3.3 are calculated with an output current of 9A. The average and peak currents for switches are

then given in Table 3.5, with the highest currents occurring in 2:1 configuration.

TABLE 3.4: MAXIMUM BLOCKING VOLTAGE OF SWITCHES IN THE MMSCC

Conversion S, S, S3 Sy S S S, Sg So | S;o | Siz | S | Sp3
Ratio

4:1 24V 36V 24V 24V | 24V | 12V | 12V | 24V | 12V | 12V | 12V | 12V | 12V

3:1 20V 32v 20V 20V | 24V | 12V | 12V | 12V | 12V | 12V | 0 0 |12V

2:1 18V 30V 18V 18V 12V | 12V | 12V | 0 0 [ 12V | 0 0 |12V
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TABLE 3.5: SUMMARY OF APPROXIMATE CURRENTS IN THE SWITCHES OF THE MMSCC

Conversion Ratio Average Current | Approx. Peak Current
4:1 225A 6.75A
3:1 3A 9
2:1 45A 13.5A

As a prototype the switches S1 through S5 have been oversized in case the full maximum input voltage
of 72V were to be applied. The MOSFETs are chosen to be oversized in terms of power rating so they

can be operated without heat sinks. Using the voltage and current requirements outline in Table 3.4 and

Table 3.5 and trying to achieve low on resistance, R DS(ON)> the MOSFETS AON6280 and PSMN3R9

are selected for the MMSCC. A summary of the MOSFET properties are given in Table 3.6. Since the

output capacitance is nonlinear and is dependent on V ¢ it is listed at the most common V ¢ seen by

each MOSFET in the MMSCC.
TABLE 3.6: SUMMARY OF MOSFET PROPERTIES
(Vgs=10V) @25°C (Vgs=10V)
AONG6280 80V 85A 4.1mQ 54nC 1200pF (Vpg=24V)
PSMN3R9-25MLC 25V T0A 4.15mQ 24nC 400pF (Vpg=12V)

The FSL output impedance must now be approximated. At the fast switching limit, R, is dictated by

the switches' on resistance and the capacitors ESR. A quick examination of available ceramic capacitors
found that: (1) the switching capacitors will be made from several ceramic capacitors in parallel and (2)
a ceramic capacitor ESR is typically less than 15mQ. A search of TDK's ceramic capacitors by
characteristics found no capacitors with an ESR over 10mQ when restricted to a capacitance of 10uF
with a voltage rating over 35V [68]. Paralleling capacitors will increase the equivalent capacitance but
decreases the equivalent ESR. With this in mind, the switching capacitors ESR will be approximated to
be 3mQ. The PCB trace resistance was not considered here as the PCB layout has not yet been

designed. However experimental results indicated that PCB trace resistance would significantly affect

the Ryg; in this design. The MOSFET Rpson) will be assumed to experience an operating junction
temperature rise of 80° C, with 0.4%/C variability, a temperature factor p;=1.32 will be used. The

approximate R ¢, can then be calculated as (3.32).

2(13
R = ( )RDS(

FSL,4:1~ 16

+R,.=11.8mQ (3.32)

ON)@25C Pr ESR
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At a maximum output current of 9A the maximum conduction losses will be roughly 1W. To achieve
97% efficiency, one can allow 2.24W in switching losses. Plotting the switching losses at the
QPRSCC's maximum input voltage of 72V and the MMSCC maximum load current of 9A and the

maximum desired power loss of 2.24W in Fig. 3.16, shows that maximum switching frequency should

be approximately 130kHz.

5 — MMSCC
: S : Switching Losses
— 2.24W

Parameters:
C;,C,=90pF
C;,C3=165pF

R jg.on = 6mMQ

Rpgr = 3mQ
QPRSCC Vin=72V
MMSCC Io =9A

Switching Losses [W]

Frequency [kHz]

Fig. 3.16. Plot of the MMSCC's worst case switching losses

The required capacitance that yields an intersection frequency of Ry and Rgg; can be found by using

(3.33). The resulting plot (Fig. 3.17) shows that to operate on the boundary of the FSL, each switching
capacitor will need to be over 150uF. Balancing design size and efficiency, the capacitance is selected
to be 120uF. This requires a switching frequency of roughly 180kHz which from Fig. 3.16 will result in
roughly 3.2W of switching losses and an efficiency of 96%.

1

=
4fSWRFSL,4:1

(3.33)

56



Capacitance of Switching Capacitors [pF]

Intersecting Frequency [kHz]

Fig. 3.17. Capacitance needed for a intersection of the R¢q; and Ry, ata
selected frequency
Having selected a switching frequency and capacitance values, there remains the choice of capacitors.
The switching capacitance will have to be realized using multiple ceramic capacitors in parallel. The
ceramic capacitors capacitance will also have to be derated due to the DC voltage bias as shown in Fig.
3.18 [68]. The loss of capacitance with increasing DC voltage in a ceramic capacitor is due to the
physics of the device's material thus Fig. 3.18 is fairly representative of any ceramic capacitor made
with X5R/S, X6R/S, and X7R/S. Loss of capacitance due to DC voltage can be mitigated by choosing
capacitors that have a higher voltage rating and a larger package size. The realization of the capacitors

C,, C,, C3, and C, of the MMSCC is given in Table 3.7.

12 TDK 10uF 100V
Part No.

10 C5750X7S2A106
= K230KB
= 8 Package 2220
g
z 6
(0]
2 4
£
g 2
= —
O

0

0 20 40 60 80 100 120
DC Bias [V]

Fig. 3.18. Loss of capacitance on 10puF 100V X7S due to DC voltage [68]
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TABLE 3.7: REALIZATION OF MMSCC SWITCHING CAPACITORS

Switching Capacitor Part No. Capacitance | No. Used to Nominal Estimated Capacitance at
Capacitor Realize Cx Capacitance Operation for 4:1

C, C5750X7S2A106K230KB 15pF 16 240pF 100pF

C, C5750X7S2A106K230KB 15pF 16 240uF 128uF

C; UMK325BJ106MM-T 10pF 20 200uF 120pF

Cy C4532X5R1E226M250KA 22pF 8 176uF 120pF

Since this is a prototype, it is prudent to have a design which more than adequate capacitance. The
capacitors can easily be removed during experimentation to find the lowest needed capacitance. In the
following analysis, it will be assumed the switching capacitors will be 120uF. A higher capacitance

reduces the MMSCC output impedance pushing it further into the FSL.

C. Output Capacitor Value

For SCC a large output voltage ripple, AV, causes large peak currents in the switches and capacitors.

Properly sizing the output capacitor ensure small output voltages and well behaved charging and
discharging current waveforms. In each phase the MMSCC can be represented by a single equivalent
capacitance (including the output capacitor) and the equivalent load resistance. The equivalent

capacitance is function of the switching-capacitors and the output capacitance. The output voltage
ripple AV is then estimated as (3.34) where C';q;1 is the equivalent capacitance in a phase for n:1 mode

of the MMSCC, I, is the output current of the MMSCC, and fgy is the switching frequency.

1,T/2 I,
VO: n:l = n:l (334)
Ceq 2Ceq fSW

The worst case output voltage ripple for the MMSCC will occur at full load(9A), operating in 3:1

mode, and during phase 1 when the equivalent capacitance is C, + C,. (where C, is the output
capacitor and C,,. is the switching-capacitor). Even though 2:1 mode would have a lower equivalent

capacitance the maximum load seen is only 6A for the MMSCC. The required output capacitance can

then be approximated by (3.35).

I
C=—-—_-C 3.35
2 f AV, (3.35)

A output voltage ripple of 70mV is chosen to keep the peak currents low and the discharging current

waveform approximately linear (decreasing the RMS current value). This gives an output capacitance
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of 330uF. The 3:1 MMSCC with the 330pF output capacitor and 9A load is simulated in LTSpice (Fig.
3.19) confirming the selection of output capacitance. The SPICE circuit used is shown in Fig. 3.22(b).

1133‘1" | | 1&& . o i )
11.82¥V—+ --------- - : !
' = 15A- -
11.81V— - -5 ---- J. <, !
11,80V - - - - -2 - - 'Oé 128 - g
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S 175V oo . 2 ol F
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11.69V i i (@) 124 i i
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Fig. 3.19. LTSpice simulation of 3:1 MMSCC with 9A load verifying choice C,= 330uF
D. Dynamic Modeling

The MMSCC dynamics are modeled using DSSA, the approach proposed by [29] and [33] covered in
section 2.1.2. The output stage of the MMSCC is modeled by a Thévenin equivalent load as well as a

current source representing the current from the H-Bridge as shown in Fig. 3.20.
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Fig. 3.20. Dynamic model of the isolated MMSCC with an output capacitor, Thévenin
equivalent load, and a current source representing the regulating PWM converter

The model input u is given by (3.36). Each switching capacitor and the output capacitor will be a state

variable giving x to be (3.37) and the capacitance matrix C to be (3.38).

u=[v, vy i (3.36)
[VCI Ver Ves Ve VCO}T when4:1
x= [V, ver Ves Veo|  when3:1 (3.37)
[vc, Ve vCO]T when?2:1
C. 0 0 0 0
0 C. 0 0 0 €. 000 C. 0 0
¢ 0 C., 0 0 ¢
Car=[0 0 C. 0 0 Cu=[ © o | Ca=0 C. 0| (33
0 0 0 C, O o 0 0 C 0 0 C,
0O 0 0 0 C,

In modeling the dynamics of the MMSCC the output voltage and the input current output variables. We
wish to obtain a small-signal model of the MMSCC into the QPRSCC for analysis. It is necessary to
represent the input and output dynamics of the MMSCC for the given model inputs (i.e. input voltage
and output load). The input current will be approximated by the difference between the input voltage

and the voltage on C; over the resistance seen by the input voltage. The output y for the system is then

defined as (3.39).

y: iin vo (339)

The MMSCC is modeled with four different states, one of each phase and then one for each deadtime

between phases. Analyzing the sub-circuits in Fig. 3.13 with KVL and KCL gives the matrices E;, F;,

and G; for phase 1 and 2. The sub-circuit for deadtime is the output stage: the output capacitor, the
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Thevenin equivalent load, and the current source representing the H-Bridge as shown in Fig. 3.20.

Analyzing the output stage during deadtime with KCL and KVL gives E4, F, and G4. The matrices
E;, F;, and G; are shown for the 3:1 MMSCC in Table 3.8 for phase 1, phase 2, and the deadtime. The
matrices E;, F;, and G; for 2:1 and 4:1 operation can be seen in Appendix A. The matrices E;, F;, and

G; are then solved for the familiar state space matrices A; and B;.

TABLE 3.8: MATRICES FOR ACTIVE AND DEADTIME MODES OF 3:1 ISOLATED MMSCC

—(2r+r,) 0 0 0 1 0 0 0] 1 0 0

g 0 0 (3r+2r) R, a0 =1 1 1| gui_0 0 0

Prasel | 0 1 1 0 F'=lo 0 0 o™ Tlo o o
0 0 R, —(R,+R,,) 0 0 0 —I 0 1 R,

0 (3r+2r,) 0 R, 11 0 1] [0 0 o

|1 1 0 0 A l0 0 0 0 21 (0 0 0

]33 1: 3.l: G _

e 0 —(3r+r,) R, F 0 0 —1 1 270 0 0
0 R, -R,  —(R,+R,) 0 0 0 ~—I 0 1 R,

i ; : Z_- Rco
Deadtlme E?itlz(Rth—i_Rco) F;tlzl Gztl_-() —l Rth+Rco

The MMSCC is designed to operate in or near the FSL, where the voltages are assumed to behave
linearly. With the assumption of linear voltages the average voltage should occur in the middle of phase
1 or in phase 2. Under this assumption the chosen sampling time is in the middle of phase 1. Phase 1 is
chosen over phase 2 since this is when the input voltage is connected to the MMSCC, thus allowing for

a model of the average input current.

Sampling at the end of phase 1 or phase 2 yields accurate dynamics, but the choice to sample in the
middle of phase 1 (or phase 2) provides a closer approximation of the average values during steady
state. This can be seen by a comparison of step response of the output voltages of the dynamic models
in Fig. 3.21 where the sampling time is chosen to be at the end of phase 1, end of phase 2, and in the
middle of phase 1.
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Fig. 3.21. Effect of sampling time (within a switching period) on the MMSCC Dynamic Model

With the selection of Phase 1 for sampling the output y can be defined from the output matrices P and

Q as shown in (3.40). The output matrices P and Q for each conversion ratio are shown in Appendix A.
y=Px+Qu (3.40)

To verify the accuracy of this dynamic model, the model outputs (v,,, and i;,) are compared to a

switching SPICE model of the designed MMSCC performed in LTSpice. A step is applied to each

system input: the input voltage v;,, the Thévenin equivalent load v,,, and the pwm current Ly 10 the

middle of phase 1 to match the step response of the dynamic model. The parameters used for the
SPICE simulation and the dynamic model are listed in Table 3.9. The switching models used in
LTSpice for each operating mode 4:1, 3:1, and 2:1 are shown in Fig. 3.22(a)-(c). It is assumed that the
MOSFETs share the same resistance assuming a temperature rise of 80° C. It is also assumed that each

switching capacitor is 120uF. The duty ratios of phase 1, phase 2, and the dead time are notated as D,

D,,and D,
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TABLE 3.9: MMSCC PARAMETERS USED FOR SIMULATION AND DYNAMIC MODELING

Parameter Value Parameter Value Parameter Value
C, 120uF D, 0.45 Rigr 3mQ
C, 120uF D, 0.45 RESR-outputCap 5mQ
C; 120uF Da 0.05 fow 180kHz
C, 120uF Rysom@iose |  5-33mQ
Cour 330pF R, 120
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A comparison of the output voltage step response due to a step change in input voltage is shown in Fig.
3.23(a)-(c) for each operating mode. The step response of the dynamic model's output voltage due to
the other model inputs, v,, and Ly AT€ shown in Fig. 3.24(a)-(c) for each operating mode. The
comparisons show perfect agreement between the dynamic model generated via DSSA and the SPICE
simulation from LTSpice. A continuous time model is also generated using the d2c () function in
MATLAB and plotted along with the switching model and discrete time model in Fig. 3.23 and Fig.

3.24. The continuous time model will be used to generate an approximate small-signal circuit model of

the MMSCC 1n section 3.2.3.
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Fig. 3.23. Comparison of the output voltage step response of the DSSA Dynamic Model and the
LTSpice simulation of the MMSCC in each mode to a step in the input voltage.
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Fig. 3.24. Comparison of the output voltage response of the DSSA Dynamic Model and the LT Spice
simulation of the MMSCC in each operating mode to a step inv,, and i,,,,,,,
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The model accuracy can also be verified by comparing the other models output, the input current, to the
LTSpice simulation of the MMSCC. The dynamic model's input current and the average input current
step responses due to a step in input voltage are compared to the input current waveform of the
LTSpice simulation in Fig. 3.25(a)-(c) for each operating mode. The dynamic models sampled input
current is shown to be in agreement with the LTSpice simulation. As long as the input current of the
dynamic model approximates the average value of the input current during phase 1 (when the input
current is nonzero) then the average input current is also accurate. The step response of the dynamic

model's input current due to a step in the other model inputs, v,, and i

Lyywm» @re also in good agreement

with the LTSpice simulations. A plot of these step responses are shown in Appendix B.
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Fig. 3.25. Comparison of the input current step response of the DSSA Dynamic Model and the LTSpice
simulation of the MMSCC in each operating mode due to a step in the input voltage.
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With the dynamic model verified, our analysis of the input to output voltage, input impedance, and
output impedance can now proceed. The magnitude and phase of the input to output voltage transfer
function are plotted in Fig. 3.26. As expected (see [29]) the input to output voltage dynamics appear
similar to that of a first order system despite being a 5™ order model. Approximating the input to output
voltage transfer function as first order gives the poles (dominate eigenvalue) of 61.3 krad/s, 79.2 krad/s,
and 64.8 krad/s for each operating mode. The DC gains of the input to output voltage are not the ideal
4:1, 3:1, and 2:1, this is due to the output load being modeled as a Thévenin equivalent load. Evaluation

of the input to output voltage transfer functions has v,, = 0, thus the MMSCC is being modeled at full

load. DC values of the output voltage include the conduction losses of the equivalent output impedance
at full load i.e. Z *(V /R;;,). The DC gains of the output voltage (Fig. 3.26) are 0.247, 0.327, and 0.485

for 4:1, 3:1, and 2:1 which are close to the expected ideal gains.

S O S — 3:1 MMSCC
— 2:1 MMSCC
= ) 41 =0.247
= : gls=0
%, r Yo
2 i 5|3 =0.327
= o £ls=0
= v,
L o 2 =0.485
] gls=0
10 : ' '
10° 10° 10" 10° Dominate Eigenvalue
4:1 61.3 [krad/s]
0 3:179.2 [krad/s]
— 2:1 64.8 [krad/s]
& -50f
2 -100f oo
= SRR
T o-tsop o
J :
—200 lz I3 I4 5
10 10 10 10

Frequency [Hz]

Fig. 3.26. Frequency response of the line-to-output voltage transfer function of the MMSCC for each operating
mode is similar to the frequency response of a first order system.

The frequency response of the output impedance is plotted in Fig. 3.27. The expected DC output
impedance calculated from (3.31) are 16.4mQ, 23.0mQ, and 37.9mQ for the MMSCC operating in
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4:1, 3:1, and 2:1. The output impedances in Fig. 3.27 are 15.5mQ, 25.15m(, and 38.47mQ which are
in good agreement with the calculated approximate output impedances. The output impedance of the
4:1 and 3:1 are similar in terms of the shape of the curve but include a larger second order component,
only offset by differing DC values. Using MATLAB function balred (), the approximate second
order output impedance transfer functions for 4:1 operation has poles at 63.1 krad/s and 183.7 krad/s
and most importantly a zero at 82.6 krad/s. The 3:1 second order approximate output impedance has
poles at 80.2 krad/s and 172 krad/s with one of the zeros at 128 krad/s. This implies that the dominate
eigenvalue from the input to output voltage transfer functions is still present, but is being effectively
canceled out in the output impedance transfer functions by a nearby zero. Approximating the output
impedance as a first order system, the poles are 104 krad/s and 92.6 krad/s for 4:1 and 3:1 operation
compared to the 61.3 krad/s and 79.2 krad/s poles in the input to output voltage transfer functions. This
difference in first order approximation poles for 4:1 operation is significant enough to be deemed
unacceptable. This leads to poor agreement with the first order model proposed in [29] where a single

dominate pole appeared in both the input to output voltage and output impedance transfer functions.

Unlike operation in 4:1 or 3:1 the output impedance in 2:1 operation is approximated very well by a
first order model with a pole occurring at 64.8 krad/s. This pole is identical to the one seen in the 2:1
input to output voltage transfer function. It appears that as the operating mode moves from 4:1 to 3:1 to
2:1 the output impedance becomes more like a first order system and the pole in the first order

approximated transfer function approaches the one seen in the input to output voltage transfer function.
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Fig. 3.27. Frequency response of the output impedance of the MMSCC for each operating mode

At steady state the MMSCC can be modeled as a DC transformer (with a turns ratio of 4:1, 3:1, and 2:1
depending on the mode of operation) and a series output impedance. The input impedance at steady
state would then be the output impedance and load impedance seen from the input. The DC input
impedance can then be calculated from the calculated output impedance added with the load resistance
giving 19.5Q, 11Q, and 4.95Q for the MMSCC operating in 4:1, 3:1, and 2:1. The calculated values are
approximate but agree well with the DC input impedances 21.4Q, 12.1Q, and 5.5Q seen in Fig. 3.28.

Recall that an output variable of the model is actually the input current and thus it is the input
admittance that will share the systems eigenvalues (i.e. will share the same dominate eigenvalue as the

input to output transfer function). The input impedance will then have the system eigenvalues as zeros.

The plot of the input impedance magnitude in Fig. 3.28 reveals it to be suitably approximated as first
order. The first order pole does change significantly as the operation mode changes from 4:1 to 3:1 to
2:1. The pole can be allowed to vary but it is the input impedance zero (the system dominate
eigenvalue) that must remain constant in the first order approximation if an accurate reduced-order

model is to be generated. Inspection of phase plot of the input impedance in Fig. 3.28 indicates a
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constant zero, using MATLAB function balred () the approximate zeros are 76.6 krad/s, 95.7 krad/s,
and 85.6 krad/s for 4:1, 3:1, and 2:1 operation. These approximate zeros are reasonably close the

dominate poles seen in the first order approximations of the input to output voltage transfer functions.
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Fig. 3.28. Frequency response of the input impedance of the MMSCC for each operating mode

In summary, the isolated MMSCC has been dynamically modeled through DSSA for each operating
mode. The model outputs, output voltage and input current, have been verified to be accurate by
comparison to a SPICE simulation. Frequency response analysis has been done on the input to output
transfer function, output impedance, and input impedance in preparation of obtaining a reduced-order
model. Analysis reveals that the input impedance and the input to output voltage characteristics should
be well suited for first order approximation by the systems dominate eigenvalue regardless of the
operating mode (4:1, 3:1, and 2:1). The output impedance can be approximated with the system
dominate eigenvalue in 2:1 operation, with less accuracy in 3:1 operation, and very poorly in 4:1

operation.
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3.2.2 Reduced Order Dynamic Model of the Isolated MMSCC and Derivation of a Circuit
Model

In most applications the I/O behavior of a converter is the primary interest, not the internal dynamics
such as the voltages on each switching capacitor. Switched-capacitor converters, assuming low
parasitic inductances, are a network of capacitors and resistors resulting in all real eigenvalues [29]. As
shown in Fig. 3.26 the dynamics of the MMSCC is dominated by a single eigenvalue and appears to be
first order in nature. As discussed in section 2.1.2, a continuous time (CT) reduced order model can be
made for the MMSCC using the DC gains and the dominate eigenvalue [29]. The motivation for a CT
reduced-order model (ROM) is not to reduce computation time or complexity, but to generate a
simplified small-signal circuit model that can be used in SPICE simulations and for small-signal

analysis of the QPRSCC.

The first step in generating a circuit model is to find the approximate ROM. The ROM generated in
[29] ignores zeros that may be in the output impedance transfer function or input admittance. The
output impedance is a bi-proper transfer function with equal order numerator and denominator (3.41),
unlike the line to output voltage and current transfer functions which are proper (higher order
denominator). The addition of a continuous time zero, {, to the reduced order output impedance transfer
function adds little complexity and better represents the response of the MMSCC due to changes in
load currents. The required zero, {, can be calculated so that the ROM has the same DC gain when
using the high frequency gain, k, from the zero-pole-gain model and the dominate eigenvalue of the

system.

0.0031(z+1.523)(z—0.648)(z—0.187)(z—0.103)(z —0.048)

hen4:1
(z—0.711)(2—0.388)(z—0.185)(z—0.082)(z—0.046) "

2. (5)= 0.004 (z+1.64)(z—0.514)(z—0.125)(z—0.064) hen3:1  (3.41)
o (z—0.644)(z—0.415)(z—0.125)(z—0.05) e '

0.004(z—0.3441)(z—0.06867)(z+1.778)

when 2:1
(z—0.6978)(z—0.341)(z—0.05533)

The high frequency gain can easily be found by inspection of the zero-pole-gain form of the bi-proper
transfer functions. The zero-pole-gain form can be found with the zpk () command in MATLAB. The

dominate eigenvalue, A, of a discrete time system is the one closest to the unit circle. The eigenvalues

of the system are the poles seen in (3.41). The dominate eigenvalue for operating mode is A,.; = 0.711,
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A3.; = 0.644, and A,.; = 0.6978. The bi-proper transfer functions of interest are the input admittance
and the output impedance. The DC gains are (3.42), where the element oL of the matrix an:1 .is the DC

gain from the j-th input to the i-th output.

0.0467 —0.1869 —0.2243] ,
when4:1
02468 0.0128  0.0153 |
L] 1[0.0826 —02477 —0.2972
Y = mn =Q e h 3:1 3.42
"y, 03265 0.0205  0.0246 | " G.42)
0.1835 —0.3670 —04403| .
0.4845  0.0311  0.0373 | :

The needed CT zero for the CT reduced model of the bi-proper transfer functions from input i to output

J can be calculated by (3.43), where T, is the switching period.

n:1
S (3.43)
kij

A

n:l

T

N

C;'=In

The ROM can then be generated for the input current and the output voltage, (3.44) and (3.45)

n:l

respectively, where a=—In

S

_ ki (s+C0! o, a o5 a .
(o) BT () O (), ) 44

o, a k (s+2;’“1) k (s+2;’“1)_
VO(S)NSi—lan(S)JF%Vm( )+%lpwm(8)

(3.45)

The reduced-order models can be compared to detailed (full order) models by step response and
frequency response plots. The output voltages are best evaluated with a plot of the step response. The
output impedance and the input admittance are better suited for evaluation with frequency response

plots.

The ROM of the output voltage is best compared using the step response to the various inputs. A
comparison of the detailed and reduced order repose to a step in the input voltage reveals good
agreement as shown in Fig. 3.29(a,c,e) for 4:1, 3:1, and 2:1 operation. There is some error in the initial
response but the overall dynamics of the response is accurately modeled by the ROM. A comparison of

the models response to a step change in the load current, in this case due a change in the H-Bridge
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current 7., is made in Fig. 3.29(b,d,f) for 4:1, 3:1, and 2:1 operation. From Fig. 3.29(b), for 4:1

operation, it appears that the ROM does not accurately model the dynamics of the output voltage step
response. By design, the reduced order does accurately model steady state and the initial response (at

time zero). For 3:1 and 2:1 operation the ROM does well in capturing the dynamics of the response

seen in Fig. 3.29(d) and Fig. 3.29(%).
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Fig. 3.29. Comparison of the responses of the 4:1, 3:1, and 2:1 MMSCC detailed and ROM to a step in (a,c,e)
input voltage and (b,d,f) H-Bridge current -
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The ROM's poor estimation of the output voltage response to a step in load current is illustrated by
analysis of its output impedance frequency response plotted in Fig. 3.30. For 4:1 operation, shown in
Fig. 3.30(a), the DC output impedance and high frequency output impedances agree perfectly but the
ROM's pole occurs at a too low frequency. Approximating the detailed model's output impedance as a

first order system gives a pole of p,,,=104krad/s as shown by the red line in the magnitude plot of Fig.

3.30(a). This pole is more than twice the eigenvalue a=61.3krad/s used for the ROM. The shape of the
detailed model's output impedance is first order but has a different dominating eigenvalue than the
input to output voltage transfer function. As the MMSCC operates from a 3:1 to 2:1 the ROM output
impedance becomes a better approximation of the detailed model's output impedance (Fig. 3.30(b,c)).
In fact at operation of 2:1 the reduced order output model is nearly a perfect approximation of the

detailed model.

Overall the ROM does an accurate job portraying the output voltage dynamics of the isolated MMSCC
to changes in the input voltage and load current. The ROM is inaccurate in its description of the output
impedance in 4:1 operation as seen by the frequency response plot in Fig. 3.30(a), but not so in 3:1 or
2:1 operation. In order to account for the differences, a second order system would be needed to model
the MMSCC. The main motivation for using the first order model is to generate a simplified small-
signal equivalent circuit model for the isolated MMSCC. Due to time constraints, the first order
approximation of the output voltage dynamics is accepted allowing for the generation of a small-signal

equivalent circuit model for the isolated MMSCC from the ROM.
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Fig. 3.30. Comparison of the detailed model and ROM frequency response of the MMSCC output impedance
for (a) 4:1, (b) 3:1, and (c¢) 2:1 operation

With the ROM accepted as a reasonable approximation of the isolated MMSCC output voltage, an
appropriate circuit model of the ROM can be generated. The basis of the model is the steady-state

model of DC transformer with turns ratio n:1 and a series output impedance R,. To model the input to
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output voltage transient behavior a capacitor C; is needed on the output side to form a RC low pass
circuit. The time constant t; represents the dominant eigenvalue of the input to output voltage transfer
function. For example the 4:1 MMSCC ROM has the continuous time eigenvalue A;=61.3krad/s, thus

7; = 1/X;. In order to model the dynamics of the output impedance there needs to be a zero in the output
impedance transfer function and a different high frequency gain. This can be done with a T-circuit, a
series resistance, parallel capacitor, and followed by a series resistance. This gives the circuit model
shown in Fig. 3.31 where the resistances R; and R, and the capacitance C; can be found using (3.46),
(3.47), and (3.48). The continuous time eigenvalue A, refers to the dominating eigenvalue for the

input to output voltage transfer function. The gain & refers to the high frequency gain of the output

impedance.
R,k
R=—""n~F 3.46
2 Rth_k ( )
R,=R,—R, (3.47)
1
= 3.48
€ MR, (3.48)
R, R,
n:l
o o

Fig. 3.31. Averaged small-signal circuit model of the output voltage dynamic behavior

The last step in generating the small-signal equivalent circuit model is to replicate the input impedance

of the detailed model. Like the output voltage, the input current has been modeled by the ROM with the

eigenvalue A, as its pole. The reduced-order input admittance, the transfer function of a change in input
current due to a change in input current, will have A, as its pole and thus the input impedance will see
Ay as a zero. If the Thévenin equivalent load is added to the output of the circuit in Fig. 3.31 as with the

dynamic model then with v, = 0 the input impedance is written as (3.49). The steady state input
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impedance is the output impedance and R, reflected to the input side of the transformer and the A,

appears as a zero.

n*(R,+R,+R,)(sR,+1)
sC,R,+1

o[ (R+R,+R,,)(s RII(R,+ Rth)+1)

(s)= 3.49
Z,(s)=n ey (3.49)

~

Plotting the frequency response of the circuit model's input impedance (3.49) and the full order
dynamic model for 4:1 operation in Fig. 3.32 reveals that the circuit model does a poor job modeling
the input impedance. Although the pole for the circuit model does occur later than desired that will be

addressed later. Of more importance is the error in the high frequency value of the impedance for the

circuit model. At high frequencies, the capacitor C; of the circuit model in Fig. 3.31 is a short and the

input impedance is modeled as n?R.

— Detailed Model
— Circuit model of
RR5.Cp Ry,

Zin O)I[€]

Frequency [Hz]

Fig. 3.32. Input impedance frequency response of the averaged small-signal circuit model and the detailed
model for 4:1 operation.

Inspection of the isolated MMSCC schematic reveals that the input impedance is the voltage seen due
to a current into the first capacitor through two switches and the capacitor's ESR. At higher frequencies
the capacitor is a short and only the switch's resistance and ESR remain. Thus to rectify the high
frequency error in the input impedance a resistance R; and capacitor C, can be added in parallel, with
the input as shown in Fig. 3.33. This addition does not change the input to output voltage or output
impedance transfer function. At high frequencies the input impedance of the circuit model is 7% R;II R4
providing a degree of freedom with R to set the high frequency input impedance. Further the addition

of the capacitor C, prevents a change to the DC input impedance and allows for a second order

approximation.
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Fig. 3.33. Completed averaged small-signal circuit model of the MMSCC

The resistance R; can be calculated as in (3.50), where k;, is the high frequency gain of the input
impedance. The gain k;, can be found by inspection of the input impedance transfer function in zero-
pole-gain form which is easily derived by using the MATLAB function zpk (). The capacitance of C,

is less straightforward but is easily solved using MATLAB. The input impedance is now defined by the
transfer function written in (3.51). Using the MATLAB symbolic toolbox the input impedance transfer

function can be separated into its numerator and denominator, the denominator can be solved for a
specific pair of poles in terms of values of C,. The pair of poles desired can be found by either using

the minreal () function to achieve two poles or by using balred().

_M (3.50)
2
1 n°(R,+R,+R,)(sRII(R,+Rth)+1)
(s)= 3.51
Zi(s) Rt se /! SC,R,+1 (3:51)

Plotting the input impedance for the 4:1 complete circuit model shown in Fig. 3.33 reveals a good
match with the detailed model's input impedance. The modified circuit model provides accurate
representation of the DC and high frequency gains as seen by the magnitude plot of Fig. 3.33. More
importantly it provides a good approximation of the phase of the input impedance. Proper modeling of
the input impedance is imperative for use of the circuit model in a larger configuration such as the
QPRSCC. The QPRSCC has input capacitors for both the switched-capacitor converter and the
regulating PWM converter. The interaction of the isolated MMSCC with it's input capacitor is
important as to the effect it will have on the both the voltage seen by either the MMSCC or the
regulating PWM converter.
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Fig. 3.34. Input impedance frequency response of the complete averaged small-signal circuit model and the
detailed model for 4:1 operation.

3.2.3 Completed Average Dynamic Circuit Model of the Isolated MIMSCC

An equivalent small-signal circuit model has been developed for the isolated MMSCC using a modified
ROM based on the ROM proposed in [29]. The small-signal circuit is a second order circuit model as
shown Fig. 3.35. The calculation of the resistances and capacitances have been outlined in the previous
section 3.2.2. This section will compare the small-signal model to a switching model through SPICE

simulations in LTSpice for each operating mode.
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Fig. 3.35. Averaged small-signal circuit model of the MMSCC
The same switching SPICE model used before, depicted in Fig. 3.22, is compared to the developed

small-signal circuit model in LTSpice. For the designed isolated MMSCC, the small-signal circuit

model parameters are calculated, the results shown in Table 3.10. The models are given step changes in
the input voltage Vs Thévenin equivalent load voltage v,,, and the H-Bridge current [— Both the

output voltage and the input current are compared for each operating mode. Note that the input current
by the small-signal circuit model is the average input current while the switching model is the

instantaneous input current.

TaBLE 3.10: MMSCC SMALL-SIGNAL CIRCUIT MODEL PARAMETERS USED FOR SIMULATION

Conversion Ratio R, R, R; ¢ G,
4:1 12.367 mQ 3.138 mQ 35.856 mQ2 1318.97 uF 173.57 uF
3:1 21.094100845009 4.060 mQ 32.344 mQ 59891 pF 166.14 pF
2:1 34.340564066457 4.133 mQ 34.526 mQ 449.56 puF 129.53 pF

The step responses for 4:1 operation are shown in Fig. 3.36. As expected the small-signal model does
an excellent job of approximating the output voltage for a step change in the input voltage, Fig. 3.36(a),
but does poorly modeling the dynamics of load changes as evident in Fig. 3.36(b) and Fig. 3.36(c). The
small-signal circuit model does accurately depict the initial voltage response and steady state value for
a step in the current. The input current step responses to each system input are compared in Fig. 3.36(d-
f) and illustrate that the average input current, i.e. input impedance, is accurately modeled by the small-

signal circuit model.
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— Switching Model — Small-signal Circuit Model
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Fig. 3.36. Comparison of the output voltage and input current responses of the 4:1 MMSCC Switching SPICE
Model and Small-Signal Circuit Model to a step in (a,d) v,, (b,e) vy, and (c,f) ¢

Lom:

The step responses for 3:1 operation are shown in Fig. 3.37. As expected the small-signal model does a
excellent job approximating the output voltage for a step in the input voltage, Fig. 3.37(a), but
reasonably models the dynamics of load changes as evident in Fig. 3.37(b) and Fig. 3.37(c). The small-
signal circuit model accurately depicts the initial voltage response and steady state value for a step
change in the current. The input current step response to the various system inputs are compared in Fig.
3.37(d-f) and demonstrate that the small-signal circuit model correctly model the average input current

dynamics.
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Fig. 3.37. Comparison of the output voltage and input current responses of the 3:1 MMSCC Switching SPICE
Model and Small-Signal Circuit Model to a step in (a) v,, (b) v,,, and (c) i

Lowm:
The step responses for 2:1 operation are shown in Fig. 3.11. Again, the small-signal model does an
excellent job approximating the output voltage for a step in the input voltage, Fig. 3.11(a), and for
changes in the load current evident in Fig. 3.11(b) and Fig. 3.11(c). The small-signal circuit model
accurately models both the input to output voltage dynamics as well as the output impedance for 2:1
operation. The input current step response to each system input is compared in Fig. 3.11(d-f) and shows

that the small-signal circuit model correctly models the average input current dynamics.
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Fig. 3.38. Comparison of the output voltage and input current responses of the 2:1 MMSCC Switching SPICE
Model and Small-Signal Circuit Model to a step in (a,d) v,, (b,e) vy, and (c,f) i

—-—

86



3.3 H-Bridge DC/DC Converter
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Fig. 3.39. The H-Bridge DC/DC Converter utilizes one inductor and an output capacitor

The DC/DC H-Bridge converter allows for buck-boost operation while offering high efficiencies and
standard control [64,65]. Unlike the Zeta or SEPIC converters [57,62] which are fourth order systems
with two inductors and two capacitors, the H-Bridge has one inductor and one output capacitance as
shown in Fig. 3.38. The SEPIC (and sometimes the Zeta) suffer from right half plane (RHP) zeros
causing for careful control design. The H-Bridge is a second order system and with a RHP pole seen in
all boost converters. Overall the control of the H-Bridge is less complicated, easily implemented, and
achieves higher bandwidths than the slower Zeta and SEPIC converters [64,65]. A high efficiency
voltage-control strategy for the H-Bridge is already well documented and circuit implementation has
been designed [64,65]. A commercially available power regulator IC, the LT8705 from Linear
Technologies, provides all necessary functions: gate drive, control, and voltage and current limits, and
is utilized in this prototype. Being able to use a commercially available chip allows the QPRSCC to be

viable in terms of mass production.

3.3.1 Design of the H-Bridge Converter

The LT8705 is to be used to provide the control and gate drive of the H-Bridge. The H-Bridge will be
operated in forced continuous conduction mode to simplify the analysis and design of the QPRSCC.
This will lead to lower efficiency in the H-Bridge at light load operation but future revisions can utilize
the LT8705 “Burst Mode” to improve light load efficiencies. The H-Bridge is designed to use LT8705
maximum switching frequency of 400kHz. This switching frequency is chosen to allow for higher

control bandwidth (generally designed to a tenth of the switching frequency) but more so to decrease

87



the size of the inductor.

The design guide, [69], provided by Linear Technology is used to select the minimum needed
inductance and the feedback resistors for the regulated output voltage. Design of the current sensing
network, current monitor, and other auxiliary control will not be covered in this paper. The focus in this
section is the selection of the power components such as the MOSFETs and inductor. The design of

current sensing and control aspects of the H-Bridge can be seen in the LT8705 datasheet [69].

The selection of output capacitance is neglected from this section as output capacitance needed by the
SCC is significantly larger and will provide the stable output voltage for the H-Bridge as well. The
input capacitance selection will be covered in Chapter 5 Experimental Results. The only requirements
for the H-Bridge input capacitance is that it remains stable over one switching period. Beyond that the
selection of input capacitance in Chapter 5 will be due to system dynamics explored in Chapter 4

QPRSCC Modeling and Analysis.

A. Inductance and Inductor Selection

Following the LT8705 design guide, the current sense resistor R is chosen to be 8m( and the

sense
switching frequency is chosen to be 400kHz. Since the input voltage can vary from twice to less than
half the output voltage the inductor's inductance must satisfy (3.52) and (3.53) to prevent subharmonic
oscillations. The subharmonic oscillations are a known issue with current mode control when the duty
cycle is above 50%. The LT8705 utilizes slope compensation to rectify the issue but the inductance

must meet (3.52) and (3.53) to effectively prevent subharmonic oscillations.

V‘ in Vo max
Va(max)_ % i, o Rsense
o (max) - in(min)
LBOOST(MIN) > 0 08f [H] (352)
V. . 1— o(max) R
in(max Vm(max)_ Vo(mm> sense
LBUCK(MIN) > 0 08f [H] (3-53)

The output voltage will be set at a constant 12V. The input voltage for the H-Bridge is set at a minimum
4V and a maximum 24V, these limits were found in section 3.1.3.C. Solving (3.52) and (3.53) gives

the minimum inductance needed in (3.54).

LBOOST(M]N) >1.5[uH] (3.54)
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L pyek (v >0[H] (3.55)
L>MA-X(LBOOST(M1N)’ LBUCK(M[N))> 1.5[uH] (3.56)

The inductance must be larger than 1.5uH for proper operation of the current mode control when the
input voltage is either half or twice the output voltage. Inductance values must be chosen to allow for a
small inductor size but also have a reasonable ripple current. Typically the ripple current is chosen as a
percentage of the maximum output current. Due to the structure of the QPRSCC, the H-Bridge will see
different output currents depending on the total input voltage. Given ideal converters, the output current
of the H-Bridge is proportional to the total QPRSCC output current by the ratio of the H-Bridge input
voltage to the total QPRSCC input voltage. The output current of the H-Bridge is plotted in Fig. 3.40
showing that the maximum output current, while in Buck operation, will be 4A and occurring at an
input voltage of 36V for the QPRSCC. For Boost mode the worst case ripple occurs while the input
voltage is the smallest. This is when the H-Bridge has an input voltage of 4V or 40V and 52V for the
QPRSCC. The output current at this time for the H-Bridge is at approximately 1A which correlates to

roughly 3A inductor current.

H-Bridge Output Current [A]

35 40 45 50 55 60 65 70 75
QPRSCC Input Voltage [V]

Fig. 3.40. Output current of the H-Bridge across the QPRSCC input voltage
range while QPRSCC operates at 120W (10A output current)

Typically a ripple current from 30% to 50% of the inductor current is desired to minimize output

capacitance and minimize the peak current in the switches allowing for smaller MOSFETS. The
inductance for a given ripple current Al, output voltage V ,, switching frequency f;,,, and duty ratio D,
for buck operation can be found with (3.55). For boost operation the inductance can be calculated by

(3.56) where D, is the Boost mode duty ratio, this is typically calculated at the smallest input voltage

which results in worst case ripple current.
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(I_DI)VO

LBUCK=W[H] (3.57)

Vin(min) D2

LBOOST:m[H] (3.58)

For Buck operation the maximum ripple current occurs at the maximum input voltage, which is 16V
for 2:1 and 3:1 SCC operation and 24V for 4:1 SCC operation. For 2:1 and 3:1 operation the ripple
current is selected as 1.5A, 50% of the 3A output current for 16V input to the H-Bridge with 3:1 SCC
operation. For Boost mode the ripple current is also 1.5A which is 50% of the maximum inductor
current of 3A. The inductance is then calculated for each case in (3.57) and (3.58) and an inductance
of SuH will provide a reasonable ripple current. This ignores the higher input voltages of the QPRSCC
where the H-Bridge will have an input voltage up to 24V. With an inductance of SpuH there will be a
ripple current of 3A at QPRSCC input voltage of 72V. This is a 100% ripple current but will be
considered acceptable for the following reasons. Any savings in output capacitance due to higher
inductance is irrelevant as the output capacitance is already determined by the requirements of the
SCC. The output capacitance is on the order of hundreds of uF where the output capacitance for the H-
Bridge is on the order of tens of pF. Second, increasing the inductance would not result in smaller
MOSFETs due to the lowered peak current. The H-Bridge already has a low current and voltage
requirement, the slightly larger peak current due to the increased ripple will not require a larger

MOSFET. The third and final reason is a huge emphasis is being placed on minimizing the size of the

inductor.
(1-0.75/12V
= =5[uH 3.59
BUCK ™ 5 A (400kHz) [wH] (3.59)
4v(0.67) =4.45[uH] (3.60)

500ST ™ 7 5 A (400kHz )

The chosen inductor, IHLP3232DZER4R7M11, has a nominal inductance of 4.7uH. The thermal
current rating of 8A and a saturation current rating of 8.7A. The average inductor current can be
approximated by dividing the H-Bridge output current, plotted in Fig. 3.40, by (1-D,) when the H-
Bridge is in boost mode. The average inductor current reaches a maximum of 4A at 40V input to the
QPRSCC as shown in Fig. 3.41. With approximately 150% ripple current a peak inductor current of 6A
is expected. At 72V input the ripple current is 3.2A with a 4.7puH inductor, resulting in a peak current of
roughly 5A.
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H-Bridge Inductor Current [A]

35 40 45 50 55 60 65 70 75
QPRSCC Input Voltage [V]
Fig. 3.41. Inductor current of the H-Bridge over the QPRSCC input voltage range
while QPRSCC is operating at 120W (current of 10A)
B. Feedback Resistors and Output Voltage

The choice of feedback resistors, although trivial, is included as it will provide the regulated output

voltage. The LT8705 datasheet gives (3.59) to calculate the output voltage for a choice in feedback

resistors RFBOUT] and RFBOUT2 shown in Flg 3.39.

RFBOUTI

(3.61)

V,=1207V|1+

FBOUT2
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RreouT

RreouT?

Fig. 3.42. H-Bridge feedback resistors
The feedback resistors are chosen as 102kQ and 11.3kQ for Rppop7; and Rppoyrs respectively. This

gives an output voltage of 12.1V. This is above the desired 12V by less than 1% and close enough for

any application.

C. MOSFET Selection

The last major power component to be selected is the MOSFET. Efficiency, while important ,is not the
driving design constraint for the H-Bridge. As previously shown, the QPRSCC can achieve high
efficiency even with a regulating converter achieving efficiencies in high 80% or low 90% range as
long as a majority of the power is converted through the SCC. Assuming the SCC is more efficient, the

priority is placed on small package size.

The H-Bridge has four switches-two on the input and two on the output side. On the input side the
maximum input voltage (i.e. blocking voltage) will be 24V. In an effort to prevent catastrophic failure
the input MOSFETs are chosen to be able to block the full input voltage of 72V, where the H-Bridge
sees the full QPRSCC input voltage. Future designs can fully utilize the lower voltage stress provided
by the QPRSCC on the regulating converter. The output voltage switch's blocking voltage is the 12V

output voltage.

Vi Vourt

TG1_|IJN‘?‘W1 L Swn;l4|_||—mz

BG1 —I HMZ MSF |— BG2
éHSENSE

= 6705 F03

Fig. 3.43. Simplified diagram of the H-Bridge from the LT8705 Datasheet [69]
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The switch M1 will see conduction losses in both the Boost and Buck operating modes and will have
the same current as the inductor, L. During buck operation the switch M1 will also see switching losses
which can tend to dominate the losses. Switching losses are somewhat reduced due to low input
voltages and low currents (Fig. 3.41) in buck mode. The switch M2 operates in buck and buck-boost
mode and is generally dominated by conduction losses. Again a low on-resistance is desired balanced

against package size.

Switch M3 operates in boost and buck-boost mode and similar to M1, the losses are from switching and
conduction losses. Also similar to M1 the switches see small currents minimizing the switching losses
that may come to dominate the power loss in M1. For switch M4, the switching losses are typically

small and conduction losses tend to dominate.

With this in mind the AON7280 and the PSM3R9 are selected for M1,M2 and M3,M4 respectively.
Both MOSFETs come in a small 3.3x3.3mm package, providing a small footprint while meeting design
requirements. A summary of the MOSFETs properties are given in Table 3.11. The PSM3R9 is the
same MOSFET chosen for the SCC. Although it has a higher current rating than needed it is selected to

limit the number of different components This is beneficial for bulk ordering and for automated

component placing.
TABLE 3.11: SUMMARY OF MOSFET PROPERTIES
(Vgs=10V) @25°C (Vgs=10V)
AON7280 80V 50A 8.5mQ 26.5nC 1000pF (Vpg=12V)
PSMN3R9-25MLC 25V 70A 4.15mQ 24nC 400pF (Vpg=12V)

3.3.2 Modeling the H-Bridge Converter

The H-Bridge has been modeled using Averaged State-Space with success as seen in [64,65]. The
dynamics of interest for the QPRSCC are the control to output voltage transfer function and the output
impedance transfer function. The output impedance of the QPRSCC can be approximated by the SCC
and the H-Bridge output impedances in parallel as shown in [48]. The H-Bridge control to output
voltage transfer function is to be compared with the transfer function of the QPRSCC. This will be
investigated in Chapter 4 QPRSCC Modeling and Analysis demonstrating that the control strategies
proposed for the H-Bridge will work for the QPRSCC. This will also validate the use of LT8705 to
regulate the H-Bridge and thus the QPRSCC. This section will investigate just the H-Bridge output

impedance and the control to output voltage transfer function.
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The H-Bridge, shown in Fig. 3.42, will be modeled as in [65]. There are four possible states, Fig.

3.45(a), for the converter depending on the switches. The switches are controlled by D ;, D,, and by the

phase difference ¢ as shown in Fig. 3.45(b).

| S, ON OFF
- N
v [ ] s, | ON OFF
vi——— c I H:Ev Eﬁé
I 0 (deg)
(a) four states of H-Bridge (b) example waveforms for switches S1 and S2

Fig. 3.45. The H-Bridge can achieve (a) four different states depending on the switches. (b) The duty ratios D,
D,, and the phase difference ¢ control the state of switches S1 and S2 with S3 and S4 acting synchronously.

Using state-space averaging techniques the H-Bridge is described by the state equation (3.60) where
x=[i; v]', u=[V; L]", and the matrices A and B are given in (3.61) and (3.62) respectively. The
placeholders » and a are defined in (3.63) and (3.64). The inductance and output capacitance are given
as L and C respectively. The resistances of the switches r, the inductance 1;, the capacitor ESR r-, and

the output resistance R are included in this model.

%x:Ax%—Bu (3.62)
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- F2-Dy)
A=l L L o (3.63)
E(l—Dz) TR
D
=L 0
B=| L (3.64)
0o <
C
r=(4rs+2rL)(D1—q))—ocrcD2+(0ch+rL+27’S) (3.65)
R
“T R+, (3.66)

The output y is the output voltage and given by the state equation (3.65) where C is given by (3.66)
and D by (3.67).

y=v,=Cx+Du (3.67)
C=[(1-D,)arc o (3.68)
D=[0 ar (3.69)

Using this averaged state space model, the output impedance transfer function will be derived and
compared to the SCC in subsection A. The control-to-output voltage transfer function will be briefly
investigated in subsection B while comparison to the QPRSCC control-to-output transfer function

given in Chapter 4.

A. Output Impedance Transfer Function

The small-signal output impedance of the H-Bridge can be investigated at various DC operating points
and compared to the output impedance of the SCC. Provided the SCC output impedance is smaller than

it can reasoned that load transients will generally by resolved by the SCC. Given small perturbations in
the output current via I there will be perturbations in the output voltage proportional to the output
impedance. To obtain the small-signal output impedance the duty ratios are held constant thus (3.60)

and (3.65) hold true for the small-signal variables § § and ¥ The output impedance is then given as
(3.68).

Z (s)= ;"((S) =[c[sT-A]'B+D| C o (3.70)

124
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The output impedance will be evaluated at input voltages of 4V, 12V, and 16V and then at low and high
load currents. The H-Bridge has a maximum load current of 4A and the minimum load will be
approximated by a load of 0.2A. This will adequately show the affect of the DC operating point on the
output impedance. As seen in Fig. 3.46 the output impedance is significantly affected by the operating
point in boost mode. When DC output impedance can be written as (3.69), it becomes apparent that the

output impedance will increase as the input voltage drops (thus increasing D ,).

Z,=— (3.71)

1Z,(s)] [2]

10 10° 10° 10 10°

Frequency [Hz]
Fig. 3.46. The output impedance frequency response of the H-Bridge at different input voltages.

Other variations at the operating point are due to the load current represented by the resistive load R.
The load is varied from 0.2A to 4A at 4V and at 12V in Fig. 3.47 showing insignificant variation in the
output impedance. As evident in Fig. 3.46, it is variation of D, that significantly changes the output

impedance.
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— 12V and 0.2A
— 12V and 4A
— 4V and 0.2A
— 12V and 4A

1Z,(s)] [€2]

Frequency [Hz]
Fig. 3.47. Output impedance frequency response of the H-Bridge for various current loads.
As discussed in [48], during load transients the two converters, H-Bridge and SCC, will each provide
current, but how the current is apportioned is dependent on their respective output impedance. The
converter with the lower output impedance will handle more of the current during transients.
Comparing the output impedances of the H-Bridge and the SCC in Fig. 3.48, shows that the SCC does
have a smaller output impedance. An exception is the output impedance for 2:1 operation of the SCC
is almost the same as the H-Bridge operating in Buck mode. For 3:1 and 4:1 operation the SCC has a

much lower output impedance compared to the H-Bridge.

1Z,(s)] (€]

10° : L ...._.ia s ._....ia : ....._i4 5
10 10 10 10 10

Frequency [Hz]
Fig. 3.48. Comparison of the H-Bridge and MMSCC output impedance frequency responses.

B. Control to Output Voltage Transfer Functions
The small-signal control to output voltage transfer function can be derived for each duty ratio D ; and

D,. As in [64,65] using each duty ratio as separate control variable allows for high efficiency operation

and tight control of the H-Bridge. Using LTSpice and investigating their SPICE model of the LT8705
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indicates that it follows the general concepts outlined in [65] and achieves high efficiency while
providing suitable regulation of the output voltage. The open loop transfer functions for D; and D, are

shown in (3.70) and (3.71) respectively.

T}o(s) Nl
= = (sz (372)
d,(s) (s2+6030s+00i) !
_ Via __2(2’”s+’”L)D1 2
Nrm 0,21 = R+Z, +(1-D,)
1 £+(1_D2)Zo\/§
5 (1-D,)R\C o L (1—1)2)01\/2“rl
= (D:
VZ IRa+1 °  JLC VRa
T}o(s> N2
CILEU S—0,,. 3.73
d,(s) (s2+6ooas+wi)( ) G-79)
—D,V,o r—(1=D,)(4rg+2r,+0r.+aR(1-D,))

2 W42~ 17

(1+Z,/R)(1-D,’CR
By inspection of (3.70) it is seen that characteristics of the duty ratio D, to the output voltage is
essentially the same as a buck converter's transfer function. Similarly inspection of (3.71) shows the
duty ratio D, to output voltage is much like the boost converter and contains a right half plane zero.

The RHP zero is result of the H-Bridge topology and can be resolved with current mode control as is

performed in most commercial boost converters. In [65], it is reasoned that this RHP zero makes the

duty ratio D, undesirable as a feedback control variable and that D; is the feedback control variable of

choice. The proposed control structure from [65] utilizes a voltage mode feedback type III
compensation circuit for D; and a dual feedforward circuit for D, with feedforward signals of input
voltage and output current.

This control strategy allows for the design of the voltage mode feedback type III compensation circuit
for D, using the frequency response plots of the control D; to output voltage transfer function. The

frequency response of each control-to-output voltage transfer functions are shown in Fig. 3.49 and

illustrates that D, frequency response is similar to that of a buck converter. The frequency response of

D,'s control-to-output transfer function shows the effect of the RHP zero. The frequency response of

each of these transfer functions will be compared in chapter 4 to the control-to-output transfer functions
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of the QPRSCC to illustrate that the control strategy employed for the H-Bridge will be suitable for the

QPRSCC as well.

[ve(s)/d(s)| [V]

102 10* 10°

Frequency [Hz]

-100F - -
150+

-200F

Zv.(s)/d(s) [degrees]

-250

-300
10

10° 10* 10

Frequency [Hz]

H-Bridge:
V,, =12V
— D; to output
— D, to output

Fig. 3.49. Frequency response of each duty-ratio-to-output voltage showing the Buck and Boost
nature of D; and D, respectively. The RHP zero in D, can be seen at IMHz.
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Chapter 4 Quasi-Parallel Requlated Switched-Capacitor
Converter Modeling and Analysis

The quasi-parallel configuration has been previously used and analyzed with magnetic based converters
[48,49]. Although the behavior in steady-state of the unregulated SCC is similar to unregulated
magnetic converters, the dynamics differ. It is necessary to model the dynamics of the quasi-parallel
regulated switched-capacitor converter (QPRSCC) for selections of passive elements such as the input
capacitors can be made to mitigate such things as line voltage variations, and model the control-to-
output voltage dynamics necessary for closed loop design. A commercial chip, the LT8705, will be
employed to control the H-Bridge and provide control of the QPRSCC. This work will show that a
control strategy for the H-Bridge will be sufficient for control of the QPRSCC. An estimate of the
QPRSCC efficiencies will be made by calculating conduction and switching losses of the multilevel
modular switched-capacitor converter (MMSCC) and H-Bridge. Finally simulations of the QPRSCC,
(utilizing the LT8705), using LTSpice will demonstrate the load and line voltage transient behavior.

To model and analyze the Quasi-Parallel Regulated Switched-Capacitor Converter (QPRSCC) the
Vopérian PWM switch model will be employed in addition to with the equivalent reduced order SCC
circuit model developed in section 3.3.2. The Vopérian PWM switch model presented in [70] and the
alternate form in [71] allow for analytical analysis of DC/DC converters and for simulation in SPICE
simulators such as LTSpice. Both DC and small-signal characteristics of converters can be analyzed
utilizing these switch models. The equivalent DC and small-signal PWM switch model is shown in Fig.
4.1(a) and Fig. 4.1(b) respectively. The dependent voltage, E, and dependent current, J, of the small-
signal model are given in (4.1) and (4.2), the capital letters denote the DC quantities.

DD'r, -

P

(a) (b)
Fig. 4.1. The equivalent (a) DC and (b) small-signal PWM Vopérian switch model
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1 !
E=B(VAP+IC(D—D )r.| (4.1)

J=1. (4.2)
The PWM switch models have a non-linear resistance », which is determined by the resistance seen
from the a and p terminals of the PWM switch at high frequencies. Similarly, the DC and small-signal
alternate a-PWM switch model from [71] is shown in Fig. 4.2(a) and Fig. 4.2(b) respectively. The
dependent voltage, £, and dependent current, J, of the small-signal model are given in (4.3) and (4.4),

the capital letters denote the DC quantities.

C D1 P Ed
e @ c Ic D'
' 9
Jd
=
(a) (b)
Fig. 4.2. The equivalent (a) DC and (b) small-signal a-PWM Vopérian switch model
E=Vp,—D'r, I, (4.3)
1

J=_¢ 4.4)

D’
The a-PWM switch model is useful for analysis of converters, such as the boost converter, that have an
active element connected to ground. With the a-PWM switch model a boost converter enables DC

analysis by inspection.

It is also useful to be able to reflect impedances from different ports of a transformer to another when
using the Vopérian PWM switch model. The impedance reflections used in the following section will
allow impedances from the bottom to be reflected to the right side, from left to right, and then from
right to left. For a transformer depicted in Fig. 4.1(a), with labeled ports a, ¢, and p, an impedance seen
at ¢ can be moved to port p by (4.5). An impedance reflected from port a to port c is reflected using
(4.6). Intuitively, an equivalent impedance reflected from port ¢ to port a is given by (4.7).

2

N,—N
—= 1R (4.5)

R =
N

eq

1
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N,
R =|—2| R 4.6
«=\ N, (4.6)
R = Ny 2R (4.7)
eq N2

Using these, a steady state and dynamic small-signal model will be developed for the QPRSCC. The

steady state model will provide an ideal conversion ratio of the input to output voltage depending on
the duty ratios, D; and D,, of the H-Bridge. The steady state model will also provide a steady state
output impedance of the H-Bridge showing the losses due to component resistances. Small-signal
models of the QPRSCC will be developed for the line-to-output voltage, the output impedance, and the
control duty ratios D; and D, to output voltage. Finally, efficiency estimates of the QPRSCC will be
made. Then simulations of QPRSCC regulated by the LT8705 will be performed in LTSpice.

4.1 Steady-State (DC) Analysis

Steady-state (i.e. DC) analysis of the QPRSCC can be done by replacing the switches with their
respective equivalent DC PWM switch models as shown in Fig. 4.3. The buck switches are replaced by

the original PWM switch model using the duty cycle D;. The boost portion uses the alternate a-PWM
model and has the independent duty cycle D,. The switches on resistance is modeled by the resistor 7,

, the inductor is given a series resistance of 7, , and the input capacitors ESR are r,,, and r The

cin cin2 *

resistances r,, and r,, are found from inspection of Fig. 4.3 (at high frequency) and given in (4.8)

and (4.9). Recall the resistance r,, is defined by the resistance seen at the p, and a, terminals of the

respective PWM switch model with the system inputs set to zero. At high frequency, the capacitors are
considered shorts and inductors open circuit. At steady state the capacitors are considered open circuits

and the inductor a short resulting in the model shown in Fig. 4.4.

rgo~2r.+r, r,,1lr, (4.8)

Vo=2r +R,IIR,~2r +R, (4.9)

cinl
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Fig. 4.3. QPRSCC with switches replaced by DC PWM switch models and MMSCC modeled by the averaged
reduced-order circuit model.

R, R,

Wy Wy

Fig. 4.4. QPRSCC modeled at steady-state

The switch resistances at terminals a;, p;, and a, can be reflected to the terminals c;, c¢;, and p,
respectively. This results in two groups of series resistances, the first seen between c¢; and ¢, and other

at p, . These groups can be combined into resistances 7, and 7, given in (4.25) and (4.11) respectively.

The QPRSCC at steady state is now modeled as Fig. 4.5.

raleDl’reﬁ—rL—l—(Df+Dl '2)rs (4.10)
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_ D
rb_DzrreZ

1+ r (4.11)

D, \
D,

The DC currents, /,; and /., and the DC voltages, Vp,, and Vp;, are needed for small-signal analysis.
From inspection of Fig. 4.4, the currents /.; and /., are equal and can be denoted simply as /.. The
current /,, is also the inductor current and can be related to the input current or the H-bridge output

current, / as in (4.12). The voltages Vp,, and V,p; are defined as (4.13) and (4.14).

> T pwm>
Iin I wm

1,=1,=1=—="25 (4.12)
D, D,

Vpo==—rd +2r 1, +V, (4.13)

VAPIZVg_n(Vo+[sc<R1+R2))_2rslin (4.14)
V

Fig. 4.5. QPRSCC modeled at steady state with combined resistances r, and 7,
By reflecting 7, to the right side of both DC transformers, Fig. 4.5 and combining the transformers, the

QPRSCC in steady state can be modeled by the circuit shown in Fig. 4.6. It is two transformers whose
inputs are connected in series and with paralleled outputs, one representing the conversion ratio of the

MMSCC, n, and the other of the H-bridge dependent on the duty cycles of the buck and boost section,

D, and D, -
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W\' -

QR0
(B60)

Fig. 4.6. QPRSCC steady—;tate model with ideal transformers and output resistance

The steady-state output resistances of the MMSCC and H-bridge, 7. and r can be found by

pwm

inspection and are (4.15) and (4.16) respectively.

r.=R/+R, (4.15)

r

r, (4.16)

=%
pwm Dzr

The DC conversion ratio can be defined from analysis of Fig. 4.6. The input voltage Vg can be
expressed as (4.17) and input current can be written as (4.18). Substituting (4.18) into (4.17) gives the

input voltage in terms of the duty cycles, output voltage, and the Thévenin voltage (4.19).

D,V D,’
2 2 2
V,=1,|n"r.+ D, ) P || T D, V., 4.17)
vV -V
A LAy — (4.18)
Rth Dz')
n+——
D,
vV —v 1 D'V D,’
v, =——" nrot = r o nt—=—=V, 4.19
g th +D27 E D1 y4 D] ( )
n Dl

The ideal conversion ratio M is found either by inspection of Fig. 4.6 ignoring output resistances or by
solving (4.19) with the output resistances set as zero. The ideal conversion ratio for the QPRSCC is

(4.20).
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1 _ D,
nD,+D,’

(4.20)

Rewriting (4.19) with M gives (4.21) which can be solved for the output voltage in terms of the system

inputs, the input voltage and the Thévenin voltage as in (4.23).

2 2
1 2 D,’ 1 Vi 2 '
V.=V, M(: nr,+ D, ¥ i +ﬁ _thM nr,+ 1 ¥ pum (4.21)
Vv \2 \2 | ]
h 2 . 2 2
Vg+R—thM nrg,+ 1 ) ¥ pim =V, M(—th nr,+ D, ) ¥ pum +ﬁ (4.22)
D"\
M nzrsc+ 1)2 ) rpwm
1 1
Vv, = - Vg+ - V., (4.23)
1 2 D, 1 2 R,
M|—||nr +|— 7 pum | T M\n"r,.+ Vo | T
h D, M | M

Ignoring the Thévenin voltage, the DC input to output conversion ratio can be derived as the ideal

conversion ratio multiplied against the conduction loss term as in (4.26).

v, 1
o= . : (4.24)
g 2 2! 1
M(R—th n 7"Sc+ 1 ) rpwm +ﬁ
v, 1
;=M : (4.25)
g M2 2&_{_ % rpwm +1
Ry |\ Dy | R,
v, |
;=M - ,2 (4.26)
g nDl rsc + D2 rpwm+1
(nD,+D,') | Ry \(nD,+D,")| Ru

Any DC operating point can be modeled using (4.26). By ignoring ¥, (setting it to zero), the load line
characteristics are removed but can adequately by modeled by holding the input voltage constant and

varying R,,. By eliminating one of the system inputs in the DC model, the equations for I -, Vp,,, and

V ,p; are simplified, allowing for simplified use in the small-signal analysis in the following section.
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With V,, = 0, the input current is (4.27) and the current I, equivalent to the inductor current,

previously defined by (4.12) can be written as (4.24).

J )y (4.27)
" Rth .
M 1 V
] = = |—0 4.2
° R,D, & R,\nD+D,’ (4.28)

With the current I~ defined the currents Ipwm and I;, can then be replaced in (4.13) and (4.14) to give

(4.29) and (4.22) respectively.

Voo=(2D,"—1)r 1 ,+V, (4.29)

M, (4.30)

4.2 Small-Signal Analysis

Small-signal analysis of the Quasi-Parallel Regulated Switched-Capacitor Converter (QPRSCC) can
also be done by employing the Vopérian PWM switch model. Depending on the characteristic in
question, e.g. output impedance or control-to-output, the equivalent DC PWM model or the small-
signal PWM switch model can provide a simple circuit analysis. For the line-to-output, output and
input impedances, the DC PWM switch models shown in Fig. 4.1(a) and Fig. 4.2(a) of section 4.1, will
be used for analysis. These analyses hold the duty cycle constant so the dependent voltage and current

in the small-signal PWM switch models disappear as d=0 .

Regardless of which PWM switch model is employed to provide the dynamic characteristics, the
impedances of the switched-capacitor converter (SCC) and the H-bridge will all be reflected to one side
of their respective DC transformers. Manipulating the circuit results in either one or two DC
transformers, some small signal voltage and/or current source, and impedance networks. Such circuits
can be readily solved with matrix analysis and two port impedance network models. For the analysis
the QPRSCC small-signal characteristics, two port theory will be utilized. A brief overview of two port
theory and various models will be covered first in section 4.2.1. Analysis of the line-to-output voltage,
output impedance, input impedance, and lastly the control-to-output voltage small-signal characteristics
will be investigated in their own sections. Examination of the control-to-output voltage for each duty

cycle of the H-bridge will be discussed in their own subsection. H-bridge control strategies, outlined in
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[64] and [65], will proven viable in the control of the QPRSCC by comparing the control-to-output
characteristics of a H-bridge DC/DC converter to one that is in a quasi-parallel configuration with an

unregulated SCC.

4.2.1 Two Port Theory

For a network of linear passive elements such as resistors, inductors, and capacitors where only the
behavior at a pair of specific nodes are of interest, utilizing two port theory is appropriate. Given a pair
of nodes and some linear passive network, as shown in Fig. 4.7, the network can be described in terms
of a set of parameters; commonly these are Impedance, Admittance, Transmission Line (ABCD), and
Hybrid parameters. A useful property of the ABCD parameters is that they can be found for a complex
impedance network easily by combining the parameters of the individual impedance elements. An
overview of the four aforementioned parameters and a method for converting the ABCD parameters to

impedance, admittance, or hybrid parameters will be covered at the end of this section.

Il IZ
o Linear .
VlT Port 1 Passive Port 2 T Vv,
o Network o

Fig. 4.7. A two port model with a general linear passive network

The impedance parameters provide the relation between the voltages and the currents of the network.

The impedance parameter matrix for the two port model in Fig. 4.7 is given as (4.31).

V]
V,

Zy Zp|| 1,

A (4.31)

2y Zp;

The parameters z;;, z;,, z5;, and z,, are found from analysis of the impedance network at different

ports while one of the currents is set to zero as defined in (4.32).

(4.32)

The admittance parameters matrix for the two port model in Fig. 4.7 is (4.33). The elements of the
matrix are found in a similar fashion as the impedance parameters, but by shorting the port (zero

voltage) instead of open circuit ports (zero currents).
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1
1,

Yu Y
Yo Vo

Vi
V,

(4.33)

The transmission line (ABCD) parameters represent the relation between the input to the output of the a
two port network as defined in Fig. 4.8. Unlike the other parameters, because of the input to output

relation, the ABCD parameters are defined for the output current leaving the port instead of entering it.

I] IZ
® Linear °
Vi Passive
Port 1 Port 2 Vv
T or Network or T 2
° °

Fig. 4.8. A two port model defined for ABCD parameters
The ABCD parameters for the two port model in Fig. 4.8 are written as (4.34). The parameters A, B, C,
and D are defined by the network where port 2 is either a short circuit or an open circuit.

A B
C D

Vi
I,

V2

. (4.34)

The hybrid parameters are defined for the two port model presented in Fig. 4.7 where currents flow into

the ports. Hybrid parameters give a mixed relation between the voltages and currents as in (4.35).

Vi
1,

hll h12
h21 h22

1,
Vs

(4.35)

A. Cascaded ABCD Parameters

The ABCD parameters of complex impedance networks can easily be found from the ABCD
parameters of the individual impedances. For a series impedance, the corresponding ABCD parameters
are shown in Fig. 4.9(a). A parallel admittance and the corresponding ABCD parameters are shown in

Fig. 4.9(b).
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(b)

Fig. 4.9. ABCD parameters for a single (a) series impedance and
(b) parallel admittance

As combinations of these basic impedances are cascaded the cumulative ABCD parameters are simply
the multiplication of the individual ABCD parameters matrices. For example, a m-network shown in
Fig. 4.10, the ABCD parameters can be found from cascading the individual impedances' ABCD

parameters shown in (4.36).

I Y. L

e [t

Fig. 4.10. n-network of admittances

I
agcp =4 Bl-| 1 Ol 10 (4.36)
c ol |y, 1), v,

a

B. Parameter Transformations

In the following work the impedance networks encountered in the analysis of the QPRSCC small-
signal behavior will be initially described using ABCD parameters. For some applications the voltage
and current relations are best described by Impedance, Admittance, or Hybrid parameters. In such
situations the Impedance, Admittance, and Hybrid parameters can be defined in terms of the ABCD

parameters by (4.37), (4.38), and (4.39) respectively.

(4.37)
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y=|Yu Yn|_| B B (4.38)
Yo Van __1 é
B B
B BC—A4D
g=" A D D (4.39)
hzl hzz __1 £
D D

4.2.2 Open Loop Line-to-Output Voltage Transfer Function

A. Derivation of Line-to-Output Voltage Transfer Function

To find the small-signal line voltage-to-output voltage transfer function, both H-bridge duty cycles are
held constant, i.e. no small-signal duty cycle variations, and a perturbation is considered on the line
voltage. The average reduced order SCC circuit model from section 3.3.2 will be used along with the
DC PWM switch model resulting in Fig. 4.11. The output is simply modeled as a resistive load, where

the output resistance R, can be varied to simulate different DC load operating points. The resistances

r,, and r,, are the same as defined previously in section 4.1 (as (4.8) and (4.9)) but are repeated here

in (4.40)and (4.41) for convenience

ro~2r.+r, r,,1lr, (4.40)

Vpo=2r +R,IIR,~2r +R, (4.41)

cinl

The switch resistances at terminals a;, p;, and a, can be reflected to terminals c;, ¢;, and p,
respectively and then combined with neighboring resistances in series. The capacitors C;,; and C,, and

their corresponding series resistance can be reflected across the SCC transformer. The input capacitor,

C,,», and its series resistance can be reflected across the transformer representing the buck portion of
the H-bridge. This gives the small-signal circuit model in Fig. 4.12. The lumped resistances , and .,

are (4.42)and (4.43) respectively.
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Fig. 4.11. QPRSCC modeled with the averaged small-signal SCC circuit model and the DC PWM switch model
for small-signal line-to-output voltage model.

R, R,

Wy A—-

<

°—
0.
=.
S
>

Fig. 4.12. The input capacitors are reflected across their corresponding DC transformers and the resistances atp;
and a, are reflected to their right sides for QPRSCC small-signal line-to-output voltage analysis.

raleDl’reﬁ—rL—l—(Df+Dl '2)rs (4.42)
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1+

rsz—z, r,+ r (4.43)
2

D, \
D,

1 1
cinl — rcin] + C b ZcinZ = rcin2 + H and ZC2: R3 +
S S Cinz 2

For clarity define Z . The inductor,

inl
resistance r,, and the impedance Z_,, can be reflected to the right side of the transformer, with turns
ratio D,’:1, representing the boost portion of the H-bridge thereby allowing the buck and boost
transformers to be joined as a single transformer with a turns ratio of D,’:D,. This results in the
circuit shown in Fig. 4.13. There are two transformers, one representing the SCC ideal conversion ratio

with turns ratio #n:1, the other representing the H-bridge conversion ratio with turns ratio D,": D, .

Wy AM—r-

(A ) R %
e [] Zcinf [] & :: (j1 h
—= >

Fig. 4.13. Reflecting impedances allows for the H-Bridge to be reduced to a single transformer and an
impedance network, enabling use of a two port model for the QPRSCC line-to-output voltage analysis.

There are two transformers, one representing the SCC ideal conversion ratio with turns ratio n:1, the
other representing the H-bridge conversion ratio with turns ratio D,':D,. These are connected in
series and each has a linear impedance network connected to their respective outputs. The SCC
impedance network and the H-bridge impedance network, shown in Fig. 4.14(b) and Fig. 4.14(c), can
be replaced with their two port impedance network models giving a simple circuit to derive the line-to-

output voltage transfer function as shown in Fig. 4.14(a).

114



il vo
> @
N‘TD SCC
g
C Network %
D2 ! . DI Ipwm 'i2
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(b) SCC impedance network

(300)

(c) H-bridge impedance network

L
Dy

Fig. 4.14. The QPRSCC (a)line-to-output voltage small-signal model with two port impedance networks one
for the (b) SCC impedance network and the (¢) H-bridge impedance network.

The governing equations from the circuit model in Fig. 4.14(a) are (4.44) through (4.48).

(4.44)

(4.45)
(4.46)

(4.47)
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Vee v, (4.48)

L

= ABCD,,

sc

The equations can be written together as a system of linear equations as in (4.49).

n 0 D 0
Vel=| 1 |[Vse|+| T Vpwm (4.49)
0 0 - isc _Dl i wm
n 0 4
D,'’

Substituting in (4.47) and (4.48) gives (4.50) which can be further reduced into a more compact form

of (4.52).
n 0 D 0
Vel=| = 1|4BCD | o |+| 7 ABCD,,, |V (4.50)
0 — se| . -D pwm| .
0 n Ly 0 1 L
D,’
A B Dy D' p
nag, nbg pwm pwm
Vel=| ¢, D, ||Vo|+ D, b, Vo (4.51)
0 . o I, -D, C —D, D I,
D2 ' pwm D2 ’ pwm
n Asc+ D prm n Bsc D Bpwm Vo
v_|_ 1 1 .
Og = c D D D i (452)
sc 1 sc B 1 ;
+ C D l
n Dzr pwm n Dzr pwm 2

The remaining equation (4.46) can be added to the system to make it a square matrix and a solvable

system (4.53).

D,’ D,’
n Asc+ prm n BS‘L Bpwm
vg Dl Dl Vo
0= &JF—DIC - D, _DlDwm 1:1 (4.53)
0 n D, 7 n D, i,
i 1 —R, —R, |

Equation (4.53) is of the form of Y=AX and both sides can be premultiplied by A", the inverse of A,
to get (4.54).
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i|=A |0 (4.54)
i 0
where
] |71
D,’ D,’
n A§c+ prm n Bsc Bpwm
- D ‘ D,
21 |G Gy Oy
A =|ay, @, 05,=|(C, —D D, -D, (4.55)
A3 O3 O3 " D, prm n D,’ Dpwm
i 1 _Rth _Rth |

The line-to-output transfer function is then simply the element a;;; of Al

<l

S

=0, (4.56)

<

The two remaining steps are to solve for the ABCD parameters of the SCC and H-bridge impedance
networks. The parameters are found by viewing each network as a set of cascaded impedance networks.

The SCC impedance network, shown in Fig. 4.14(b), gives ABCD parameters as (4.57).

o1 o
ABCD_=| O Y Il R (4.57)
~ 2= 1lo 1)sc, 1]lo 1
ZL‘inI ZCZ

The H-bridge impedance network, shown in Fig. 4.14(c), has ABCD parameters given by (4.58).

1 0 | 7
ABCD_=|[D,"\* 1 1{0 ll (4.58)
Dl Zcin2
where Z = To_ _SL .

B. Analysis of Open Loop Line-to-Output Voltage Transfer Function

In Fig. 4.15, the frequency response of the QPRSCC input to output voltage transfer function is plotted
for three different operating points. The three operating points all are 12V output voltage and 12V on
the H-Bridge, but the MMSCC operates as a 2:1, 3:1, and 4:1 corresponding to QPRSCC input voltages
of 36V, 48V, and 60V. For the frequency response in Fig. 4.15, the MMSCC and H-Bridge are modeled

with their designated parameters used in Chapter 3. This only leaves selection of the input capacitors
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C,,; and C;,,, corresponding to MMSCC and H-Bridge input capacitors. As the QPRSCC input voltage

increases the resonance peak decreases in magnitude and at slightly lower frequency. At low voltages
there is a pole-zero cancellation and the overall behavior is somewhat first order (ignoring the resonant
peak). At higher voltages the pole and zero separate leading to a steeper slope past the resonance point
until reaching the zero. The interaction between the moving poles and zero is more pronounced at high
voltages evident in the phase response of the input to output voltage transfer function but certainly not

problematic.

Inspection of the frequency response of QPRSCC open-loop line-to-output voltage transfer function
reveals it is a combination of the MMSCC and H-Bridge line-to-output voltage transfer functions as
shown in Fig. 4.15. The MMSCC line-to-output transfer function frequency response is approximately
that of a first order filter as discussed in section 3.2.2. The H-bridge exhibits the common LC second
order filter as shown in section 3.2.3. The resonance peak of the H-Bridge (created by the LC filter) is
seen as well in the QPRSCC. Variations to the H-Bridge inductor or the output capacitor will shift the
resonance peak while, variations in the output capacitance and switching capacitance will affect the

bandwidth of the first order filter behavior of the MMSCC.
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Fig. 4.15. Frequency response of the QPRSCC line-to-output voltage with 12V on the H-Bridge and the
MMSCC with input voltages of 36V, 48V, and 60V operating in 2:1, 3:1, and 4:1 respectively.

A pole zero map of the QPRSCC (Fig. 4.16) line-to-output voltage transfer function at input voltages
36V, 48V, and 60V reveal that all poles and zeros are in the right half plane (RHP). There are a pair of
complex poles,-1.2 + 4.05 kHz, which correspond to the resonant peak and do not shift significantly. A
pair of complex zeros move closer to the complex poles as the input voltage increases. There also a
pole and zero that both migrate closer to zero along the real axis in the tens of kHz range. These
correspond the interactions seen past the resonant peak in the magnitude of the QPRSCC line-to-output

transfer function frequency response in Fig. 4.15.
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Fig. 4.16. Pole Zero map of the QPRSCC line-to-output voltage transfer function

The frequency response of the QPRSCC line-to-output voltage transfer function is plotted in Fig. 4.17
for input voltages of 4V, 12V, and 16V for the H-Bridge, (over the entire QPRSCC input voltage
range). The overall behavior is similar across the input voltage range with minimal movement of the
resonant peak (withing the range of 3kHz to 5kHz), with some additional variation in the frequency
response just past the resonant peak. The 2™ order resonant behavior is most pronounced when the
MMSCC has a conversion ratio of 4:1 and when the H-Bridge is operating in boost mode (input
voltage of 4V). The frequency response is closest to first order in nature when the H-Bridge is in buck
mode with 16V input to the H-Bridge, especially with the MMSCC operating at 3:1 or 2:1. At low
frequencies, changes in the line-to-output voltage transfer function depend only on the voltage seen by
the H-Bridge. The conversion ratio of the MMSCC is not a factor in the frequency response at low

frequencies only at frequencies just past the resonant frequency.
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H-Bridge

Input Voltage:
4V 12V 16V
N MMSCC Ratio:
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=
Parameters:
Cin] = CinZ =
220uF

/ vo(s)/vg(s) [degrees]

10° 10° 10" 10°
Frequency [Hz]
Fig. 4.17. Frequency response of the QPRSCC line-to-output voltage at selected input voltages.
The pole zero map of the QPRSCC line-to-output voltage transfer function (Fig. 4.16) revealed a pair
of complex poles, from the H-Bridge, that lead to 2™ order effects in the frequency response.
Depending on the input voltage of the H-Bridge and the conversion ratio of the MMSCC, these 2™
order effects are reduced due to a pair of complex zeros arising from the natural feedback of the quasi-
parallel configuration. Despite the resonant peak there is only a phase delay of 90 degrees and roughly
-20dB/decade decrease in magnitude past the resonant frequency of 3-5kHz. This behavior equates to a
first order system with a bandwidth of 3-5kHz. When the H-Bridge is in boost mode (especially with a

high step up conversion ratio) the 2™ order effects are more evident.

The inductor, output capacitance, MOSFETs, and switching capacitors capacitance have been selected

and together determine the resonant frequency. The only components left to select are the input
capacitors. The input capacitors C;,; and C;, can be varied in three ways: vary the total

capacitance,vary the ratio of the two capacitances, or both. In Fig. 4.18, the total capacitance is varied
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while C;,; = C,,,. As the total input capacitance increases, the resonant frequency and peak decrease

and the overall frequency response of the QPRSCC is closer to first order in behavior. While the first
order behavior is desirable it comes at the cost of higher input capacitance and increased board area.

Note the input parasitic inductance is not included.

Input Capacitance

0
10 T e I R T T DT T Gy = SOpF
- I o — 1 0pF
= C;= 220uF
\%“ C,,= 440puF
= Parameters:
Cinx: CinlzcinZ

H-Bridge Input
Voltage: 12V

Frequency [Hz] MMSCC 3:1
50 T T
o'
[
2 0
)
Q
=
> S0
=
N 450 : N ; M
2 3 4 5
10 10 10 10

Frequency [Hz]
Fig. 4.18. QPRSCC line-to-output voltage frequency response varying input capacitance withC;,; = C;,»
In Fig. 4.19 frequency response of the QPRSCC line-to-output voltage transfer function is evaluated
with different total input capacitances and different ratios between C,,; and C,, ,. With increasing total
capacitance, the resonant frequency decreases as shown previously in Fig. 4.18, but is not dependent on
the ratio (C;,; and C,,,). The dampening of the 2" order resonance is proportional to the capacitance
C,,» (the input capacitance for the H-Bridge). The larger C;, ,, the more the frequency response behaves
as first order. This also indicates that in terms of the QPRSCC dynamics the input capacitance C,,; can
be comparatively small. This intuitively makes sense as the averaged small-signal model of the
MMSCC includes an input capacitance in parallel with the input capacitance C,,; seen in Fig. 4.14(a).
The modeled input capacitance of the MMSCC is approximately 120uF for the MMSCC in 2:1, 3:1,
and 4:1. Thus, there is effectively at least 120uF seen at C,, ; by the QPRSCC in terms of small-signal

1
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dynamics. Shifting the resonant frequency is not of much value however, increasing the input
capacitance for the H-Bridge will cause the QPRSCC line-to-output voltage frequency response to
behave more like a first order system. The 2™ order behavior in the output is less effected by changes in

the input voltage past 10kHz until reaching the MHz range when the first order behavior is equivalent.

100 I R SRR TT SR - g 7Cl}’l]:110uF
. : g L v C;po= SOuF
__Cin]: SOHF
= 10f C,,,= 110uF
; 7Cin/: 330HF
= C,,,= 110uF
@° 107 F --C,,/= 110puF
- C;,o= 330puF
1072 N N i L C,,,= 110puF
o o o o 10" - - Cjy= 1104F
Frequency [Hz] C;,o= 440uF
20 : r
Parameters:
° H-Bridge Input
g -0 Voltage: 12V
& MMSCC 3:1
S -40f
EO -60 -
=2 -sof
-120

2 3 4 5
10 10 10 10
Frequency [Hz]
Fig. 4.19. QPRSCC line-to-output voltage frequency response varying the input capacitance ratios (C;,;#C;,,»)

4.2.3 Open Loop Output Impedance Transfer Function

A. Derivation of the Output Impedance Transfer Function
To find the small-signal output impedance, Z,,,,, the duty cycles are held constant, the input voltage is
shorted, and one injects a test current 7 solving for the ratio of the output voltage generated over the

test current. With constant duty cycles, the DC PWM switch models can be used as in the derivation of

the line-to-output voltage transfer function. The same circuit manipulations applied in the line-to-
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output transfer function can be used producing a similar circuit model as the one in Fig. 4.13 except
that the input voltage is shorted to ground and the addition of a test current at the output resulting in the
circuit model in Fig. 4.20(a). With the input voltage shorted the transformers can be combined, this

results in one transformer with a turns ratio of D,':nD, and with opposite polarity. As in section 4.2.1

. 1 .
the impedances are Z_,,,=r. ., +—— > Zuyp=Vtun+t—,and Z,=R,+ . The resistances r,

N Cin] s in2 N 2
and r, definitions are repeated as (4.59) and (4.60) for convenience. From the circuit shown in Fig.
4.20(a) the transformers can be combined to a single transformer with an equivalent conversion ratio

and opposite phase dots as depicted in Fig. 4.20(b).

ra=D1D1’re,+rL—|—(Df+Dl '2)rs (4.59)
D, D, |
rszz,rez—i- 1+ X r (4.60)
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(a)The input voltage is shorted to ground and a test current is injected at the output for output impedance analysis

R R Ta
2 1 '2 v
D, :nD, Df P
T rh
C,=—= [:I D D, 7
Z, 1Z, D, | y
: an 2 ° Z o> D, R, ?} CT

(b) The transformers can be combined allowing for the impedances to be gathered to one side

Fig. 4.20. The small-signal PWM switch models are employed to give a (a) small-signal output impedance
circuit model. The two transformers can be combined to give (b) a single transformer circuit model.

The impedances from the H-bridge can be reflected across the transformer, so that all of the
impedances are on one side of the transformer. The single impedance network (including R;;) is a two

port passive network where the currents are related to the voltages by its admittance parameters.
Replacing the impedance network with the two port model gives Fig. 4.21(a). The replaced impedance
network is shown in Fig. 4.21(b).
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(a) Two Port impedance network circuit model for QPRSCC small-signal output impedance
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(b) Impedance network

Fig. 4.21. The QRPSCC small-signal output impedance modeled with a (a) two port impedance network
replacing the shown (b) impedance network

Using KCL at the output node in Fig. 4.21(a) gives (4.61).

1 —

nD,

i,=

£ (4.61)
i2
The currents ; apd j, are defined by the admittance parameters and the voltages seen at their

respective ports, v, and v, , as in (4.62).

[
I

Inspection of Fig. 4.21(a) shows that v,=v, and v,=—D,'l(nD,)v, - The currents can now be

~Y prase| (4.62)

2

written as (4.63).
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1
=Y oprsc| —D," |V, (4.63)
nD,

[
I

Substituting the currents (4.63) into the original equation (4.61) gives (4.64).

D, 1
: nD,

Dividing both side by the output voltage gives the output admittance transfer function (4.65).

¥ (s)=—t -1 P2y zl)' (4.65)
o\S _ZO(S)_ nD, OPRSC _Dz .
np,

The admittance parameters Yoprsc are most easily found from ABCD parameters. The ABCD

parameters for the impedance network for the QPRSCC output impedance model from Fig. 4.21(b) can
then be written as (4.66).

ABCD gppsc=

1 0 1 0
TR T P I e [
7 1

C D] |— 1|0 1 [[sC, 1{l0 1 Lo
Rth eqin
1 r, sL Dz, ?
where Z,,.=—\Z,,1Z,,11Z,] and Z . .= + r
eqin nz( 1 2 CZ) P (nD1)2 (nD1)2 ”lD1 b

The admittance parameters can be found from the ABCD parameters by (4.67).

D BC—-AD
_|Yn Yn|_| B B
Y = = 4.67
orse Yo Vo __1 é ( )
B B

With the admittance matrix defined and the output admittance transfer function found the the output

impedance of the QPRSCC is simply (4.68).

Z,(s)= (4.68)

B. Analysis of Output Impedance Transfer Function

One limitation of this analysis is the parasitic inductances in the MMSCC and the output capacitance

are not modeled. In the MHz range, it is expected that the output impedance will begin to increase due
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to these parasitic inductances. Looking at the small-signal circuit model in Fig. 4.21(b), it is evident
that the increasing impedance of the H-Bridge inductor is effectively removed at high frequencies as
the capacitor's impedances act as shorts. At higher frequencies, the output impedance is dominated by
the MMSCC behavior, and the parasitic inductances of the MMSCC and output capacitor will be the

determinants of the frequency response. This will have a negligible affect on the analysis.

The output impedance of the QPRSCC will depend on the QPRSCC input voltage as indirectly forces
changes of the MMSCC modes from 2:1, 3:1, and 4:1. It was previously assumed in section 3 and [48]
that the output impedance of the QPRSCC is equivalently the paralleled output impedances of the
MMSCC, H-Bridge, and output capacitor. It is anticipated that the conversion ratio of the MMSCC will
be a significant determinant of the QPRSCC output impedance.

The frequency response of the QPRSCC output impedance is plotted with the output impedances of the
MMSCC and the H-Bridge at the same operating point. The QPRSCC is at 48V corresponding to the
3:1 MMSCC and 12V input voltage for the H-Bridge. The equivalent paralleled impedance of the H-
Bridge and MMSCC output impedance is also included in the frequency responses shown in Fig. 4.22.
The paralleled output impedance of the MMSCC and H-Bridge does a reasonable job approximating
the QPRSCC output impedance but does not capture completely the frequency response. In most cases
this approximation is adequate for understanding the output impedance of the QPRSCC. This
approximation does not include the effects of the input capacitors or the effect of having the two

converters connected in series.

0 — QPRSCC
10 B R L R R M N e — 3:1 MMSCC
— H-Bridge
_ 107k
G
é 10—2 i Parameters:
48Vin QPRSCC
S S 12Vin H-Bridge
10° 10 10° 10° 10" 10> Cin1=Cinz =2200F

Frequency [Hz]

Fig. 4.22. QPRSCC output impedance frequency response compared to equivalent impedance of the H-Bridge
and MMSCC output impedances in parallel.

The output impedance frequency response is plotted at different QPRSCC voltages in Fig. 4.23 to
analyze the effects of the H-Bridge and MMSCC at different operating points. The input voltages
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selected have the H-Bridge in buck, buck-boost, and buck mode of operation and the MMSCC in 2:1,
3:1, and 4:1. The conversion ratio of the MMSCC is shown to have the most significant effect on the
output impedance, especially the DC value. The H-Bridge operating as a boost converter has a higher
output impedance is reflected in the higher QPRSCC output impedances illustrated by the blue lines.
The other major change to the frequency response is in the damping of the resonant peak seen in the
3kHz to 5kHz range by the H-Bridge operating in 4V. As the voltage increases on the H-Bridge, a zero
decreases in frequency providing a phase lead and increase in magnitude. At 4V, this zero is effectively
canceled so that the output impedance has a more first order frequency response.

H-Bridge

Input Voltage:
4V 12V 16V

MMSCC Ratio:
---2:1

—3:1

e 4:]

Z,(s)| [€2]

Parameters:
Cin] = CinZ =
220uF

£ Zv,(s) [degrees]

Frequency [Hz]

Fig. 4.23. QPRSCC output impedance frequency response at selected QPRSCC input voltages

In the derivation of the output impedance small-signal circuit model, the input capacitors are paralleled
(Fig. 4.21(b)) thus the total input capacitance and not the ratio between them will affect the output
impedance. The frequency response, of the output impedance with different input capacitors are plotted

in Fig. 4.24. As the total input capacitance increases, the resonance peak decreases in frequency and
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magnitude. As expected changing the ratios of the input capacitors has no effect on the output

impedance.
— C;,/= 110pF
Cin2: SO“F
--C,;,;= S0uF
C;,>= 110pF
g — Gy~ 3304F
= C,,o= 110pF
N
Parameters:

H-Bridge Input
Voltage: 12V
MMSCC 3:1

£ 7Zv,(s) [degrees]

Frequency [Hz]

Fig. 4.24. QPRSCC output impedance frequency response with various input capacitances

4.2.4 QPRSCC Control-to-Output Voltage Transfer Function

The QPRSCC like the DC-DC H-Bridge has two independent duty cycles, D; and D,, that can be

controlled separately. As in [both h-bridge papers] it is necessary to derive the control-to-output
transfer functions from each duty cycle, D; and D,, separately. This can be done by keeping one duty

cycle constant and using the Vopérian equivalent DC PWM switch model and perturb the other duty
cycle and using the Vopérian small-signal PWM switch model. For example to find the transfer

function of the control D, to output voltage, D, is perturbed while D; is held constant and vice versa to

derive the transfer function for the control D; to the output voltage.
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A. Derivation of Control D, (Boost) to Output Voltage Transfer Function

To find the control D, to output transfer function the control variable D; will be held constant and a

~

small perturbation d, is applied to the other duty cycle D,. The Vopérian equivalent DC PWM switch

model will be used for the switches controlled by D; and the small-signal PWM switch model is used
for the switches controlled by D ,. For control-to-output analysis, the input voltage is shorted to ground
and any load inputs are removed from the system. This gives the control D ,-to-output voltage small-

signal circuit model for the QPRSCC shown in Fig. 4.25. The dependent voltage source £ and the

dependent current source J are defined in (4.69) and (4.70) respectively. The DC quantities /~ and
Vpy, have been defined previously (section 4.1 DC Analysis) as (4.24)and (4.29). The resistances

r,; and r,, have also been defined as (4.8) and (4.9).

Fig. 4.25. Control-D,-to-output voltage small-signal circuit model

E=V =Dy 1l 0=V py= D51 L (4.69)

Ie, ¢
J=—== 4.70
D, D, (4.70)

The capacitors ¢ . and C, and their respective series resistance are all in parallel and can be

in2s

combined as a single impedance Z,,, defined by (4.71). The switch resistances at terminal a; and p,

eqin
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can both be reflected across the transformer to terminal ¢; and combined with the neighboring resistors

to form 7, defined in (4.2). To move the resistor at terminal a, to p,, the dependent current source

must be adjusted to be in parallel with the resistor. The resulting changes are shown in Fig. 4.26(a).

Zeqin:(rcin1+ I/SCin])II(rcin2+ l/SCinZ)II(R3+1/SC2) (471)
ra=D1D1’re,—i-rL+(D?-i-D1 'z)rs (4.72)
Once the current source is in parallel with the resistance at terminal a,, it can be converted to a

Thévenin equivalent circuit (Fig. 4.26(b)). The switch resistance and the newly created voltage source
can then be reflected across the transformer (Fig. 4.26(c)). The voltage source is reflected to the left of

the transformer to keep the dependent voltage sources together and the switch resistance is reflected to

the right of the transformer to create the resistance r, defined in (4.9). The two dependent voltage

sources and the dependent current source can be reflected across the transformer to the right side. The

voltage sources are in series with the resistance r, and can be shifted past the voltage sources but not

the current source giving Fig. 4.26(d). The transformer from the SCC and the transformer from the

buck portion of the H-bridge can be combined as a single transformer with opposite polarity and a turns

ratio 1:nD, . In order to move r, Past the dependent current source an equivalent voltage source must
be added as in Fig. 4.26(e). Now r, can be reflected to the left side of the transformer and be

combined with the inductor and r, 10 make a series impedance Z ,,,, defined as (4.8) and depicted in

Fig. 4.26(e).
D, D, |
rb_D—2’r62+ 1+ X T (4.73)
prmzra+SL+rb(D2’)2 (4.74)
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(e)

Fig. 4.26. Through circuit manipulation the small-signal circuit model can be modified from (a) to (e)

The impedance Z,,,, can then be reflected to the left of the transformer with turns ratio 1:xD, . This

pwm
allows for the circuit model to be reduced to a single impedance network, a single transformer with
turns ratio D,’:nD,, and the dependent current and voltage sources. The impedance network, shown
in Fig. 4.27(b), can be replaced with a two port model described by ABCD parameters. This provides a

simple small-signal model of the QPRSCC for analysis of the control D, to output voltage transfer
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function shown in Fig. 4.27(a). The combined dependent voltage Ep, is (4.39).

Impedance
MNetwork

(a)simplified control-D,-to-output voltage small-signal circuit model with two port network.

i, Z,./(nD} R, R, i,
{1 M
+ 7 R +
V] |::| —;qz __C] Ik% Vo

(b) complex impedance network

Fig. 4.27. The control-D ,-to-output voltage small-signal circuit model using (a) two port
impedance network model to replace the (b)complex impedance network

1

E. =
d Dzl

|E=Jr.D,y|+JD,'r, (4.75)

Analyzing the model in Fig. 4.27(a) gives the governing equations (4.38) through (4.36).

. D
E,d,=v,+>y, (4.76)
D,
R
JD2 d2:l2+n—l)lll (477)
Vil=ABCD|"° (4.78)
L 2

Equations (4.30) and (4.28) can be written as a system of linear equations (4.26). Substituting (4.10)
into the system of equations (4.26) gives (4.24).

nD,
Eq |G = P AL O 4.79)
JD,’ 0 D, |li;| 10 1],
nD,
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(4.80)

Equation (4.45) can be expressed in the form of CY = A X asin (4.11). Premultiplying both sides by
the inverse of A gives (4.25), the multiplication of A-! C will give a 2x1 matrix whose first row is the

desired control-to-output voltage relation.

Cra d~2:A2x2 ‘i}o (4.81)
2 -
A;)Jz Cra ‘?2: ‘l.}” (4.82)
2
‘.}0 :A;xlz szl‘iz (4.83)
Iy

B. Analysis of Control D, to Output Voltage Transfer Function

Analysis of the QPRSCC control is motivated by two questions: how does the quasi-parallel
configuration affect the control and can a control strategy designed for the H-Bridge work for the
QPRSCC? For a sigma configuration (quasi-parallel) [49] the authors found the intrinsic feedback of
the quasi-parallel configuration simply attenuated the control-to-output frequency response. The same
effect is expected to be found here implying a control strategy designed for the H-Bridge will
adequately regulate the QPRSCC. This allows for the efficient control strategy outlined in [64] and [65]
for the H-Bridge and for the use of commercial IC regulators such as the LT8705 for regulation of the
QPRSCC. Analysis of the QPRSCC small-signal line output impedance and line-to-output voltage
transfer functions have revealed the QPRSCC to behave somewhat like a first order system. The phase
change is in total -90 degrees and the magnitude decrease is -20dB/decade. There is some 2™ order

affects and resonance seen but this occurs with in a limited frequency range. This means the RHP zero

from the H-Bridge, in the control-D ,-to-output voltage transfer function, will add -90 degree to the

phase change but will only add up to -180 degrees for the QPRSCC. This will mitigate the control

issues associated with the RHP zero.

The H-Bridge control-D,-to-output voltage transfer function is compared to the QPRSCC transfer
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function in Fig. 4.28. The H-Bridge is operated with the same input voltage and load as the H-Bridge in
the QPRSCC operating with 40V input voltage and the MMSCC in 3:1 operating at 50% load (60W).
The quasi-parallel configuration as expected attenuates the DC gain of the H-Bridge control-to-output
transfer function. The frequency response of the QPRSCC is still 2™ order like the H-Bridge with a
-40dB/decade slope until reaching the LHP zero from the quasi-parallel intrinsic feedback and the RHP
zero of the H-Bridge. In terms of phase change, there is a significant change as the natural feedback of
the QPRSCC adds a LHP zero. This LHP zero adds 90 degrees to the phase effectively negating the -90
degrees due to the RHP zero. Thus the QPRSCC phase settles to -180 degrees instead of the -270
degrees for the H-bridge. The quasi-parallel configuration is still affected by RHP zero from the H-
Bridge but because the QPRSCC behaves somewhat like a first order system the -90 degree phase from

RHP zero is less problematic.
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Fig. 4.28. Frequency response of the QPRSCC and H-Bridge control-D,-to-output voltage transfer function

showing the quasi-parallel configuration attenuates DC gain
Next the frequency response of the control-D ,-to-output voltage transfer function of the QPRSCC will

be analyzed at different input voltages range, different load conditions, and finally with various input
capacitors. The frequency responses at key QPRSCC input voltages are plotted in Fig. 4.29. The
behavior of the QPRSCC control-to-output transfer function is as expected in the design of the H-
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Bridge converter or a boost converter. The input voltage of the H-Bridge, or alternatively the duty ratio
D,, steady state value has the most significant affect on the frequency response of the QPRSCC

control. The different conversion ratios of the MMSCC on the other hand is seen not to have significant

affect on the frequency response.
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Fig. 4.29. The frequency response of the QPRSCC control-D,-to-output voltage transfer function does not vary
significantly across the QPRSCC input voltage range.

The QPRSCC control D, to output voltage transfer function frequency response is evaluated at

different load conditions. The QPRSCC is set at an operating point of 42V putting the H-Bridge in
boost mode with a conversion ratio of 1:2 and the MMSCC in 3:1. The load is varied from 1A to 10A
in Fig. 4.30 showing significant affect on a zero. In the magnitude plot, a zero is seen to decrease in
frequency as the load increases. The phase frequency response reveals the problematic RHP zero is still
present, but has been negated at light loads. As the load increases the RHP zero decreases in frequency

causing the phase to reach -180 degrees at a lower frequency.
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Fig. 4.30. The frequency response of the QPRSCC control D,-to-output voltage transfer function at different
output current loads highlighting an issue in terms of phase margin at high loads.

Finally the effects of the input capacitors on the frequency response of QPRSCC control D, to output

voltage transfer function are investigated. Previous analysis has indicated that the total input
capacitance and the amount of capacitance for the H-Bridge significantly affects the frequency
responses depending on the impedance network. Inspection of the impedance network, Fig. 4.27(a),

shows the individual capacitors C;,; and C,,, are paralleled and combined to a single impedance thus

inl
only the total input capacitance will affect the frequency response and not the ratio of the input
capacitances. If the H-Bridge can quickly change its input voltage then the input voltage for the
MMSCC will change quickly as well allowing for the appropriate output voltage to be achieved faster.
This implies that a lower input capacitance (thus less current to change the voltage) will provide higher
bandwidth for the control but possibly more resonance. This agrees with previous analysis where

higher capacitance decreased bandwidth but made the QPRSCC behave more like a first order system.

The QPRSCC frequency response of the boost control-to-output voltage transfer function is shown in
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Fig. 4.31 indicating this to be the case. It takes a substantial increase in the amount of input capacitance
to decrease the resonance peak seen and make the behavior more first order. Additionally it reduces the

bandwidth and in terms of control design the benefits of increased input capacitance are negligible.
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Fig. 4.31. QPRSCC control-D ,-to-output voltage frequency response as the total input capacitance is varied

C. Derivation of Control D, (Buck) to Output Voltage Transfer Function

To find the control D, to output transfer function the control variable D, will be held constant while D,
is perturbed by d , - This allows the DC PWM switch model to be used for the switches controlled by
D, and the small-signal PWM switch model for the switches controlled by D;. Other system inputs

such as the input (line) voltage and load transients are set to zero. The control D; to output voltage
small-signal circuit model for the QPRSCC is as shown in Fig. 4.32. The dependent voltage source E
and the dependent current source J are defined in (4.51) and (4.55) respectively. The DC quantities /-
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and V' ;p; have been defined previously in section 4.1 DC Analysis as (4.24) and (4.22). The resistances
r,; and r,, have also been defined in 4.1 DC Analysis as (4.8) and (4.9).

1

E:F(VAM"'(Dl_Dl’)rellc) (4.84)
1

J=1I, (4.85)

i é,_ cinl

Cinz ZI:
=

Fig. 4.32. Control-D;-to-output voltage small-signal circuit model of the QPRSCC

The capacitors (¢

C,,,and C, and their respective series resistance are in parallel and can be

inl» in2»

combined as a single impedance Z,, defined by (4.56). The switch resistance at terminal a, can be

eqin
reflected across the transformer to terminal ¢, and combined with the neighboring resistors to form 7,

defined in (4.72).

Z i =7y + 1/ sC, ) IL(7 1+ 1/ 5C, 0 ) TRy +1/5C,) (4.86)
D D, \
rsz 2, 7+ 1+ D 2, T (4.87)
2 2

To move the resistor at terminal p; to ¢;, the dependent current source must be manipulated to be in

parallel with the resistor. Once in parallel, the current source and resistance can be replaced by a
Thévenin equivalent model. The aforementioned changes have been implemented in Fig. 4.33(a). The

resistance and voltage source from the newly created Thévenin equivalent can then be reflected from

the bottom, p;, of the transformer to the sides a; and c;. The resistance is reflected to the right, to c,,
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and joined with the non-linear resistance and inductor resistance to form r, defined in (4.73). The

impedance Z,, 1is also reflected across the SCC transformer in an effort to gather all impedances

eqin
together to form a single impedance network. These changes result in Fig. 4.33(b).
r.=D,D,'r,+r,+D,"r, (4.88)

The objective is to move all the impedances into a single network and combine all the transformers.
The next step is to combine the dependent voltage sources and reflect them and the current source
across the transformer. The voltage source is then in series with »,, L, and r, and can be moved to the
right of those impedances Fig. 4.33(c). The current source can be moved to the right of those
impedances as well by adding an equivalent voltage that can be combined to form E; defined in. This
allows the voltage source and current source to be reflected across the last transformer (boost portion of
the H-bridge). The impedance r,, L, and r, can be reflected left across the transformer representing
the buck portion of the H-bridge. The resistance 7, can be joined with the switch resistance 7,
resulting in the familiar resistance r, used in previous sections and defined as (4.74). The impedances
r,, L,and r, can be represented by a single impedance Z ,,, defined in (4.75). This gives the model

shown in Fig. 4.33(d).

pwm

r.=D,D,"r +r,+(D+D,")r, (4.89)

Z pm=rotsL+r,(D,') (4.90)
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Fig. 4.33. Manipulations of the small-signal circuit model to create a single complex impedance network
creating a simplified control-to-output voltage small-signal circuit model.

The impedance Zyym can then be reflected across the SCC transformer, thereby arranging all of the

impedances in a single network shown in Fig. 4.34(b). The impedance network can now be modeled as
a two port model described by ABCD parameters. The transformer from the SCC can then be combined
with the transformers representing the switches in the H-bridge resulting in a simple circuit model
representing the control D1 to output voltage small-signal behavior of the QPRSCC depicted in Fig.
4.34(a).
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(a) Simplified small-signal circuit model with two port impedance network
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(b) complex impedance network

Fig. 4.34. The control-D,-to-output voltage small-signal circuit model can be modeled with (a)
two port impedance network replacing the (b) complex impedance network.

Analyzing the circuit in Fig. 4.34(a) gives the governing equations (4.76) through (4.78).

~ nD,
E,dy=v,+——v, (4.91)
D,
D, . . D).
J D21 d2=12+n—Dlll (4.92)
Vil=ABCD|"° (4.93)
L 2

Equations (4.76) and (4.77) can be written as a system of linear equations (4.79). Substituting (4.78)
into the system of equations (4.79) gives (4.80).

B nD, 0
d ’
~ | D v 1 O||lv
D.'\d,=| 2 ! 0 4.94
JD2 ? o Dl 0 1)4, (4.94)
! nD,
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(4.95)

Equation (4.80) can be expressed in the form of CY = A X as in (4.81). Premultiplying both sides by
the inverse of A gives (4.82), the multiplication of A-! C will give a 2x1 matrix whose first row is the

desired control-to-output voltage relation.

C2x1d~2:A2x2 ‘i}o (4.96)
2
71 ~ -V ]
Aoy C2x1d2: l." (4.97)
2
‘i}o :A;xlz szljz (4.98)
2

D. Analysis of Control D, to Output Voltage Transfer Function

The QPRSCC control D; to output voltage transfer function will be compared to the control transfer

function of the H-Bridge, analyzed at different operating points of the QPRSCC input voltage range,
analyzed at various loads, and finally with different input capacitances. It has been established that the
quasi-parallel configuration natural feedback puts a zero into the transfer functions leading to an
approximately first order behavior of the system. There is resonant frequency where the phase reaches
minimum of -150 degrees and the magnitude decreases at -40dB/decade until reaching the zero from

the quasi-parallel configuration. These properties are expected to be seen again in the duty ratio D; to

output voltage transfer function.

The frequency response of the H-Bridge control D; to output voltage transfer function is compared to

the QPRSCC transfer function in Fig. 4.35. The H-Bridge is operated with an equivalent input voltage
and load as the QPRSCC operating with 48V input voltage and the MMSCC in 3:1 operation for 50%
load (60W). The quasi-parallel configuration as expected attenuates the DC gain of the H-Bridge
control-to-output transfer function and the addition of the zero from the quasi-parallel configuration
makes the frequency response more like a first order system, suggesting a control strategy implemented

for the H-Bridge will be able to control the QPRSCC.

144



2 - I - L - — H-Bridge

10 T T
' ' — QPRSCC
% 100 |
= Parameters:
EN 2 Cinl :C1n2: 220].LF
- 10
= QPRSCC Vin: 48V
10~ i MMSCC:3id
1 2 3 4 5 & QPRSCCI,: 2A
10 10 10 10 10 10
Frequency [Hz] H-Bridge Vin: 12V
50 S R A A T T
8 0
2
S -50f
DT ) T N R
2 S oL
= oIt S T
\] -200 . MR | N R | . MR | N MR |
1 2 3 4 5 6
10 10 10 10 10 10

Frequency [Hz]

Fig. 4.35. Comparison of the frequency response of the QPRSCC and H-Bridge control-D;-to-output voltage
transfer function shows that the quasi-parallel configuration attenuates DC gain and adds a zero

The frequency response at key QPRSCC input voltages are plotted in Fig. 4.36 revealing no potential
issues in terms of control design. The behavior of the QPRSCC control-to-output transfer function is as
expected in the design of the H-Bridge converter or a buck converter. The largest effect on the
magnitude of the frequency response is due to changes in the conversion ratios of the MMSCC. In 3:1
and 4:1 operation of the MMSCC decreases the resonant frequency and the associated magnitude at the
peak. The most significant change is seen in the phase of the frequency response with the 2" order

effects most prominent with an input voltage of 8V for the H-bridge.
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Fig. 4.36. The frequency response of the QPRSCC control-D;-to-output voltage transfer function does not vary
significantly across the QPRSCC input voltage range.

The QPRSCC control D;-to-output voltage transfer function frequency response is evaluated at

different load conditions. The QPRSCC is set at an operating point of 48V putting the H-Bridge in
buck-boost mode with a conversion ratio of 1:2 and the MMSCC in 3:1. The load is varied from 1A to

10A in Fig. 4.37 showing no significant change to the frequency response.
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Fig. 4.37. The frequency response of the QPRSCC control-D;-to-output voltage transfer function is not affected
by different loads.

Lastly the effects of the input capacitors on the frequency response of QPRSCC control D, to output
voltage transfer function are investigated. Inspection of the impedance network, Fig. 4.34(a), shows the
individual capacitors C;,; and C;,, are combined so that the total input capacitance will affect the

frequency response and not the ratio of the input capacitances. The QPRSCC frequency response of the
buck control-to-output voltage transfer function is shown in Fig. 4.38. As the input capacitance
increases, the resonant frequency seen in the QPRSCC frequency response decreases and is dampened.

The QPRSCC control-to-output voltage frequency response behaves more like a first order system with

larger input capacitance. As with the control duty ratio D, it requires a significant amount of

capacitance and achieving more first order behavior is not necessary in terms of control.
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Fig. 4.38. QPRSCC control-D;-to-output voltage frequency response as the total input capacitance is varied.

4.2.5 Conclusions of Small-Signal Analysis

The quasi-parallel configuration provides feedback within the power path adding a zero to the dynamic
behavior of the QPRSCC. In each case, the QPRSCC exhibited some 2™ order behavior at a resonant
frequency. The selection of input capacitance can provide damping causing the QPRSCC
characteristics become more like that of a first order system. For the line-to-output voltage transfer
function the QPRSCC can be approximated by a first order system with a high frequency phase of -90

degrees. At the resonant frequency it does reach a minimum of -150 degrees.

In terms of control of the QPRSCC, it is seen that with the quasi-parallel configuration the natural
feedback attenuates the DC gain but also gives desirable approximate first order behavior. Again, 2™

order effects occur in the form of complex poles but the effects are generally mitigated by neighboring

complex zeros. For the control duty ratio D, the RHP zero is still present but it now pushes the phase to
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-180 degrees for the QPRSCC compared to -270 degrees for the H-Bridge. All analysis indicates that a
control strategy implemented for the H-Bridge can be used to control the QPRSCC. This allows for
commercial IC regulators to be used to control the QPRSCC.

4.3 Simulation of QPRSCC

The last section of this chapter will provide simulations of the designed QPRSCC in LTSpice. LTSpice
enables simulation with an IC regulator (LT8705) which will be used in the hardware prototype. The
input capacitors are set as C,;,,; = 120uF C,, , = S0uF for simulations based off the previous analysis and
by normal input ripple requirements. Simulations will be performed to show that the LT8705 and the
designed QPRSCC can achieve a regulated steady state voltage in section 4.4.1. Following steady-state

evaluation both load and line transients tests will be simulated and covered in section 4.4.2

demonstrating the excellent load dynamic properties of the QPRSCC.

4.3.1 Steady State Simulation of the QPRSCC

A SPICE circuit model is developed in LTSpice (the schematic can be seen in Appendix C). The
MMSCC MOSFETs are represented with switch elements with an on resistance corresponding to the
R ., Of the MOSFETs with a 40°C temperature rise. The H-Bridge is simulated with the LT8705, an
inductor, and MOSFET SPICE models taken from the manufacturer's websites. A SPICE block is
created that will turn on and off the MMSCC modules depending on the input voltage such for an
increasing voltage the MMSCC will operate from 2:1 to 3:1 and from 3:1 to 4:1 at 40V and 52V. The

same voltages are used to turn off modules with decreasing input voltages.

14 ' ! ' ! ' ! —Vour
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Time [ms]

Fig. 4.39. Start-up of the QPRSCC using the LT8705 soft-start feature.
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The start up of the QPRSCC with a input voltage of 48V is shown in Fig. 4.39, demonstrating the
LT8705 can provide steady state regulation for the QPRSCC. It highlights the soft start feature offered
by the LT8705, shown to start just past 0.5ms. The soft start prevents high currents flowing through the
inductor and promotes a well-behaved start up. Simulations with input voltages of 36V, 48V, and 72V
also achieve the steady state output voltage of 12.1V as shown in Fig. 4.40. As noted in section 3.3 for
the design of the H-Bridge, the chosen feedback resistors would result in regulated output voltage of

12.1V, which is accurate enough for most 12V applications.
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Fig. 4.40. QPRSCC reaches steady-state output voltage for different input voltages.

The input voltage of the H-Bridge is plotted in Fig. 4.41 showing a constant voltage at the expected
voltages of 12V, 12V, and 24V for the QPRSCC input voltages of 36V, 48V, and 72V. The percentage
of power processed by the H-Bridge is equivalent to the ratio of the H-Bridge input voltage to
QPRSCC input voltage. For the QPRSCC input voltages of 36V, 48V, and 72V the H-Bridge should
handle 1/3, 1/4, and 1/3 respectively of the total power. The inductor currents should then be
approximately 1.6A, 1.25A, and 1.6A for a 5A load for the QPRSCC. The plotted inductor currents
(Fig. 4.41) confirm that the H-Bridge is converting only a portion of the total power.
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Fig. 4.41. The steady-state H-bridge input voltage and corresponding inductor current for different QPRSCC
input voltages confirms partial power properties.

Simulations confirm that the LT8705, subsequently control of the H-Bridge, can provide regulation for

the QPRSCC and reach the desired steady state operation.

4.3.2 Transient Simulations

The response of the regulated QPRSCC to load and line transients were also simulated. Analysis of the
QPRSCC, indicates that it will have excellent and well behaved behavior in response to load transients.
It is expected that the MMSCC, with a lower output impedance, will provide the majority of the current
during the transient. Ideally the H-Bridge inductor current ideally will have a first order response rising
to the needed steady state current. In terms of line transients, the choice of input capacitance will affect
the QPRSCC response. The lower capacitance will provide higher bandwidth but increased 2™ order
oscillatory behavior. The regulation provided by the LT8705 should eliminate the oscillatory behavior
and will benefit from the higher bandwidth provided by lower input capacitance. The input capacitors

are selected as C,,,; = 120pF C,,, = 50uF for the following transient tests.

The QPRSCC is operated with an input voltage of 48V and given a load step from 10% to 100% and
then back down. The voltage response is excellent staying within +£150mV of the regulated 12.1V as
seen in Fig. 4.42. Inspection of the inductor current shows limited overshoot of the steady state current.
Tuning of the LT8705 compensation network may further reduce the overshoot, but it is not a major

concern.
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Fig. 4.42. QPRSCC load is stepped from 10% to 100% and vice versa showing excellent transient response.

The input voltage of the QPRSCC is stepped and ramped from 42V to 52V keeping the MMSCC in 3:1
operation. The transient response for the line step and line ramp are shown in Fig. 4.43 and Fig. 4.44
respectively. The output voltage stays within 10% of the 12V but larger input voltage steps may prove
to be problematic, however input voltages rarely change in a step fashion but and ramp changes are
more commonly seen in terms of transients on line voltages. Given an input voltage ramp, the
QPRSCC transient behavior is excellent, varying less than 80mV as seen in Fig. 4.44. The major

changes in the output voltage response is due to the H-Bridge changing from boost to buck-boost and

finally to buck mode of operation.
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Fig. 4.43. QPRSCC output voltage response to line voltage step from 42V to 52V.
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. 4.44. QPRSCC output voltage transient response to line voltage ramp from 42V to 52V.
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4.4 Calculated Efficiency

The losses of the QPRSCC can be divided into losses due to the MMSCC and the losses due to the H-
Bridge. The losses will be evaluated separately and then combined to look at the total efficiency of the
QPRSCC. Again, the estimated efficiency does not take into account parasitic impedances due to the

PCB board.

4.4.1 Switched-Capacitor Converter Losses

For the MMSCC, there are conduction losses, switching losses, and power lost due to the gate drivers
and control circuitry. The gate drive and control circuitry should be fairly efficient and add negligible
losses in comparison to the power losses. This assumption will appear as minor errors in estimation at

light loads.

The conduction losses are estimated using the approximate output impedance found in section 3.2. This
output impedance includes capacitive and resistive losses of the MMSCC. The output current of the
MMSCC is dependent on the ratio of the input voltage of the MMSCC to the QPRSCC. The

conduction losses of the MMSCC for N:1 conversion ratio is estimated as (4.83).

VMMSCC-IN I

V o

QPRSC-IN

PN:l_

cond

R (4.99)

The switching losses of a SCC, as discussed earlier, include output capacitance losses, resistive turn on
losses, and gate capacitance losses. The turn-on of the MOSFET, sans significant parasitic inductance,
is resistive in nature due the absence of inductors. The MOSFET output capacitance and gate charge
losses are approximately fixed and depend on the device parameters. The turn-on loss depends on the
output capacitance and the current waveform. The design of the MMSCC put it near the fast switching
limit, which means it should have partial charging or no charging current waveforms. An example of
these wave forms are depicted in Fig. 4.45. In the fast switching limit, the capacitor's voltage varied
little and capacitors experience no charging (NC) giving square waveforms for the current. The design

of the MMSCC puts it on the cusp of the FSL and the capacitors experience partial charging (PC).
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Fig. 4.45. Current waveforms for charging capacitors in the complete
charging (CC), partial charging (PC), and no charging (NC) modes [11].

For the SCC with PC, the peak current can be calculated using the techniques in [11]. Using these
techniques, the turn-on losses can be approximated for different output currents. The turn-on loss is

dependent on the blocking voltage and the peak current is estimated by (4.84).

ton
Prn—on=—7V ps—orr L i s (4.100)

turn—on 6

The gate charge losses associated with the MOSFETs, AON6280 and the PSMN3R9, chosen for the
MMSCC are given in (4.85) and (4.86) respectively. The gate drive and control circuitry will be

estimated to consume roughly 0.25W.

Pg—AON:VdriveQGfsw:12V(60nc)fsw (4101)
Pg—PSMN:VdriveQGfsw:12V(21'5nc)fsw (4102)
Lastly the output capacitance losses of the AON6280 and the PSMN3R9 are calculated as (4.87) and

(4.88) respectively.

1 .
PCoss—AON = 5 Coss VDS—OFF:(’ (4103)

1 .
P coss— psun =3 Coss V ps—orr=10 (4.104).

The total gate charge losses and output capacitance losses associated with the switching MOSFET will
depend on the MMSCC conversion ratio. With different conversion ratios, there is a different number
of MOSETs switching. The total switching losses can be calculated by (4.89) where 7 is the conversion

ratio for n:1.

6 for4:1 7 for 4:1
PSW=(1+3”)Ptm-n—an+ 5 for3:1 (Pg—A0N+PCoss—A0N)+ 4 for3:1 (Pg—PSMN+PCoss—PSMN) (4-105)
4 for2:1 2 for 2:1

The calculated efficiencies of the MMSCC plotted for different output currents in Fig. 4.46 show poor

efficiencies at loads less than 2A. As the output current increases so does the MMSCC efficiency. Each
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conversion ratio of the MMSCC achieves 95% past SA (50% load). Unlike typical converters with
inductors the conduction losses are fixed for a SCC and the switching losses are greatly reduced due to

the resistive loads (not inductive). This leads to overall high efficiencies that do not necessarily

decrease with higher output currents.

MMSCC Conversion Ratio
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Fig. 4.46. Calculated efficiency of the MMSCC as a function of output current

4.4.2 H-Bridge Losses

The H-Bridge will have losses from conduction, switching, and the losses associated with the control

chip LT8705. The sources of conduction losses are due to the MOSFET R, and the inductor DC

resistance. The RMS current can be calculated from the inductor current, duty ratios, and inductance.
The inductor current can be calculated with (4.90). The duty ratio is taken from the steady state
operation of the H-Bridge in LTSpice at 36V, 48V, and 72V and the inductance is derated from its
designed value of 4.7uH by 70% to calculate the ripple current in the H-Bridge.

M 1

[ ==V, ==
R, D, R,

V
—— 4.106
nD1+D2') ( )

The switching losses for the H-Bridge are discussed briefly in the LT8705 application notes but are
similar to losses in typical buck and boost converters. The turn on and turn off losses are inductive and
typically the one of the pair of switches (on the buck or boost side) operates with soft switching due to
the body diode. The drawback is the body diode adds diode reverse recovery losses. The gate charge
and output capacitance losses are calculated as in the MMSCC. The switching losses are assumed to be

a linear inductive turn-on and calculated with (4.91). The reverse recover loss is calculated with
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(4.92).

(ton+to )
Psw:Tﬁ VDS 70FFka fsw (4107)
PQRR:QRR V ps—orr S o (4.108)

The efficiency of the H-Bridge for QPRSCC input voltages of 36V, 48V, and 72V are plotted in Fig.
4.47. At light loads the H-Bridge has an efficiency less than 80%. At higher loads, the efficiency
increases past 90% and settling around 95%. This efficiency is more than acceptable as the efficiency
of the QPRSCC will depend more on the MMSCC than the H-Bridge. This efficiency is nominally
what the LT8705 datasheet states. More than likely light load efficiencies can be increased by not

forcing continuous conduction mode and utilizing Linear Technologies “Burst Mode”.
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H-Bridge Output Current [A]
Fig. 4.47. Calculated Efficiency of the H-Bridge

4.4.3 Calculated Total Efficiency

The losses of the H-Bridge and MMSCC are combined to find the calculated net efficiency of the
QPRSCC. The calculated efficiency is plotted up to the prototypes full power of 120W in Fig. 4.48. At
loads less than 2A the QPRSCC has efficiencies under 80%, being heavily affected by the switching
losses associated with the SCC. At 3A the QPRSCC efficiency is above 90% regardless of the
QPRSCC input voltage. Details in Fig. 4.49 reveal that the QPRSCC should achieve efficiencies of
93% to 95%.
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Chapter 5 Experimental Results

A 120W half brick sized prototype of the quasi-parallel regulated switched-capacitor converter
(QPRSCC) was constructed. The choice of input capacitance and gate drive for the switched-capacitor
converter (SCC) will be covered in section 5.1. Design of the 2 layer PCB will be discussed in section
5.2. The PCB is larger than required due to time constraints and the over-design of the SCC. Tthe
unregulated operation of the multilevel modular switched-capacitor converter (MMSCC) is presented
in section 5.3. The SCC is operated in steady state in 2:1 and 3:1 modes of operation in order to
evaluate the load line and converter efficiency. Next the H-Bridge efficiency is evaluated in section 5.4.
In section 5.5 the performance of the QPRSCC operating in 2:1 and 3:1 modes will be evaluated in

terms of efficiency, load transients, and line transients.

5.1 Input Capacitor Selection, SCC Gate Drive, and Microcontroller

In sections 3.2 and 3.3, both the MMSCC and H-Bridge were designed and their respective power
components selected (i.e. the inductor, the MOSFETs, the switching capacitors, and the output
capacitance). The output capacitance of the QPRSCC was designed to meet the requirements of the
SCC which exceed the requirements of the H-Bridge. This leaves the input capacitance, the SCC gate

drive, and the microcontroller to control the SCC to be selected.

The input capacitors C;,; and C,,, must be large enough to keep the voltage for the MMSCC or H-

bridge relatively stable over a switching period. Analysis in Chapter 4 indicated that low capacitance

would lead to higher bandwidth in the frequency response of the control-to-output transfer functions.

The analysis of the line-to-output voltage transfer function indicated that having a smaller C,
compared to C;,; would passively reduce the effect of higher frequency (past 5kHz) changes in the
input voltage on the output voltage. Given this, selected capacitances were C;,; = 120uF and C,,, =

70uF. Simulations in section 4.3 demonstrated that these choices would be adequate.

One of the biggest challenges in using a SCC is driving numerous MOSFETs. The MMSCC was
selected over other SCC topologies since 8 of the MOSFETs can be driven by a typical synchronous
PWM driver as shown in Fig. 5.1. An unregulated MMSCC operates with each phase having a 50%
duty cycle. A single PWM input gate driver can be used to drive a pair of MOSFETs (circled in Fig.
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5.1) synchronously from a single signal decreasing the number of signals to be routed on the PCB. Also
these MOSFETs (indicated in Fig. 5.1) can be driven with typical boot strap methods utilized in typical
buck converters. This leaves the five floating MOSFETs, S, S,, S5, Sg, and S;;, that require isolated

gate drivers and a voltage source to provide the driving voltage.

Isolation Module

Modwe T =7 Moduled

Fig. 5.1. The MOSFETs circled here can be driven by single high-side/low-side synchronous gate driver
Our first approach was to identify if any of the voltages present within the MMSCC are suitable to
provide the necessary driving voltage for the floating MOSFETs. It was decided that this approach
would be to complex. In the end, the floating MOSFETs driving voltage was generated by using a
Texas Instruments unregulated isolated 12V IC's, DCP021212DP, which was combined with a

bootstrap method to generate driving voltages for various switches as shown in Fig. 5.2.
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Fig. 5.2. Power sources for the floating MOSFETs driving voltage

The gate drivers selected were chosen for their small package size as well as their ability to drive
multiple MOFETs. For the MOSFETs indicated in Fig. 5.1, gate driver L6747a was chosen with a
package surface area of 3.3x3.3mm. The L6747a (Fig. 5.3(a)) also offers the ability to send an “enable”
signal to turn on and off the gate driver, and the modules used to change the MMSCC conversion ratio.

For the floating MOSFETs the gate drivers Si8234 and Si8235 were selected (Fig. 5.3(c)&(e)). The
Si8234 is able to drive two MOSFETs from a single PWM input (MOSFETs S, and S; as labeled in
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Fig. 5.1). In order to turn on and off modules the switches Sy and S;; are driven with an Si8235 which

has two independent isolated gate drivers in a single package. The gate drivers and the package

dimensions are depicted in Fig. 5.3.
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Fig. 5.3. MMSCC Gate Drivers (a,c,e) block diagrams and the (b,d,f) corresponding package dimension

The microcontroller, MSP430f5510 was selected to control the MMSCC because the launchpad and
evaluation board were previously purchased in our research group. Our group had experience with this
IC, which simplified programming the IC. It met our basic requirements: it could sense the input

voltage, could produce multiple signals, and produce high frequency PWM signals.

A total of 6 different signals are necessary to operate the MMSCC for our purposes. Two signals are
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needed to produce the 50% duty cycles for Phase 1 and Phase 2 for the MMSCC. Two more signals are
needed for the floating MOSFETs Sg and S;;, one will be Phase 1 and the other Phase 2. The modules
need to be bypassed in order to alter the conversion ratio from 4:1 to 3:1 to 2:1, so these two signals

will need to be set to a constant ON, i.e. 100% duty cycle, instead of the previous 50% duty cycle. The
last two signals required will be the ENABLE signals sent to the gate drivers for the bottom MOSFETs

pairs S¢/ S;yand S;, / S;; to turn on and off the modules as the conversion ratio changes. A summary

of the signals and their necessary signals are shown in Table 5.1. Signals EN MOD3 and EN MOD4 are

the enable signals sent to the L6747a that drive module 3 and module 4 respectively as labeled in Fig.
5.1

TABLE 5.1: SUMMARY OF GATE DRIVE SIGNALS AND ENABLE SIGNALS FROM THE MICROCONTROLLER

Waveform
Signal Name
4:1 3:1 2:1
Phase 1 | | |
Phase 2 |
Sg a
s/
S/ |7 77_ 77_
v v
EN MOD3
v v
EN MOD4 VY
s/

In the PCB design, a resistor divider with a bottom capacitor is included to reduce the input voltage to a
voltage that can safely be sampled with the microcontroller's analog to digital converter (ADC). During
operation, the microcontroller is programmed to sample the input voltage and once it reaches 40V or

52V to switch the MMSCC the next conversion ratio accordingly.

5.2 Overview of Operation and PCB Design

The Altium software package was used to create schematics and for PCB layout. There were several

objectives for the PCB design:

1. Utilize a 2 layer PCB board. The top layer will host the power components while the

bottom layer hosts the control components such as the LT8705, gate drive, and
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microcontroller.

2. Place the Power Input and Output near each other to minimize the power path. Place
them on the same side so the converter could in future reversions be plugged into

another board allowing modularity and increased power ratings.

3. Keep the connections between MOSFETs and switching capacitors in the SCC as close

as possible to minimize parasitic inductance.

4. Utilize parasitic inductance by increasing PCB track length from the SCC to form a
small filter with the input capacitance and the output capacitance to help mitigate the

large di/dt from the SCC.

5. Allow for adjustment of input capacitance, output capacitance, and switching
capacitance. Due to limited experience with SCC having the ability to increase the

capacitance on the SCC will allow for some flexibility.

The schematics are presented so as to separate logical groupings of components, such as gate drive,
MMSCC, H-Bridge, microcontroller, and bulk capacitors. The full schematics and each PCB layer can
be seen in Appendix D. The PCB design for the top layer is shown in Fig. 5.4 and the bottom layer in
Fig. 5.5. In Fig. 5.4, the dimensions of the power converter (all components and active copper) are
outlined by the green silkscreen and fit within the half brick dimensions (2.3"x2.4"). The switching

capacitors C;, C,, C3, and C, are made up of several individual ceramic capacitors. In order to prevent

long rows of capacitors and awkward placements of the MOSFET and gate drive, the capacitors are
placed in box formation. This box formation has their capacitors tightly packed with their “positive”
sides facing out to each side and their “negative” side in the middle of the box. This enabled for the
MMSCC to be laid out in a compact fashion with adequate room for the H-Bridge components.
Inspection of Fig. 5.4 reveals that the MMSCC takes up about 60% of the space which is reasonable,

since it will handle at least 60% of the power.

The power input is on the upper right hand side of the board (Fig. 5.4). The input sees parasitic
inductance of a few nanoHenries prior to the input capacitors of the MMSCC. Power flows through the
MMSCC, then out to the bottom side, where there are output filter capacitors. Again, the trace length is
meant to provide parasitic inductance to smooth out potential di/dt created by the MMSCC. The output
of the board is near the input in the upper right hand corner (Fig. 5.4). The H-Bridge is near the

inductor and its output is located close to the board power output. The H-Bridge has three of its output
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filter capacitors close by to provide local capacitance without parasitic inductance. The MOSFET

placement is not obvious in Fig. 5.4, but can be seen easily in Appendix D.

As mentioned earlier there are extra capacitors (or at least the footprint for capacitors) to enable the
variation of input capacitance and the switching capacitors. Future revisions can eliminate any excess

capacitors and reduce the size of the QPRSCC.
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Fig. 5.4. Top Layer of the PCB with the power components and board dimensions annotated.
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The bottom layer, depicted in Fig. 5.5, has the gate drive, gate drive power, LT8705, and the
microcontroller for the SCC. The largest components on the backside are the DCP021212DP which
provides unregulated isolated 12V for the gate drive of the floating MOSFETs in the MMSCC.
Although large, they were chosen as they greatly simplified the design thus saving time.

. C : Si823415 O L6747a

LT8705

DCP021212DP

-
(- \
.||||1|1$,'[ =

Egﬁ%

Fig. 5.5. The bottom layer of the 120W QPRSCC Prototype PCB with the gate drive and
control chips annotated

The completed QPRSCC 120W prototype PCB board is shown in Fig. 5.6. The board is shown fully

populated and with a ruler showing the achieved “half-brick” size.
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Fig. 5.6. The QPRSCC 120W Prototype (a) top layer and (b) bottom layer

5.3 Steady State Operation of the SCC

To verify that the MMSCC was operating as intended it is first operated independently of the H-Bridge
in both 2:1 and 3:1 modes. The MMSCC was operated at varying steady-state loads with measurements
of the input current, input voltage, output current, output voltage used to calculate the MMSCC load-
line and output resistance (section 5.3.1). The experimental output resistance is compared to the
calculated steady-state output impedances made in section 3.2. In section 5.3.2, the efficiency of the
MMSCC is calculated for 2:1 and 3:1 operation. Gate drive circuity loss is discussed in section 5.3.3. A
significant percentage of these losses are due to the design and implementation of the gate drive, rather

than from the gate drivers and driving the MOSFETs.

5.3.1 Load Line and Estimated Output Resistance of the MMSCC

In order to test only the MMSCC, the H-Bridge components were not placed on the PCB. A short was
placed where the H-Bridge's input capacitors would be placed grounding the input capacitors of the
MMSCC. Hence, the MMSCC input voltage is the same as the voltage applied to the board, i.e. the
QPRSCC input voltage. While in this configuration, the MMSCC was tested at several steady state
loads from OA to 9A in 2:1 and 3:1 operation using a 150W electronic DC load.

Measuring the output voltage at the different loads provided a load line of the MMSCC. The load-line
of an unregulated SCC should be linear, fitting a linear line to the data provides an estimate of the
output impedance. This estimated output impedance consists of the switching losses and conduction

losses of the MMSCC. As discussed earlier, the theoretical output impedance represents conduction
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losses with a slow switching limit (SSL) and a fast switching limit (FSL) asymptote. As the switching
frequency increases, the output impedance decreases until reaching the FSL. Any additional increases
to the switching frequency, no longer decrease the conduction losses and only incurs further switching

losses.

The MMSCC was first operated in 3:1 mode at the following switching frequencies: 250kHz, 213kHz,
165kHz, 110kHz, and 53kHz. It was therefor tested at switching frequencies above, below, and near the
selected switching frequency of 180kHz (section 3.2). Frequencies higher than 180kHz will produce
similar conduction losses but will incur higher switching losses. Frequencies lower than 180kHz will
have lower switching losses but the conduction losses will begin to increase as the MMSCC moves

from the FSL and capacitive charging losses become significant.

The experimental load lines for the MMSCC in 3:1 operation at various switching frequencies are
plotted in Fig. 5.7. The slope of the linear fit line overlays the data, giving an estimate of the output
impedance. The estimated output impedances, which include turn on and turn off switching losses,
were 84.5mQ, 72.6mQ, 62.4mQ, 60.9mQ, and 88.1mQ for the switching frequencies 250kHz, 213kHz,
165kHz, 110kHz, and 53kHz respectively. This confirms the expected pattern of decreasing output
impedance to a minimum value and then increasing upon entering the SSL as the switching frequency
decreases. The experimental results revealed two derivations from the expected results. First, the most
efficient operating switching frequency was expected to be around 180kHz. However, the ideal
switching frequency was around 110kHz since it provided the smallest estimated output impedance.
Secondly, all of the estimated output impedances were much larger than the expected 23mQ. Similar

results are obtained from the experimental results for the 2:1 MMSCC steady-state tests.
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Fig. 5.7. Experimental load-line of the 3:1 MMSCC at selected switching frequencies with the linear
fit lines overlaid to estimate the output impedance
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The experimental load lines for the MMSCC in 2:1 operation at various switching frequencies are

plotted in Fig. 5.8. The MMSCC in 2:1 operation was tested at 213kHz, 141kHz, and 110kHz.The

slope of the linear fit line is overlaid the data gives an estimate of the output impedance. The estimated

output impedances, which include turn on and turn off switching losses, are 109mQ, 104mS2, and

92.4mQ for the switching frequencies 213kHz, 141kHz, and 110kHz respectively. As in 3:1 mode, the

MMSCC estimated output impedances indicate that 110kHz is an optimal switching frequency while

the magnitudes of the impedances are larger than expected. For 2:1 operation, the MMSCC expected

output impedance was a nominal 38mQ.
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Fig. 5.8. Experimental load-line of the 2:1 MMSCC at selected switching frequencies with the linear fit

lines overlaid to estimate the output impedance

When considering the difference between the measured output impedance and the modeled output
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impedance, there are two possible explanations. The first is that the ceramic capacitors did not lose as
much capacitance as expected due to the DC-Bias voltage. The second is that the PCB trace resistances
are much more significant and have increased the fast switching limit output impedance asymptote.
Either case would cause the most efficient switching frequency to occur lower than 180kHz.
Regardless of the cause, this indicates the MMSCC can be either operated at a slower switching
frequency or the switching capacitance can be reduced. Because the capacitor footprints have already

increased the PCB board area, it was decided to reduce the switching frequency.

While the capacitance of the switching-capacitors cannot be easily measured while the MMSCC is
operating, (the necessary test equipment was not available), the parasitic resistance of the PCB can be
estimated. The PCB board is laid with 1oz copper and despite attempts to keep trace resistance low
with wide traces, the PCB trace resistance was evidently significant in comparison to the MOSFET on
resistances of ~4mQ@?25 C. Estimates of PCB trace inductance and resistances can be made using
equations (5.1) and (5.2), where w, /, and ¢ are the width, length, and thickness of the traces
respectively. Using these equations each switching capacitor can be represented by a network of PCB

trace resistances, PCB trace inductances, and the capacitors.

223 (w+
Lyoy=021 1n((wzjt) +2 3§W .o 5.1)
Ol
Rpcp= Y where o,=1.7 % (5.2)

For example, the first switching-capacitor (PCB layout shown in Fig. 5.9(a)), yields a network of
resistances and inductances displayed in Fig. 5.9(b). An equivalent single resistance, single
capacitance, and single inductor, Fig. 5.9(c), is then made by inspection of the frequency response of
the impedances using LTSpice. A comparison of the complex impedance network representing the PCB

and equivalent single RLC impedance is shown in Fig. 5.9(d).
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(a) PCB Layout for the first switching capacitor C; in the MMSCC.
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Fig. 5.9. The PCB (a) layout creates a (b) complex network of impedances for each switching capacitor. These
can be modeled by a (c) simple RLC impedance that matches the (d) frequency response.

The resulting simplified RLC, shown in Fig. 5.9(c), illustrates that the PCB trace resistance contributes
a significant resistance of 15m to the first switching capacitor. By modeling the switching capacitor
as a simple RLC impedance the PCB trace resistance can be combined with the capacitor's ESR. The
same process is applied to the switching capacitors C, and C; calculating that the respective PCB trace
resistance adds 5.5mQ and 6mQ to the respective capacitor's effective ESR. With the added resistance,

the capacitors ESR will increase the FSL output impedance asymptote, calculated by (5.3).
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Besides the PCB trace resistance within the switching-capacitors, there is a significant source of
parasitic resistance from the long PCB trace from the MMSCC to the board output. The MMSCC
connects to the output from two or three different sources on the board depending on 2:1 or 3:1
operation. The path of the power from the MMSCC to the board output is illustrated in Fig. 5.10. The
parasitic resistances associated with these paths can be added to the MOSFETs which are located at

these circled sources in the figure.

LT T s

Fig. 5.10. Image showing the three different paths from the MMSCC the output
voltage. Two of which see significant parasitic resistance

The source 1 (circled) labeled in Fig. 5.10 adds 18m2 to one MOSFET that is operated in 2:1, 3:1, and
4:1 operation. The source 3 adds 3mQ to one MOSFET that is operated in 2:1, 3:1, and 4:1. Source 2
adds 12mQ to a MOSFET that only operates in 3:1 and 4:1. The The FSL asymptotic output impedance
can be recalculated for 2:1 and 3:1 modes of operation, with the PCB parasitic resistances added to the

capacitor ESR for selected MOSFETs from (5.4).

FSL Z Rds on, j+4 z RESR i (54)
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2:1 1

RFSL=E(9(6mQ)+(18mQ)+(3m Q))+(18m Q+8.5mQ)=64m Q (5.5)
31 11| 4
RFSL=2(6mQ)(? +§(18mQ+8.5mQ+9mQ):34mQ (5.6)

Plotting the output impedance asymptotic limits, SSL and FSL, the increased FSL asymptote has
pushed the optimal switching frequency near the 100kHz range as shown in Fig. 5.11. The
experimental output impedances are still larger than the theoretical output impedances due to the
inclusion of switching losses and parasitic resistances not modeled.

i —3:1
' ] —2:1

Evaluated with:
C=120uF

R j5.on = 6mMQ
Rpep = 3mQ

and PCB Parasitics

R, Asymptotic Limits [Q]

Frequency [Hz]

Fig. 5.11. Increases in the FSL asymptotic limit shifts the optimal switching frequency to
approximately 100kHz due to PCB trace resistances

5.3.2 Efficiency of the MMSCC

Efficiency measurements were taken of the MMSCC in 2:1 and 3:1 operation at various switching
frequencies. The power path efficiency in 3:1 operation and 2:1 operation is shown in Fig. 5.12 and
Fig. 5.13 respectively. These do not include the gate drive and control circuitry losses. The measured
efficiencies again indicate that 110kHz is the optimal switching frequency. At light loads, where
switching losses tend to dominate over conduction losses, the switching frequencies above the 110kHz
have decreased efficiencies. At higher loads (above 5A) when conductions losses begin to dominate,
the switching frequencies at and above 110kHz display similar efficiencies. This indicates that

switching frequencies at and above 110kHz are in the FSL have the highest efficiency in the power
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path. The lowest switching frequency, 50kHz, has the worst efficiency as expected as it operates the

MMSCC in the SSL, leading to an increased output impedance and higher conduction losses.

—i— 250kHz —&— 212kHz 165kHz —A— 110kHz —»— 50kHz

100%

95%

90%

85%

80%

Efficiency [%]

75%

70%
0 1 2 3 4 5 6 7 8 9 10

Output Current [A]
Fig. 5.12. Efficiency of the power path of the 3:1 MMSCC (not including losses in gate drive circuitry)

—— 213kHz —&— 141kHz 110kHz
100%

95%
90%
85%
80%
75%
70%

Efficiency [%]

0 1 2 3 4 5 6 7 8 9 10
Output Current [ A]

Fig. 5.13. Efficiency of the power path of the 2:1 MMSCC (not including losses in gate drive circuitry)
For light loads the MMSCC has relatively low efficiencies regardless of switching frequency, implies
significant switching losses. Investigation revealed “shoot-through” is occurring in the switches below
the capacitors circled in Fig. 5.14. A thermal image of the QPRSCC, Fig. 5.15, operating at no load,
shows a MOSFET with significant temperature rise while the other MOSFETs are at or near room
temperature. These MOSFETs are driven synchronously by the gate driver L6747A. The L6747A
accepts a PWM signal that drives each MOSFET and should prevent shoot-through. Future work
should investigate different gate drivers to eliminate shoot-through. Since the gate signals could not be

adjusted, the MOSFETs were replaced with those with a higher gate charge increasing switching losses
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but reducing shoot-through.
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Fig. 5.14. Shoot-through at the MOSFETs (circled in purple),
decreases the efficiency of the MMSCC

22.9

2014-12-11
19:54

Fig. 5.15. At no load (for the MMSCC) shoot-through causes
significant power loss in the MOSFET connected to the output

The experimental efficiencies shown in Fig. 5.13 indicate the MMSCC should be operated at or near
110kHz for highest efficiencies and increased light load efficiency. Thus a switching frequency of
110kHz was used for all additional tests. Inclusion of gate drive and control circuitry power
consumption the efficiency of the MMSCC drops a few percentage points as seen in Fig. 5.16. In 2:1
mode the MMSCC achieves approximately 93% efficiency at loads above 3A. In 3:1 operation the
MMSCC reaches 92% at loads of SA or higher. By replacing the MOSFETs, the shoot-through effect is
greatly reduced in 3:1 mode leading to a increase of 2 percentage points in efficiency as shown by the

yellow triangle () in Fig. 5.16.
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Fig. 5.16. Total efficiency of the MMSCC as a function of load currents at selected conversion
ratios and showing the efficiency gain by mitigating the shoot-through issue.

5.3.3 Gate Drive Circuitry Losses

During the steady-state testing of the MMSCC the power for the gate drive circuitry and the
microcontroller are supplied from a separate power supply. Depending on the switching frequency and
the number of active gate drivers and MOSFETs, the gate drive losses ranged from 2.4W to 3W. A third
of the power due is lost due to design inefficiency. This design inefficiency arises from limiting the
complexity of the gate drive and reducing design time. The power losses are discussed in subsections A
and B. In subsection C a portion of the dissipated power is shown to be through unnecessary losses.

The measured gate drive and control losses will be compared to the expected design losses.

A. Unregulated Isolated 12V Power Converter

The first source of lost power is from using the DCP021212DP for the isolated 12V to drive the
floating MOSFETs in the MMSCC. As long as there is a significant load on the output of the
DCP021212DP the driving voltage will be roughly 12V. Without a load the output voltage can reach
24V. To prevent this and safeguard the MOSFETs and gate drivers, a resistor was placed in parallel to
the output to provide a minimum load on the unregulated 12V output as shown in Fig. 5.17. As
calculated in (5.7) the loss in the resistor assuming 12V output is 0.282W. There are two
DCP021212DP and two of these resistors for a total of 0.564W.
v:_12’

oy = == =0.282W (5.7)
R 510
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Fig. 5.17. Roughly 0.282W are lost in the resistor (circled) keeping a

B. Zener Regulated Voltages

Vs Vout

ov ov
ov
e NC
il o L T
26 T[S 1 [IBE

NC

28
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U107 r UELIL /\ D102
DCP02 | )'l
13 3
] s

SD0603S040S0R2

._CapPos2

minimum load on the unregulated 12V

Vddlso

Another source of power loss is in the decision to only provide a 12V Vcc despite some of the gate

drive ICs having a maximum input voltage of 5V. To save space, the 12V Vcc is regulated to 5.1V by a

zener diode as shown in Fig. 5.18. This results in power loss through the zener diode and the resistor.

Assuming a nominal breakdown voltage of 5.1V, the power loss in the resistor is calculated to be

0.136W in (5.6). The current through the diode will be, at steady state, roughly the current through

resistor minus the current drawn by the Si234/5 gate driver. According to their datasheets both the

Si8234 and the Si8235 will draw 2.5mA while operating. Thus the power loss in the zener diode is

calculated as in (5.5) and found to be 0.088W. There are three of these zener regulated voltages for a

total of 0.672W.
v (12-5.1)
Pr= R 350
o [(12-5.1)
zener_IV_( 350

=0.136W

—2.5mA)5. 1V=0.088W

U405

GND

D406
= CZRUS2C5V1
1402 *. Mod3_Float

< _Mod4_Float

II:

$1823
VDDI
VDDI
VIA
VIiB
DISABLE

GNDI

6

NC
S18235_LGA

(5.8)

(5.9)

Fig. 5.18. The 5V needed for the Si8234/5 Gate Drivers is supplied by a shunt zener diode
and a resistor to limit input current from 12V Vce.
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C. Evaluation of Gate Drive Circuitry Loss and Comparison to Calculated Losses

It can be verified through thermal imaging that when operating with no load, the hottest components on
the back of the PCB are the resistors and zener diodes mentioned in the previous subsections. The
thermal image shown in Fig. 5.19 shows that the zener diodes and resistors, circled in orange, are the
hottest parts on the prototype. The large warm devices (circled in purple) are the DCP021212DP, and

the unmarked warm devices are gate drivers.

Ol d.

Rel. h. N 0141128
Atm. t 356

Fig. 5.19. Thermal image depicting the gate drive losses due to design inefficiencies

Future revisions of this prototype should eliminate the resistors and zener diodes through better design
of the gate-drive circuitry. This will eliminate unnecessary power loss and heat generation. The other
gate drive and control losses come from driving the MOSFETs, the gate driver chips, the
microcontroller, and the LDO that provides the 3.3V for the microcontroller. It is assumed that only the
charging of the MOSFET gate will vary significantly with switching frequency, the rest are considered

constant.

Summing the previously discussed losses gives a total of 1.236W. At light loads this is a significant
amount of wasted power, and should be reduced in a future design. The experimental efficiencies
presented in this paper have had the 1.236W subtracted from the total input power. Thus the presented
experimental efficiencies only account for losses in the power path (i.e. conduction and switching

losses) and losses in the gate drive ICs and microcontroller.

5.4 Regulated Voltage and Efficiency of the H-Bridge

The H-Bridge was tested at steady-state at various input voltages with up to 4A of DC load. This is
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done by disconnecting the output of the MMSCC from the rest of the circuit to prevent power from
flowing back into the MMSCC through the body diodes of the MOSFETs. The input voltage is then
directly applied across the input capacitors of the H-Bridge.

The H-Bridge was tested with input voltages of 4V, 6V, 12V, 16V, and 24V, forcing the H-Bridge to
operate in boost, buck-boost, and buck modes. For each input voltage the H-Bridge was tested up to the
maximum current it would see while operating within the QPRSCC. As shown in Fig. 5.20, the H-
Bridge provides a regulated output voltage of approximately 12.1V for each input voltage and load
currents. The total efficiencies of the H-Bridge are shown in Fig. 5.21, this includes gate drive and
control circuitry for operation of the H-Bridge. At light loads the H-Bridge is relatively inefficient with
efficiencies below 90%. Future versions of the prototype can allow the H-Bridge to operate with Linear
Technologies “Burst Mode” which provides higher efficiencies at light loads. Overall, the H-Bridge
achieves acceptable efficiencies of 92%, 94% and 95% for 6V, 12V and 24V, and 16V input voltages
respectively. At 4V the H-Bridge peaks around 90% efficiency which is acceptable for boost mode and

providing 1 to 3 conversion ratio.

W4V e6V 12V A 16V » 24V

12.16
E 12.14
go 12.12
L 121 e m
8 * e [V 'S \ > NS >A N >
& 1208® = m = e He o oo A A A A A
=
© 1206

12.04

0 0.5 1 1.5 2 2.5 3 35 4 4.5

Load Current I, [A]
Fig. 5.20. H-Bridge achieves a regulated voltage of ~12.1V for input voltages of 4V, 6V, 12V, 16V, and 24V.
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Fig. 5.21. H-Bridge efficiencies for input voltages of 4V, 6V, 12V, 16V, and 24 V.

5.5 Experimental Results of the QPRSCC

The 120W prototype QPRSCC was tested at steady state to examine voltage regulation at several
voltages and to measure overall efficiency. Next in section 5.5.2 the experimental results of load
transient tests are shown, demonstrating the QPRSCC dynamic response and ability to handle load
transients from 50% to 100%. Finally experiments showing the ability to provide line regulation of the

QPRSCC will be shown in section 5.5.3.

5.5.1 Steady State Operation and Efficiency

To show that the QPRSCC provided the desired regulation, it was tested at various input voltages for
output currents of 0A to 10A (full load). The QPRSCC load line plotted in Fig. 5.22 shows the
QPRSCC achieves a regulated voltage of approximately 12.1V. This is the desired regulated voltage
based off the design of the H-Bridge circuit utilizing the LT8705. The output voltage is seen to vary
with the input voltage of the H-bridge and the MMSCC conversion ratio. The variation seen is only
+50mV and is acceptable. A drop in output voltage is seen with increasing output current. In this case,
the variation is at most £20mV and again acceptable. The variations in output voltage could be a result
of the output voltage being sensed very close to the H-bridge's output. The distance from the H-Bridge
to the board output may be large enough to cause a 20mV difference in measured output when the

QPRSCC is at full load (10A). Overall the issue is of little interest as it is not problematic.

180



W40V 3:1 €48V 3:1 36V 2:1 A40V 2:1

12.12
0 6 60 00 ¢ o
121 * o o o L 4 L 4 L 4 L 4 L 4
S- AA AL AL A A Aa
5 12.08 A A A A Tk A
=2 A A A
£ 1206 HEE BN BN
> H BB EDN
g 12.04 H H B | | | H B
5
© 12.02
12
0 2 4 6 8 10 12

Load Current [A]

Fig. 5.22. QPRSCC load-line for selected input voltages and MMSCC conversion ratios

The efficiency of the QPRSCC was measured for input voltages of 36V, 40V, and 48V with the
MMSCC operating in 2:1 and 3:1 modes. The efficiency is calculated by looking at the input current,
input voltage, output current, and output voltage at the board power connections. The gate drive current
and voltage is also measured, but the power losses due to design inefficiencies (as discussed 5.3.3)

have been subtracted from the gate drive power.

The QPRSCC achieves efficiencies of 93% or 94% for 50% to 100% load as shown in Fig. 5.23. At
light load the QPRSCC remains fairly efficient until loads below 1A. Thermal imaging has shown that
for a 48V input voltage and MMSCC operating in 3:1 mode, there may be shoot-through loses due to
unusual heating of a pair of synchronous MOSFETs. However, the results indicate that the QPRSCC

does provide steady-state regulation with a partial power H-Bridge with achievable efficiencies of 94%.

181



—— 36V 2:1 —e— 40V 2:1 40V 3:1 —A— 48V 3:1
100%

95%
90%
85%
80%
75%
70%
65%
60%

Efficiency [%]

0 2 4 6 8 10 12
Load Current I | [A]

Fig. 5.23. QPRSCC efficiencies for input voltages of 36V, 40V, and 48V showing high efficiencies attained
at 50% to 100% load

5.5.2 Load Transients

To test the QPRSCC's dynamic response a resistor bank was connected with an emergency stop switch
(the red button in Fig. 5.24) to the output of the QPRSCC. The emergency stop switch is used as it is
able to connect/disconnect the resistor bank within 10us, providing an adequate approximation of a
load step. The constructed resistive load is shown in Fig. 5.24. The resistor bank has a measured
resistance of 2.18CQ providing a load step of 5.58A. The 150W DC electronic load is attached in parallel
with the resistive bank to provide a constant DC load. By setting the DC electronic load to 5A and
using the emergency stop switch to connect/disconnect the resistor bank load transients of 50% to

100% and 100% to 50% were applied to the QPRSCC.
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Flg 5.24. Resistor bank used for load transients
connected/disconnected by emergency stop switch (button)

The QPRSCC load is stepped from 50% to 100% and vice versa with input voltages of 36V and 48V.
The QPRSCC exhibits a well behaved output voltage transient response, that stays within 3% of the
regulated voltage as shown in Fig. 5.25. Although not completely evident from Fig. 5.25, the QPRSCC
does reach steady state. The QPRSCC regulates to a different steady state voltage depending on the
load as shown in Fig. 5.22. The difference in steady-state output voltage is 40mV (for 50% to 100%

load and vice versa) and explains the difference in the initial and final steady state voltage during the

load step.
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Fig. 5.25. QPRSCC output voltage response to a load step of 50% to 100% and vice versa

5.5.3 Line Variation

The QPRSCC also provides a regulated output voltage in the event of line transients. A SCC by itself
has limited ability to provide regulation, especially for changes in the input voltage. The ability of the
QPRSCC to deal with line transients was experimentally proven by applying a ramp transient to the

input voltage.

Due to a limitation of equipment, the input voltage of the QPRSCC could only be adjusted by hand. A
line disturbance is simulated by altering the voltage from the power supply to the QPRSCC, limiting
the (achievable) slew rate. The input voltage is ramped from 40V to 52V over a span of ~50ms and also
decreased from 52V to 40V in 100ms with the MMSCC having a conversion ratio of 3:1. The only
observable effect on the output voltage is the change of steady state values due to the H-Bridge shifting
from boost to buck-boost to buck mode of operation in Fig. 5.26. As shown in Fig. 5.22, the regulated
output voltage depends on the H-Bridge mode of operation with 12.06V for boost mode and 12.1V for
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buck-boost and buck mode. At 40V, the output voltage sits at 12.06V, then with the line ramp to 52V
the output voltage rises in a well behaved fashion to 12.1V in Fig. 5.26. A reverse response is seen as

the input voltage decreases from 52V to 40V.
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Fig. 5.26. QPRSCC provides a regulated output voltage for input voltage ramps
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Chapter 6 Conclusions and Future Work

A regulation strategy for a DC-DC switched-capacitor converter utilizing a regulating DC-DC H-
Bridge converter in quasi-parallel configuration has been proposed. Its design has been analyzed and a
120W experimental prototype was built and tested. The prototype was built within a “half-brick” size,
however, other commercial converters of this size can produce four times more power. Our tests of the
prototype indicate that more power can be realized through the MMSCC converter but the limiting
factor in the prototype's design was the H-Bridge.

The quasi-parallel regulated switched-capacitor converter (QPRSCC) as designed achieved load
regulation. However, due to time and testing limitations line regulation within 40V to 52V was
confirmed. The proposed multilevel modular switched-capacitor converter while able to operate in 2:1,
3:1, and 4:1 modes, has been experimentally shown to function in the QPRSCC in 2:1 and 3:1 modes
of operation. The QPRSCC achieved efficiencies above 90% and reaches a peak of 94%, demonstrating

the promise of higher efficiencies.

The QPRSCC was shown to have excellent load transient properties, as one would expect for a quasi-
parallel configuration. The low output impedance and fast dynamical response of the MMSCC allowed
the QPRSCC to respond quickly to changes in the load. As desired, the MMSCC handled the majority
of the transient load, keeping the current through the H-Bridge at a low and approximate steady-state
value. This protects the inductor from large current transients that could lead to magnetic saturation and

loss of regulation.

The prototype demonstrates that a control strategy designed for the regulating converter can provide
regulation and excellent transient response for the QPRSCC without added complexity. This allows the
QPRSCC to be controlled by commercially available Power IC regulators such as the LT8705,
validating the analysis done in Chapter 4, illustrating that the quasi-parallel configuration simplifies the

control transfer functions.

The 120W prototype confirms that this approach is a viable method for regulating a SCC while also
benefitting from the high efficiencies and high conversion ratios of a SCC. The regulating converter
does utilize magnetics but the converter is partial power and can operate at higher frequencies allowing
for smaller magnetics when compared to cascaded approaches. Although the QPRSCC is designed to
operate at input voltages of 72V and operate with the MMSCC in 4:1 mode this has not been
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experimentally proven viable. Time limitations and issues with sensing the input voltage prevented this

from being tested.

An additional design change was operating with a switching frequency of 110kHz for the MMSCC
instead of the calculated 180kHz. This was caused by the PCB trace resistances increasing the fast
switching limit output impedance. This lead to a lower optimal switching frequency of 110kHz. Future
revisions of the QPRSCC can utilize less capacitance and further decrease its size. In completed tests
the maximum power provided from the MMSCC was restricted to 120W. Future modifications should

be able to achieve higher power ratings with the same, if not smaller, board sizes.

The other aspect that requires improvement is the efficiency of the QPRSCC at light loads. This can be
improved by increasing the MMSCC light load efficiency, a major cause of the poor efficiency. The
unexpected shoot-through issues seen on some of the MOSFETs, was hard to resolve since the gate
drivers for these synchronous MOSFETs were driven by a single PWM signal. By providing
independent gate drivers in a single package (e.g. Si8235) there would be more control of the MMSCC
MOSFETs. Another source of significant loss at light loads were the switching losses of the MMSCC.
Here, improvements can be made by decreasing the switching frequency for light loads, thereby
decreasing the switching losses. While this increases the equivalent output impedance, the decrease in
switching losses will more than compensate for the minor increase in conduction losses due to the

higher output impedance at light loads.

An additional source of power loss, is the design of the gate drive circuitry. As detailed in Chapter 5,
over 1W of power is lost just enabling and providing adequate voltage levels for the gate drive

circuitry. A better design of the gate drive and control circuitry would eliminate these power losses.

Other possible paths for improvements are to consider the use of different SCC. While the MMSCC
was chosen for its ability to easily change its conversion ratio, and the low number of floating
MOSFETs, other SCC can be designed for multiple conversion ratios. For example the Ladder SCC
can be augmented to provide 2:1, 3:1, and 4:1 modes, by tapping different nodes of its topology.
Changes in its conversion ratio may not be as problematic, as the switching-capacitors do not need to
be discharged or charged when altering the conversion ratio. One drawback (the reason it was not
initially chosen) is the number of floating MOSFETs which requires more complex gate drive circuitry.
However, the Ladder SCC, with isolated gate drivers, may be well suited for bootstrapped powered

gate drive.

The 120W prototype QPRSCC demonstrated the high efficiency and high conversion ratio benefits of

187



the SCC but the cost of a partial power regulating converter containing magnetics. The regulating
converter (the H-Bridge) had low input and output voltages and a lower power rating compared to the
MMSCC allowing for higher switching frequencies and smaller passive components in the H-Bridge.
The overall efficiency of the QPRSCC is higher than the cascaded approaches as well. Finally, the
quasi-parallel configuration does not require special control strategies and can be implemented with

commercially available IC power regulators.
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Appendix A Matrices for DSSA of MMSCC

Matrices E,F,and G for Dynamic Analysis of the Isolated MMSCC in 4:1 and 2:1 mode
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Appendix B Comparison of DSSA Model and LT Spice
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Fig. B.2. Comparison of the input current step response of the DSSA Dynamic Model and the
LTSpice simulation of the MMSCC in each operating mode to a step in the v,;.
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Appendix C LT Spice Circuit for QPRSCC Simulation
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Appendix D QPRSCC Prototype Schematics and PCB
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