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Abstract

This thesis analyzes the power distribution of the unified mode! in quasi-resonant
converters. The major contribution is that the internal equivalent resistance of each
component is taken into consideration for analysis so that the current and voltage

waveforms can be found accurately. The switching waveforms of this near-practical

‘model will be derived. However, an equation, which represents the resonant stage,

cannot be written in explicit form. In order to achieve zero voltage or zero current
switching condition, the equations must be solved numerically. By using the
averaging techniques, the regulated iarge signal model can be predicted under
different supply voltage and load current. In other words, the variation of switching
frequency, which is a controlier parameter, can be determined while output voltage is
kept constant. Another contribution is to determine the switching frequency in order
to regulate the output voltage under varying the supply voltage or load current. The
results are very useful for predicting the performance of the quasi-resonant
converters by using large signal models. The power distribution in the ideal
frequency-modulated zero-voltage switching quasi-resonant switch (FM ZVS QRSW)
is obtained. The internal resistance bf each component of the unified quasi-resonant

switch model (QRSW) is taken into consideration. The power dissipation is analyzed
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so that the efficiency of the QRSW can be estimated. Moreover, the conduction loss
of each component can be found and the maximum theoretical efficiency can be
predicted by using the large signal model. In order to achieve high efficiency, finding
the critical components in power dissipation is shown.

The large signal modeis of Buck, Boost, Buck-Boost, Cuk, Sepic and Zeta QRC
are analyzed in this thesis. The output load is assumed to be resistive only. The
loading current can be varied according to the analysis. The regulated model means
that the output load voltage will keep constant under regulation even tho.ugh the
operating conditions or loading current are changed at any time. The system is
assumed to be in steady state. Only the active power is considered in the power
distribution analysis because the active power dissipation is the major component
and there is no power transformer in the models. Only the equivalent resistances of
the components \.Ni“ be considered. The parasitic inductance in the capacitors and
parasitic capacitance in the inductors will be neglected. The transient value, transient
analysis and stability are not in the scope of analysis.

The state-space a\./eraging techniques are used to derive the system equations in
each switching stage. There are two state variables: V¢ (t) and Ic{t} in the system
equations. Because the large signal model is derived, only the steady state value or
averaging value 1s used. A mean value is used to represent a varying value over a
time period or a switching cycle. The transient value, transient analysis and stability
are not considered when calculating the state variables. The MATLAB simulation
tools [6] are used to implement the derived system equations by using numerical
methods to find the numerical switching frequency in order to regulate the output
voltage even thought the operating conditions say output current and supply voltage

are changed. Having determined the systeni parameters, the switching frequency,
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current in each voltage node and voltage across each current branch can be found.
The results are represented by numerical values. In order to present the numerical
results easily, 2-D and 3-D diagrams are used to descnbe the trend and shape of the
findings. The power distribution and power loss in each circuit component can be
predicted under different operating conditions because the current passing through
the voltage nodes and the voltage arcoss the current branches are calculated by using
the denved system equations. They are presented in 3-D diagrams, so view angle of
the diagrams can be rotated in the simulation ltools. Moreover, by comparing the
input and output power, the efficiency of the regulated large signal model can be
represented iﬁ a 3-D diagram. The independent variables are supply voltage and load

current respectively.
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Chapter 1 Introduction

The switching mode power supply industry is looking for solutions that can
develop small si-ze, low weight, low switching losses and high efficiency power
supply. The concept of quasi-resonant power conversion and zero-voltage switching
(ZVS) were introduced by F. C. Lee and his collaborators in [1] and [2] respectively.
The power loss and efficiency of quasi-resonant converters (QRCs) were analyzed in
[3]. However, the modeling, synthesis and analysis of QRCs were generalized and
unified in [4]. Article {5] mentioned that decreasing the "active" power losses in
transistor is also highly desirable, so the additional investigations are needed to
optimize the overall converter efficiency. Working out an efficient power supply is a
complex problem and it is necessary to investigate the deep understanding of
physical effects in all converter elements.

The power loss and efficiency analysis has not been studied by using these new
models. Therefore, the major contribution of this paper introduces a new approach to
analyze the power loss of each component in the quasi-resonant converters by using
the unified approach. The advantage of using unified model ‘is to summarize the

analysis into one for different topologies such as Buck, Boost, Buck-Boost, Cuk,
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Sepic and Zeta. The derived equations are applicable for all above topologies.
| From the system control point of view, the small signal model [16]-[17] is used to
analyze the stability, the transient response, the frequency response, the phase margin,
the frequency margin, the poles and zeros. Adding pole(s) and/or zero(s) in the
feedback path can optimize the performance of a controlled system to adapt the
sudden change of operating conditions. However, the parameters in a small signal
modcl may be different and vaned under different operating points. For example, the
supply voltage or the load current may be varied according to the environmental
conditions such as temperature, humidity or loading conditions. The system can be
non-tinear because the components: diodes and switches are non-linear. A large
signal model used in this thesis can help determine the DC operating points. The
analysis of a large signal model is essential if the parameters in a small signal model
are dependent on the operating points in the large signal model. Therefore, the large
signal modeling techniques in this thesis can be used to identify the operating points
of the quasi-resonant converters.
in -this paper, Chapter 2 will review the ideal model of pulse-width modulated
switch (PWMSW) and quasi-resonant switch (QRSW). Obviously, the PWMSW can
be unified in a basic circuit: a switch and a diode. It simplifies the analysis of PWM
converters because the topology consists of a current branch and a voltage loop. The
operation model of Buck, Boost, Buck-Boost, Cuk, Sepic and Zeta Converter can be
generalized into one general operation model. Adding a capacitor in parallel with the
switch and an inductor in series with the diode to the PWMSW can form the QRSW.
One example of the half-wave frequency-modulated zero-voltage switching quasi-
resonant switch (FM ZVS QRSW) will be mentioned. Analogously, other types of

QRCs can be derived from the basic model of QRSW. In Chapter 3, the power
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distribution in the ideal half-wave FM ZVS QR Converters will be analyzed.
However, it is assumed that they are not operating in the regulation mode because the
frequency is fixed. The purpose of this analysis is mainly to verify the power
attributes derived in Chapter 2. The major contributions for this thesis are mentioned
starting from Chapter 4. They are divided into different chapters. Chapter 4 and
Chapter 5 will derive the switching waveforms of the near-practical model of Buck
and Boost Converter respectively. Chapter 6 will summarize the techniques used in
Chapter 4 and Chapter 5. It shows the capability of using unified model to simplify
the analysis. Finally, in Chapter 7, the power efficiency of this lossy model will be
considered. All the terms are defined and listed in the Glossary. The simulation

algorithms are listed in the Appendix A.1 — A.10.



Chapter 2 Overview of Ideal Model of

PWMSW and QRSW

The unified ideal model of the pulse-width modulated (PWM) converters shown
in Fig. 2.1 that has been analyzed in [4). It consists of a main switch, a diode, a
voltage branch and a current node. The main switch can be a MOSFET, a BJT or
other type of transistors. The diode provides a unidirectional current path when the
main switch is turned off. Basically, the constant current branch I; is generated by an
inductor that has a DC component of current flow. The large signal model is
considered, so only the DC component of the signal is taken into consideration. In
order to simplify the large signal analysis, a constant current branch I3 can replace
the sWitching current in the inductor if it is in (;ontinuous conduction mode. The
current node at point 3 should obey the Kirchhoff’s current law (KCL). On the other
hand, the voltage branch V|; may be a voltage source or a capacitor voltage. The
voltage between node 1 and 2 should obey the Kirchhoff’s voltage law (KVL) as

well. The generalization concept is discussed in this chapter. The equivalent
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operation models of Buck, Boost, Buck-Boost, Cuk, Sepic and Zeta Converter are
shown in Fig. 2.2(a)-(f). All converters are assumed to be operating in continuous
conduction mode (CCM), where the filter inductor is assumed to be a constant

current source and the filter capacitor is assumed to be a constant voltage source.

Fig. 2.1. Unified Model of PWM Converters.
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From Fig. 2.2, we know that a different topology of interconnection of v, and is
will result in a different type of converter. In case Fig. 2.2(c), the voltage node vy,
and v, can be considered as the split of the original voltage node vy, in case Fig.
2.2(a) and (b). Moreover, in case.Fig. 2.2(d), the current branch i3, and i3, can be
considered as the split of the original current branch i3 in case Fig. 2.2(a) or (b).
Similarly, all the operation models in Fig. 2.2 can be generalized into the unified
operation model shown in Fig. 2.3, Having compared the basic circuits with the
operation model, the current branch i3 in Fig. 2.2 can be split into a load current, a
source current and an intermediate current branch. Moreover, the voltage node V),
can also be split into a load voltage, a source voltage and an intermediate voltage
node.

The following analysis is derived by the author. The transformation from the
PWM converters to the unified model shown in Fig. 2.2 and Fig. 2.3 has some
conditions. For example, in Fig. 2.2(a) — Buck converter, the voltage source V3 is
transformed from a power source and is supplying the power to the circuit. The
power dissipation in the node V|2 should be negative which means that the
component is delivering the energy. On the other hand, the current branch I3y is
transformed from an inductor and a load with a paralleled capacitor. The direct
currerﬁ will flow through the inductor but there is alternating voltage on it. The
alternating voltage will make the inductor current up and down but it is assumed that
the current will be in a steady state which is defined as I, by using the averaging
technique. Moreover, the net potential difference voltage should be zero because
there should be no power dissipation in an ideal inductor. Therefore, the net voltage
drop 1s on the load and the capacitor. The net current flowing into the capacitor

should be zero because there should be no power dissipation in a capacitor as well. In
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other words, only the load will dissipate the power. In the unified model shown in
Fig. 2.2(a), the power dissipation in the current branch I3, should be positive which
means that the component is dissipating the energy. The positive power dissipation is
defined as a current flowing into a device from the terminal of larger potential
voltage to the other terminal of smaller potential voltage.

The power attributes in each current branch and voltage node for different

converters are summarized in Table 2-1.

Fig. 2.3. General Operation Model of Conventional PWM Converters.
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Table 2-1. Power Atiributes of PWM Converters

WM Converters Voltage Node / Current Branch Power Attributes Power Dissipation
A 12 - Voltage Source Negative
Buck
I3b Current Load Positive
Via Voltage Load Positive
Boost
I3a Current Source Negative
Vv I2a Voltage Source Negative
Buck-Boeost Vi Voltage Load Positive
I3c Intermediate Current Branch Zero
Vl2 Intermediate Voltage Node . Zero
Cuk I3a Current Source Negative
bp Current Load Positive
Vi2a Intermediate Voltage Node Zero
Vi Voltage Load Positive
Sepic
[Ja Current Source Negative
I3c Intermediate Curvent Branch Zero
VlZa Voltage Source Negative
Vi Intermediate Voltage Node Zero
Zeta
IBc Intermediate Current Branch Zero
IJb Current Load Positive
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Fig. 2.4. Operational Ideal Model of FM ZVS QR Switch.

An LC resonant network can be added in PWMSW shown in Fig. 2.1 to form the
quasi-resonant switch. One example of the QR switches is shown in Fig. 2.4. It is a
half-wave FM ZVS QR switch. Actually, the switch SM becomes a current bi-
directional switch by adding a capacitor in parallel in order to create the condition of
resonant in capacitor voltage. The capacitor voltage will pass through zero point so
that the condition of zero voltage switching (ZVS) can be generated. Fig. 2.8 shows
the half-wave type of FM ZVS QR converters of (a) Buck, (b) Boost, (c) Buck-Boost,
(d) Cuk, (e) Sepic and (f) Zeta. Analogously, all the operation models in Fig. 2.8 can

be generalized in the model as shown in Fig. 2.9.
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Article [4] denved the switching waveforms of this ideal half-wave FM QRSW

shown in Fig. 2.5:

0, 0<t<T,
i, (l—cos(w, -(t-T)), T <t<T,

o
WO (evima —aw (-1,), T, <i<T,

2.1
| 0, T, <t<T,
and
Vig ¥, -t 0<t<T,
a
Vi, .
ve () =1"2-sin(w, -(( =T+ ¥, , T,<e<T,
a
0, 1, <t<T,
\ T (2.2)
where
a= de , W, = ! , Z, = L’,T."—‘a—=
YARIR LC, C, w,
. 2
TZ:(E +arcsma)+T[ and n:1+\/l-a T, .
Wr ) awr (23)

The operation of the QR switch is that the on and off status of switch Sy and Sp is
in sequence. Both switch Sy and Sp are off between Ty and T,. The switch Sp will
turn on after V¢, is equal to V3. When the V¢, reaches at zero value at T, the switch
Sm will turn on that is called zero-voltage turn-on. The iy, will drop continuously
until T5. The diode Sy will be oft after T but the switch Sy will remain on until next
switching cycle T;. Both capacitor and inductor provide the quasi-resonant
characteristics in order to generate the zero-switching coﬁditions. That’s why QR

regulators have low switching loss [2], [23].



Chapter 2

Overview of Ideal Model of PWMSW and QRSW

12

From equation (2.1) and (2.3), the range of the parameter o can be found. The

parameter o is a ratio between V) and Z; - i3 in equation (2.3).and it is inside a

square root in equation (2.1). The parameter o should not be equal to zero because it

is bounded by the T, and Tj in equation (2.3) that T, should be larger than zero in

equation (2.1). Moreover, it should not be a negative value and should be smaller

than or equal to one. Therefore, o is bounded by

0<a<l. (2.4)
300 T T T T
. 20 .
)
Q 100 —
0 y 1 1 1
0 02 04 06 [+1:] 1.2
Time x 10
4 T T T T
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Z,| i
3 2
1+ -
o 1 ] } 1
4] 0.2 0.4 06 0.8 1.2
Time £ 10
2 T T T T
1= .
Z
= © i
@
Ak .
2 1 1 ] 1
0 0.2 0.4 06 1} 1.2
Time 4
To Ty T2 T3 x10 Ts

Ta

Fig. 2.5. Switching waveforms of FM ZVS QRSW.
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By averaging i,(t) and v, {(t) within a complete cycle T; done in {4],
Ve, =g(@)-v, and I, =g(a)-i , | (2.5)

where

2
gla)= /s [n + arcsina +E+ﬂ] .
w 2 «

r

(2.6)

From equation (2.5), the node voltage V|, 1s a variable to affect the capacitor
voltage V¢,. Moreover, the branch current i; is also another variable to affect the
inductor current ;. Actually, the fﬁnction g{a) acts as a transfer function in equation
(2.5). Furthermore, one complete switching cycle must be finished at T3 where the
inductor current i (t) is zero. The next s;witching cycle must start after T3 and

depends on the variable T, (= 1/f). Therefore, the maximum switching frequency of

f; is bounded by
1
< -
/s T,
1 <— e .
( . b+ l-azJ
a 4+ +arcsina + ———
a

@7

Therefore, the maximum transfer function of g(a) can be found by substituting
the upper bound of f; in equation (2.7) for f; in equation (2.6). The guad(a) in
equation ( 2.8 ) is defined as a maximum transfer function that the parameter o is the
only independent variable. Therefore, the range of gma(ct) can be found by using
numerical method for substituting the range of o mentioned in equation (2.4). The
result is shown in Fig. 2.6 ;avhich depicts the upper bound of the transfer function g(a)

that is gmax(ct).
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, 2
e (@) = M{% +7 +arcsina + ﬁ} ,
W @ (2.8)
where
W
Soax (@) = - .
[ . T++/l-a? ]
a+rm +arcsing + —
[4)
Therefore,
(& o 1441-a?
—+r+arcsmna + ——————
( ) k2 a
Ena\&) = , .
( 1+ ]
: a+m+arcsing + ——
“ (2.9)

The analysis of transfer function g(c) is another contribution of this thesis. In Fig.
2.6, the function gma(a) is nearly linear when the parameter a is larger than 0.3
under the condition of maximum switching frequency fra{a).

In Fig. 2.7, the function g(a) is highly nonlinear and there is large variation when
a non-maximum fixed switching frequency is used. Contrarily, in Fig. 2.6, the
function gma () is more linear and the slope is smaller when the maximum switching
frequency is maintained for different value of a.

From the design point of view, using the fixed switching frequency is easy to
design a quasi-resonant converter but it is difficult to stabilize the converter under
varying operating conditions. However, although using the variable switching
frequency to regulate this converter is optimal, it is not easy to design a controller
under varying operating conditions because the transfer function g{o) is highly

nonlinear.
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From Fig. 2.6 and Fig. 2.7, the transfer function g(a) is a dependent variable and
a is an independent variable because V3 or [3 can be a varying parameter in different
topologies. The solution is to find an appropriate value of switching frequency f; so
that the load voltage is kept constant under regulation.

For example, Vi; = V2, + Vi3 is a voltage source and I3y, is a current load in the
Buck topology shown in Fig. 2.8(a). It should be assumed that the current I3, is
regulated parameter which is constant because the load condition is unchanged and
the load voltage is assumed to be regulated. On the other hand, the supply voltage
source V.u can be a varying parameter. Therefore, the switching frequency f; should
be found so that inductor voltage V, is kept constant under regulation which implies
that the voltage Vi3, on current load L3y is constant as well.

On the other hand, V2 = V2, + V3 is a voltage load and I3, is a current source in
the Boost topology shown in Fig. 2.8(b). It should be assumed that the voltage V3 is
regulated parameter which is constant because the load condition is unchanged and
the load voltage is assumed to be regulated. On the other hand, the supply current
source I3, can be a varying parameter. ﬁerefore, the switching frequency f; should
be found so that inductor current iy, is kept constant under regulation which implies

that the current 1,2, and iy2, 0n voltage load V;, + V3 are constant as well.



Chapter 2

Overview of Ideal Model of PWMSW and QRSW

16

(o)

x
(1]

gm

Lr=8e-6H, Cr=800e-12F

™~

0.99

™~

0.98

0.97

AN

0.96

AN

0.95

AN

0.94

N\

0.83

o~

N

0.92

0.2

0.4

0.6

0.8

1

Fig. 2.6. Maximum Transfer Function Emax(0t) at fya().
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Lr=8e-6H, Cr=800e-12F, fs=0.26MHz
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Fig. 2.7 Transfer Function g(«) at a fixed switching frequency f; = 260kHz.
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Fig. 2.8. Half-wave Type of FM ZVS QR Converters in Operation Model: (a) Buck,
(b) Boost, (¢) Buck-Boost, (d) Cuk, (¢) Sepic and (f) Zeta.
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Fig. 2.9. General Operation Model of Half-wave Type of FM ZVS QR Converters.
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Chapter 3 Power Distribution Analysis

of Ideal ZVS QRSW

In Fig. 2.8, the constant voltage devices (voltage nodes) and constant current
devices (current branches) can be considered as any power sources or power sinks.
This chapter will try to analyze the impact and condition of the zero-voltage
switching quasi-resonant switches. The theoretical active power distribution in the
voltage nodes and current branches of each converter is plotted in Fig. 3.1 - Fig. 3.6.
The positive value means that it is a power sink and the negative value means that it
1s a power source. They are summarized in Table 3-1.

In order to compare fhe simulation results with the expenimental results in the
TABLE 1I of [2] for Boost QRC, the following specifications are chosen because
they used to compare with actual experimental results:

V2=28.7,37.6 and 44.8V,

L=8uH,

C=800pF,
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Fixed Switching Frequency f;=1MHz .

The output load voltage is chosen to be 28.7V, 37.6V and 44.8V respectively
because they are the experimental results under switching frequency at near {MHz in
{2]. The simulation result in Fig. 3.2 is comparable with the experimental results
listed in TABLE II of [2]. From Table 3-1, it is interesting to note that the power
attributes of the voltage nodes or current branches will change when the current i;
increases. Moreover, in Buck-Boost and Cuk Converter, there is a zero cross point. It
means that the active power in that voltage node or current branch is zero. On the
other hand, in Sepic and Zeta Converter, there are two zero cross points. For example,
the special operating point of Sepic is

V;2a _ l3r:

Vout¥Vip 5o+,

Vl2a __l?»_c

Vo & (3.1)
It i1s believed that tﬁe power loss at Vi3, and i3; is minimized at this operating
point. If the constant voltage source V2, and the constant current source i3, are
replaced by a capacitor and an inductor respectively, this operating condition must be
achieved. It is because the ideal capacitor and the ideal inductor do not dissipate any
active power. The only active power is considered because the large signal model is
used to analyze the power distribution at the DC operating points in the complete
switching cycle. Therefore, any instantaneous power components are neglected.
Starting from here to all the following sections, all the analysis was developed and
observed by the author. They are the contributioné to the new analysis in this thesis.
In the following sections, the conditions are analyzed in each topology by usin;g
Table 2-1, Fig. 2.2 and Fig. 2.8 so that all unknowns can be found by solving the

system equations. Generally, the current in the voltage nodes and the voltage on the
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current branches are unknowns. The load is assumed to be resistive due to

simplifying the analysis and system equations.

Table 3-1.  Power Attributes of FM ZVS QR Converters.
Voltage Node
Coaverters Power Equations {W) Power Attributes | Zero Crossing Point / Curren¢ Characteristic
Branch
PVI2a+VI12b=(V12atVI2b) x i3b x
; source Vi2 Voltage Source
Buck (a(c)-1)
Pi3b=(V12a+V12b) x i3b x {1-g(a)) sink 3b Current Load
PV12a+VI2b=(V12a+VI2b) x i3a x
sink Vi2 Voltage [.oad
Boost plo) :
Pida=-(VI12a+Vi2b) x ila x g(a) SOUTCE 3a Current Source
PVI2a=V12a x 13¢ x (g{o)-1) source V12a Voltage Source
PVI2b=VI2bxilc x sink VIi2b Vol Load
Buck-Boost xiexg(a) - e
Pi3c=i3e x (V12a-g{a) x gla}=Vi2a/ Intermediate Current
sink = source B¢
(V12a+V1ZbY) (VI2a+VIi2b) Branch
PV I12a+V12b=(V12a+V12b) x (g(a) . ‘ Intermediate Vollage
o source =» sink gla)=i3b / (i3a+ilb) VI2
¥ {i3a+13b)-i3b) Node
Cuk
Pi3a=(V12a+V12b) x i3a x g(a) source 13a Cumrent Source
Pi3b=(V12a+VI12b) x ilb x (1-g(a)} sink i3b Current Load
o ] Intermediate Voltage
PV12a=V12a x (g(e) x (i3a+idc)-i3c)] source = sink glay=i3c / (i3a+ic) ViZa Nod
i
Sepi PVI2b=V12b x (iJa+iic) x gu) stnk Vi2b Voltage Load
epic
Pida=-(V12a+V12b) x ila x p(a) SOUNCE I3a Curmrent Source
- . gla)=Vi2a/ Intermediate Current
Pi3c=idc x (V12ag(a}(V12a+VI2bY)| sink = source 3¢
(V12a+V12b) Branch
PVi2a=V12a x {i3c+idb) x (g(a)-1) source Vi2a Voliage Source
PVi2b=VI2b x (g{u) x (i3c+ilb)- . ] Intermediate Voltage
. source = sink g{a)=i3b / (i3c¢+i3b) Vi2b
iib) Nodc
Zeta
Pilc=ilc x (VI2a-g{o) x . glo)=Vi2a/ Intermediate Current
sink = source Be
(VI12a+VI12b)} V12a+Vi2bh) Branch
Pi3b=i3b x (V12a+Vi2b) x (1-g{a)} sink 13b Current Load
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3.1 OR Buck Converter

There are two unknowns in QR Buck Converter: the current iy in the voltage
source V3 and the voltage Vi3, on the current load I3,. The transfer function will be a
second order system because one capacitor and one inductor are in the circuit. Two
system equations will be derived in order to solve the two unknowns. The i, is
dependent on iy, and the Vi, is also dependent on V¢, which are solved in equations
(2.1) and (2.2} respectively. If the output voltage Vi3, is under regulation, the
switching frequency f; is chosen so that the output voltage Vs is kept constant. The
active power Py, on the voltage source V; is negative under the definition of
current flow-direction because it deiivers the power to the circuit. The active power

Pi3p on the current load Iy is positive because it dissipates the power from the circuit.

3.2  OR Boost Converter

There are two unknowns in QR Boost Converter: the current i, in the voltage
load V| and the voltage Vi3, on the current source [3,. The transfer function will be a
second order system because one capacitor and one inductor are in the circuit. Two
system equations will be derived in order to solve the two unknowns. The 2 is
dependent on i, and the Vi3, is also dependent on V¢, which are solved in equations
(2.1) and (2.2) respectively. If the output voltage Vi, is under regulation, the
switching frequency f; is chosen so that the output current i), is kept constant. The
active power Pi3, on the current source Iy, is negative under the definition of current
flow direction because it delivers the power to the circuit. The active power Py;; on

the voltage load V)3 is positive because it dissipates the power from the circuit.
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3.3 OR Buck-Boost Converter

There are thrée unknowns in QR Buck-Boost Converter: the current i3, in the
voltage source V3, the current iz, in the voltage load V2, and the voltage Vi3c on
the intermediate current branch [3.. The transfer function will be a second order
system because one capacitor and one inductor are in the circuit. Two system
equations will be derived but three unknowns cannot be solved by using two system
equations only. One more condition is needéd. The intermediate current branch I, is
transformed from an intermediate inductor shown in Fig. 2.2(c). The active power on
[5c should be near or equal to zero because the current and voltage are out of phase
90° in the intermediate inductor. Therefore, one more condition is the transfer
function g(@=V12./ (Viza+V12) shown in Table 3-1 because the active power Pj3c on
current branch I, is zero. Two KVL equations and one KCL equation can be derived.
The 1,5 is dependent on i, and the Vi3 is also dependent on V¢, which are solved
in equations; (2.1) and (2.2) respectively.- If the output voltage Vi is under
regulation, the switching frequency f; is chosen so that the output current 152 is kept
constant. The active power Pyiza on the voltage source V2, is negative under the
definition of ‘current flow direction because it delivers the power to the circuit..The
active power Pya;, on the voltage load Va4 is positive because it dissipates the power

from the circuit.

3.4 OR Cuk Converter

There are three unknowns in QR Cuk Converter: the cwrent i3 in the
intermediate voltage node V)3, the voltage Vi3, on the current source Is, and the
voltage Vi3y on the current load lsp. The transfer function will be a second order

system because one capacitor and one inductor are in the circuit. Two system
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equations will be derived but three unknowns cannot be solved by using two system
equations only. One more condition is needed. The intermediate voltage node V2 is
transformed from an intermediate capacitor shown in Fig. 2.2(d). The active power
on V3 should be near or equal to zero because the current and voltage are out of
phase 90° in the intermediate capacitor. Therefore, one more condition is the transfer
function g(a)=13 / (I3a+135) shown in Table 3-1 because the active power Pyiz on
intermediate voltage node Vi is zero. Two KVL equations and one KCL equation
can be derived. The i3 is dependent on iy, and the Vi3, and Vig, are also dependent
on V¢, which are solved in equations (2.1) and (2.2) respectively. If the output
voltage Vi3p is under regulation, the switching frequency f; is chosen so that the
output voltage Vi3, and Vi, are kept constant. The active power Piz, on the current
source I, is negative under the definition of current flow direction because it delivers
the power to the circuit. The active power Pi3, on the current load I3y is positive

because it dissipates the power from the circuit.

35 OR Sepic Converter

There are four unknowns in QR Sepic Converter: the current Ijz, in the
intermediate voltage node Vy,, the current I, in the voltage load V3, the voltage
V32 on the current source I3; and the voltage Vi3; on the intermediate cﬁrrent branch
L. The transfer function will be a second order system because one capacitor and
one inductor are in the circuit. Two system equations will be derived but four
unknowns cannot be solved by using two system equations only. Two more
conditions are needed. The intermediate voltage node V2, is transformed from an
intermediate capacitor and the intermediate current branch Iy, is transformed from an

intermediate inductor shown in Fig. 2.2(e). The active power on V3, and I3, should
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be near or equal to zero because the current and voltage are out of phase 90° in the
intermediate capacitor and inductor. Therefore, two more conditions are the transfer
function g{a} =13,/ (1;a+13)) and g(@)=V120/ (Vi2a+V;25) shown in Table 3-1 because
the active power P’y (2, on intermediate voltage node V |y, and the active power Pj3c on
intermediate current branch I3, are zero. Two KVL equations and two KCL equations
can be derived. The ij2, and 1;2, are dependent on i, and the Vi3, and Vi3, are also
dependent on V¢, which are solved in equations (2.1} and (2.2) respectively. If the
output voltage V2, is under regulation, the switching frequency f; is chosen so that
the output current I3, is kept constant. The active power Pi3, on the current source I3,
is negative under the definition of current flow direction because it delivers the
ﬁower to the circuit. The active power Py, on the voltage load V3, is positive

because it dissipates the power from the circuit.

3.6 OR Zeta Converter

There are four unknowns in QR Zeta Converter: the current [;, in the voltage
source V1, the current I3 in the intermediate voltage node V3, the vdltage Visp On
the current load I3, and the voltage V3. on the intermediate current branch I3 The
transfer function will be a second order system because one capacitor and one
inductor are in the circuit. Two system equations will be derived but four unknowns
cannot be solved by using two system equations only. Two more conditions are
needed. The intermediate voltage node V3 is transformed from an intermediate
capacitor and the intermediate current branch I, is transformed from an intermediate
inductor shown in Fig. 2.2(f). The active power on Vi3, and I3; should be near or
equal to zero because the current and voltage are out of phase 90° in the intermediate

capacitor and inductor. Therefore, two more conditions are the transfer function
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g(a)=Iz / (Iy+13) and g(@)=Viza / (Viza+Vi2s) shown in Table 3-1 because the
active power Pyj2, on intermediate voltage node Vi, and the active power Pj3c on
intermediate current branch I5. are zero. Two KVL equations and two KCL equations
can be derived. The 12, and 1,2 are dependent on iy, and the Vi3, and Vi3, are also
dependent on V¢, which are solved in equations (2.1) and (2.2) respectively. If the
output voltage Vi3 is under regulation, the switching frequency f; is chosen so that
the output voltage Vi3, and Vi, are kept constant. The active power Pyjz, on the
voltage source V2, is negative under the definition of current flow direction because
it delivers the power to the circuit. The active power Pi3, on the current load Iy, is

positive because it dissipates the power from the circuit.
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Fig. 3.1. Power Distribution of Half-wave Type of FM ZVS QR Buck Converters.
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Chapter 4 Modeling of Practical FM

ZVS QR Buck Converter

Starting from this chapter to all the following chapters, all the equations were
developed and derived by the author. They are the major contributions to the new
analysis in this thesis.

In order to analyze the efficiency of the converters, we have to consider the
internal resistance of each component. After inserting the lossy components in the'
ideal model, a new near-practical model can be formed as shown in Fig.' 4.1. The -
resistor R;3 is added to the current branch i3 because the inductor current is originally
replaced by i3. This component R;; can be used to represent the equivalent resistance

of the inductor. The components are defined as:

R} is the internal equivalent resistance of V s
R is the internal equivalent resistance of C, ,
Ry, is the internal equivalent resistance of L, R

Ri3 is the internal equivalent resistance of i3 ,
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Rgp is the internal equivalent resistance of Sp ,
Rsma is the internal equivalent resistance of Sya ,
Rswmp is the internal equivalent resistance of Sy ,
Vesp is the forward bias voltage of Sp ,

Vrsma is the forward bias voltage of Sya ,

Vrsmp is the forward bias voltage of Sy, .

Fig. 4.1. Practical Model of FM ZVS QR Switch.
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After the components are added, the switching waveforms are different from the
ideal model. Therefore, we have to consider each converter again. The system

equations are derived as follows:

4.1 Capacitor Charging Stage [Ty, T,]

The diode Sp and the transistor Sy turn off at Ty, current ic(t) flows through the

capacitor C; with internal resistance Rc¢,. Because the current i3 is assumed to be
constant, the capacitor voltage V¢(t) rises linearly. Fig. 4.2 shows the equivalent
circuit of FM ZVS QRSW in capacitor charging stage [Ty, T].

Initial conditions:

{f;,,(()) =0,
v, (0)=0 . 4.1
State equations:
di, ] |29 ry
d |_| L |_ ;
der (t) iC'r (t) —C%-
dt C, 4.2)
The switching waveforms in capacitor charging stage are:
(V 0, :i.t :M.[
Cr Cr a ?
- —_ der (t) .
) i () =C, T =1y,
i, ©H=0,
vL,(t):L,-M=O, _
L dt (4.3)
where
oot

Zr : 1.3 (4'4)
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Fig. 4.2. Capacitor Charging Stage [Ty, T;] of FM ZVS QR Buck Converter.

-

At time T, the diode Sp starts to conduct. The voltage on the diode Sp should be
zero. Therefore, T, can be found by this equation,

Ve, (1)) +ic, (1) R, =iy (1)) Ry + V), . (4.5)

Having solved the equation, we can write T, explicitly:

T =[i-c, -R(‘-,-J , where Re, =Ry +Rc, .
w

r

(4.6)

4.2 Resonant Stage [T;, T;|

The diode Sp turns on at time T, the capacitor voltage vc(t) resonates with the
inductor current i (t). However, there is an exponential damping factor associated
with the switching waveforms. They are not purely sinusoidal. Fig. 4.3 shows the

equivalent circuit of FM ZVS QRSW in resonant stage [T, T2].



Fig. 4.3. Resonant Stage [T}, T2] of FM ZVS QR Buck Converter.
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Initial conditions:
i.(@)=0,
i !
vCr(O)=C—3-T; =V, =t Rer .
r (4.7)
State equations:
diLr (t)
-L, R -C, | dt . R, -1 : i, (1) 3 Visp + V2
0 Al dv,, (1) -1 0| |v,(® i ’
dt (4.8)
where
Ry =Re, +R, , R; =R, +Rg, . (4.9)
Vi2
i2 RI2 o
7 VAVAV :\t"/'}
= NRIZ - -
it RCr T RSD \}DP\ RLr Lr iLr
AN | +— AN = AN— N
FWRee o *3 * yh * T " W
VRi3 ) Ri3
1
vis ( )8
I

The switching waveforms in resonant stage are:

v, ()= C, +K, - sin(w, (t~T,)+6,) ,
i, () =K, R -sin(w,(t-T))+6,) ,

li,@ =4 -~ K, - sin(w, (- T,) +6,)] ,

v, () =K, - sin(w,(t-T)) +6,) ,

(4.10)
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where

_Z— Z'l3,

4 2 2
Kl:_V_lz 14| Xt fﬂh@» ,
a \wo 2Zr

6, = 2z — tan™' :

; V.
C1:V|2+£ ﬁ+RH‘J’ﬂ= I‘&D‘
o

2

a:RALL’woz 1 _RALL2 — Wrz-aa,
2L LC, aL

R =R, +R,, R, =R, +R,,

Ry, =Ry +Ry =R, +R,+R_ +Ry, .

(4.11)

From the equations (4.10), we know that the swiiching waveforms have a

damping factor “a” = Ruy /(2L,). They are not purely sinusoidal because of the

internal resistance of each component. Moreover, the damping factor “a” shifts the

resonant angular frequency from w, to w, . Obviously, the real resonant angular

frequency w, is smaller than the ideal resonant angular frequency w, .

At time T, the switch Sy starts to conduct. [n order to achieve ZVS, the voltage

on the switch Sy should be zero. Therefore, T3 can be found by this equation,

vCr(T2) + lCr(TZ) °R(_'r =0.

(4.12)
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The equation is simplified to

C + Ky, e sin(w, (T, 1) +6,,) =0, (4.13)
where |
K,,=KR.,C \/(#—ayﬂfvz
U RC, ’ (4.14)
and
8,, =6, +tan” lw"-
R.C. | @.15)

Unfortunately, the time T cannot be written explicitly because of the exponential

term in equation (4.13). We have to solve it by using numerical method.

43  Inductor Discharging Stage [T5, Ts}

After the time T, the capacitor voltage v¢{t) reaches zero and the switch Sy turns
on. The inductor current i (t) decreases to zero at time T;. During this stage, the
capacitor voltage ve(t) in the practical circuits will not keep zero but very small,
therefore, the power loss in the capacitor C, is negligible.

Since Sy 1s a current bi-directional switch, the forward bias voltage drop will be
different. Equation (4.17) and (4.24) describe the inductor current i {t) for igm(t)<0
and ism(t)>0 respectively. It 1s necessary to add an intermediate stage T, between T,
and Tj. Therefore, the first inductor discharging stage in section 4.3.1 considers the
time between T, and T,. when the current ism(t)<0. Then, the second discharging
stage in section 4.3.2 considers the time between T, and T, when the current igm(t)>0.

The results are summarized in the equation (4.30).
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4.3.1 First Inductor Discharging Stage | T, T,]

Fig. 4.4 shows the equivalent circuit of FM ZVS QRSW in first inductor
discharging stage {T, T,].
Initial conditions:

ging-h—Kye”““”ﬂMWJ2~ﬂ)+%ﬂ- (4.16)

State equation:

diLr (t) - RSD + RLr + Rl2 + RS'Ma -i (t)
I¥s
dt L
Ve Vg +V -4 - (RIZ + RSM“) forig,(t) <0
L] SM -
L (4.17)

Therefore,
":Lr(t) = CSa + KSa : e_Aa-(!_TZ) . (4 18)
where

C,, = 5 '(Rlz +R5Ma)"' Visp = Vesua -V,

° RSD + RLr + RIZ + RSMa ’
Ky, =il -K,-e ™ sinw (T, - T,) +6,)]- C,, @.19)
and
A = Ry, + R, + R, + Ry, _
L, (4.20)

The switch Sy changes the direction of forward bias voltage when ism(t) = 0 at
time T,. Then, the time T, can be found by solving
g (T) =4 -0, (T,)=0 . (4.21)
Therefore,

T, =T2__1_.1r{'3_.'"_ci] )
A

S5a

a

(4.22)
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Vi2
i12 RI12 e !
} VAVAV ‘\’* '/:
* YRi2 * i
. VFSM: VFS :
iSM  RSMa ,F)\_I‘l RSD »\D RLr Lr iLr
(| +f———ap VAV 1\)\ VAV W'
+ VRSMa- haccs : - VRSD “NEls ™" T NMigp
VRi3) Ri3
vis (4 )i3

Fig. 4.4. Inductor Discharging Stage [T, Ta] of FM ZVS QR Buck Converter.

4.3.2 Second Inductor Discharging Stage [T,, T;]

Fig. 4.5 shows the equivalent circuit of FM ZVS QRSW in second inductor
discharging stage [T,, T3].
Initial conditions:

iLr(O) = CSa * KSa .e-Aa.rra_Tz) = LJ * (423)

State equation:

di, (1) L Rg, +R, + R, + R,
dt L

r

Veso = Vs +Vi2 — 15 '(Rﬂ i R"M’) forig, (t) >0
) SM i

L, (4.24)

iy, (1)

Therefore,
i, (t)=Cg + K, -e” ™ (4.25)
where

C. = I '(Rlz + Rsm)_ VFSD % VFsm; — VIZ
& Ry, + R, + R, + Ry,

L

K, =5-C, (4.26)
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and

- RSD * RLr i3 RIZ s RSMb

L, ' (4.27)

4,

At time T3, the inductor current i; (t) reaches zero. Then, T3 can be found by this

equation
§ ) -Ab(T3-Ta) __
i, (L) =C5, + K, -e i X (4.28)
Therefore,
1 -C
Ll —— g =t
4, K, (4.29)
Vi2
il2 RI2 =
t YR1Z *
iSM  RSMb /[‘_}Mh .~ RSD VD\D RLr Lr iLr
{+ ‘/}_ = AN :“, +r W.
F VRSMb- S *vRSDt T VRt - wVir °
VRi3? Ri3
viz( 4 )3

Fig. 4.5. Inductor Discharging Stage [T,, T3] of FM ZVS QR Buck Converter.

The switching waveforms in inductor discharging stage are:

(v, (t)=0 and i (t)=0 ,

. CotRe et ¥ forT, <t<T

i, (1) = —Ab(t—Ta) ?
Coy +K,, e stovl <t«l,
K. %% foT cteT

v, () = ]l " i 2 5

= = 2
Ko " bR et T,

1

&Y, O =5-i,0), (4.30)
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where

Ke,=-L K, -A and K, =-L ‘K, - A, . (4.31)

4.4  Free-Wheeling Stage |T;, Tj

After the time T;, both capacitor voltage v¢(t) and inductor current i.((t) reach
zero and the diode Sp turns off. The switch Sy still turns on and the constant current
i3 flows through Sy. Fig. 4.6 shows the equivalent circuit of FM ZVS QRSW in free-
wheeling stage [T3, T;].

The switching waveforms in free-wheeling stage are:

[ve. =0,
i, )=0,
1i(0=0,
v, ()=0,

CUORLES X (4.32)

At time T,, the switch Sy will turn off and the capacitor C, will be charged

linearly again because one switching cycle is complete at Ts.

12 R V12
1 .
* VRI2 - |
_ VFSMb
iSM RSMb

+ o
FVRSMb- 7+

VRi3 2 Ri3

i i3
w ()

Fig. 4.6. Free-Wheeling Stage [T, Ts] of FM ZVS QR Buck Converter.
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Chapter 5 Modeling of Practical FM

ZVS QR Boost Converter

In the following chapters, all the equations were developed and derived by the

author. They are the major contributions to the new analysis in this thesis.

5.1 Capacitor Charging Stage | Ty, T|]

The diode Sp and the transistor Sy turn off at Ty, current ic{t) flows through the
capacitor C; with internal resistance R;.

Initial conditions:

{i A0)=0,
v, (0)=0 . (5.1)
State equations:
di,(®)] [¥O]| r,
da|_| L |_ ;
der (t) iCr (I) C_3
ot C ' (5.2)

Because the current i3 is assumed to be constant, the capacitor voltage VcA(t) rises
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linearly. Fig. 5.1 shows the equivalent circuit of FM ZVS QRSW in capacitor

charging stage [Ty, T ]. The switching waveforms in capacitor charging stage are:

(

i3 Vl2 3 wr
v () =—t =——-t,
Cr() Cr a
. 2 dv(.‘r (t) == 3
p ICr(t) _Cr '7_13 ’
i, ()=0,
er (t) = Lr ) dll‘r(t) == 0 s
| dt (5.3)
where
a= V;z. :
Z, i (5.4)

At time T, the diode Sp starts to conduct. The voltage on the diode Sp should be

zero. Therefore, T can be found by this equation,

Ve, (T +15 R, =V),".

(5.5)
Having solved the equation, we can write T, explicitly:
a
s =[——Cr -RC,] 1
o (5.6)
A Vi2
il12 RI12 ﬁ‘.\
? e e
" VRI2 - '
iCr RCr Cr
P— AN | |
+ VRc - Il
Rey = VCr
VRi3/ Ri3

via (4 )i
M

Fig. 5.1. Capacitor Charging Stage [Ty, T ] of FM ZVS QR Boost Converter.
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5.2 Resonant Stage [T, T

The diode Sp turns on at time T, the capacitor voltage ve{t) resonates with the
inductor current i (t). However, there is an exponential damping factor associated
with the switching waveforms. They are not purely sinusoidal. Fig. 5.2 shows the

equivalent circuit of FM ZVS QRSW in resonant stage [T, T,].

Initial conditions:

iLr(O) = 0 b

vc,(0)=ci-1:=m—a-Rc,. |
- (5.7)

State equations:

di, (1) _
-L, R -C, | at _ R, +R, -1 . i, (1) + Viso + V13
0 C, dv,, (1) -1 0| |v () iy ’

dt . (5.8)

where

Rz =R, +Rg, . (5.9)

The switching waveforms in resonant stage are:

(v, ()= C, + K, - e .sin(w,(t—~T)+8,) ,
i, )= K, eV sin(w, (1 - 1))+ 6,) ,

\in =5, =K, - singw, ¢ - T)+8,)],

v, (O =K, e sin(w, (¢ ~T)) +6,) ,

(5.10)



Chapter 5 Modeling of Practical FM ZVS QR Boost Converter 47
where
14 R,.+R Vo
. a¥. -0 g0 2| g _FD
[ 2% (ﬁ z ] p 7.1
2 2
K V;?. 1+ wr . RALL ﬂ
ot w, ) \2Z. ’
= i
6, =2z —tan™ - : y
w, a ALL
—_—— | ——= 4
wa wo [Zr ﬁ]
ey iy +z—tan-'(&] )
Z, a
2
K = J1e| =(B+a)| ,0 =tan| —2]|,
R e e
. af W
K,=i,-Z,-K, ,0,=0,+2r—-tan"| = |,
a
a:RALL " 1 ’_R,u_.r.zz wi-a
2Lr 2 o chr 4Lr2 T ’
Ry =R, +R, , Ry =R, +R, ,
Ry, =Rer +Ryp =R +R, +R, +Ry, . (5.11)

VRI2 ©
e VESD .
L RGy IUI RSD N RLr L iLr
PN/ | AN ANA— Y Y
t VRer - VCr ¥ - NRSh =ONREx T WLy

VRi3 2 Ri3

Vi-_} ({) i3

Fig. 5.2. Resonant Stage [T, T2] of FM ZVS QR Boost Converter.
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From the equations (5.10), we know that the switching waveforms have a
damping factor a = Rapp /(2L)). They are not purely sinusoidal because of the
internal resistance of each component. Moreover, the damping factor a shifts the
resonant angular frequency from w, to w, . Obviously, the real resonant angular
frequency w,, is smaller than the ideal resonant angular frequency w, .

At time T3, the switch Sy starts to conduct. In order to achieve ZVS, the voltage
on the switch Sy should be zero. Therefore, T, can be found by this equation,

vCr(T;!)‘i‘iCr(TZ)'RCr =0.

(5.12)
The equation is simplified to
C,+Kypy e B i, (T, ~T)+6,,) =0 , 5.13)
where
K., =KR.C \/( ! —aJ2+w2
" N Re.C, ’ (5.14)
and
Gr, =8, +tan™ —I—w"~——
-a
Re.C, (5.15)

Unfortunately, the time T, cannot be written explicitly because of the exponential

term in equation (5.13). We have to solve it by using numerical method.

53 Inductor Discharging Stage [T, Ts]

After the time T», the capacitor voltage vc(t) reaches zero and the switch Swm turns

on. The inductor current i;(t) decreases to zero at time Ts. During this stage, the
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capacilor voltage vc(1) in the practical circuits will not keep zero but very small,
therefore, the power loss in the capacitor C, is negligible.

Since Sy is a current bi-directional switch, the forward bias voltage drop will be
different. Equation (5.17) and (5.24) describe the inductor current i, (t) for igm(t)<0
and ism(t)>0 respectively. It is necessary to add an intermediate stage T, between T;

and T_}.

5.3.1 First Inductor Discharging Stage [T, T,]
Fig. 5.3 shows the equivalent circuit of FM ZVS QRSW in first inductor

discharging stage [T, T,].

Initial conditions:

i, 0) =iy 1= Ky - B sin(w, (T, - T;) +6,)] .

(5.16)
State equation:
diLr (t) - _ RSD + RLr + RlZ + RSMa i (f)
dt L ol
_ VFSD +VFSMa "‘Vlz — 4 'RSMa fori <0
17 ) SM -
r S.17)
Therefore,
i,()=Cs, + Ky, o700 (5.18)

where
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= I Roa =Visp =Veswa —Via
2 RSD + RLr 7 R12 * RSMa :
Ky, =i,-[I-K; - @™ sinfw(T, -T,)+6,)]-C,, 5.19)
and
= Ry + R, + R, + R, _
L (5.20)

The switch Sy changes the direction of forward bias voltage when igpu(t) = 0 at

time T,. Then, the time T, can be found by solving

il )=t ~i, (T.)=0 .

(5.21)
Therefore,
1 . —C
¥ :Tz*?'ln s
a Sa (522)
. Vi2
i12 R12 A
(+ 1 p—
F VRI2 - =
) VFSM: 'FS
SM RSMa o0 ps . R gy Le iLr
. \ _a f \
i "_,:f VAVAN () VAV m
+ VRSMa- ’ - VRSD * e VRLr = My
VRi3 2 Ri3
\m( l )I‘\

Fig. 5.3. Inductor Discharging Stage [T, T, of FM ZVS QR Boost Converter.
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Vi2
il2 R12 S
- VAVAV {\U}
T OYRIZ C
s VFSMb VFSD .
iSM RSMb ., RSD 7= RLr Lr iLr
i :f_"/? = AN I"l\_;: \/\/\,_{YY'Y\_<__
+VRSMb - =S “wvrSpD * " VRLr ¥ - vie t
VRi3 2 Ri3
4.
F 4 =
vis( 4 )i3

Fig. 5.4. Inductor Discharging Stage [T,, T3] of FM ZVS QR Boost Converter.

5.3.2 Second Inductor Discharging Stage [T,, T3]
Fig. 5.4 shows the equivalent circuit of FM ZVS QRSW in second inductor

discharging stage [T,, T3].

Initial conditions:
L f0)=Cop + K, -7 =, | (5.23)
State equation:

di,(t) _ Ry +R, +R, +Rg,
dt L

r

'iu(t)

_VFSD—VFSMb+V:2_i3'RSMb fori t)>0
’ SM -

L, (5.24)

Therefore,
i, (1)=C5, + Ky, i (5.25)
where

= I Ry —Vieso + Vs — Vi
Ry +R, + R+ Repp

5b

b ]

K, =iy —Cy, (5.26)
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and

:RSD+RLr+Rl2+RSMb

4, .
L, (5.27)

At time T;, the inductor current 1 (t) reaches zero. Then, T3 can be found by this

equation
il,r(z;) _ CSb 4 Ksa _e—Ab-(TJ ~Ta) _ 0. (5.28)
- Therefore,
. ~
T,=T, ——-ln[ CS”) :
4, K, (5.29)
The switching waveforms in inductor discharging stage are:
'vCr(t) =0 and i,.())=0,
_ C,, +K, e ™ forT,<t<Ta
i, (1) = —Ab(1-Tar) i
C, +K;, -e JforTa<t<T,
P,
Ko, e forT,<t<Ta
v, () = —Ab-(t=Ta) ’
K, -e JforTa<t<T,
Vs (=5 ~1,(1) (5.30)
where,
K(m "—'—Lr'KSa'Aa and Kﬁb :'"Lr'KSb'Ab . (5.31)

54  Free-Wheeling Stage [T;, T}

After the time T;, both capacitor voltage ve(t) and inductor current iy (t) reach
zero and the diode Sp turns off. The switch Sy still turns on and the constant current
13 flows through Spy. Fig. 5.5 shows the equivalent circuit of FM ZVS QRSW in free-

wheeling stage [T, T,].
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The switching waveforms in free-wheeling stage are:

A

ERGED
i, (1) =0
i, (t)=0
v, (6)=0

LiSM (t) - i3

(5.32)

At time T, the switch Sy will turn off and the capacitor C, will be charged

linearly again because one switching cycle is complete at Ts.

V12
52 R12
+/\/\, ﬁ/\Jr VI;‘,

T NRI2 T -
. VFSMb

iSM RSMb o~
+.
+VRSMb -

i \‘u =
Vi | )1

g

Fig. 5.5. Free-Wheeling Stage T3, Ts] of FM ZVS QR Boost Converter.
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Chapter 6 Modeling of FM ZVS

Converters Using Unified Model

In this chapter, all the equations were developed and derived by the author. They
are the major contnibutions to the new analysis in this thesis. Chapter 4 and Chapter 5
have already derived the FM ZVS QR Buck and Boost Converters respectively. This
chapter is going to summarize the techniques used in Chapter 4 and Chapter 5. The
large signal regulated unified model shown in Fig. 6.1 is used to summarize all
equations in Buck, Boost, Buck-Boost, Cuk, Sepic and Zeta converters. The
switching frequency f; is a variable to be determined by numerical method so that the
DC operating points in the large signal method are solved and the output load voltage
is kept constant. The MATLAB tools {6]will be used in Chapter 7.

There are four switching stages: capacitor charging stage, resonant stage, inductor
discharging stage and free-wheeling stage. The following sections analyze and solve

the system equations in each switching stage.
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Vi2a Vi2b
il2a Ri2a N i12h Ri2b —~
— 0y AA—+ - — e T
f VRI2Za© A VRI2b"
V i.-;\.’i‘ T ) 3¢
VRi3c ) Ri3e
J_ SMb ¥ SD
RL Lr iLr
| T#1 l‘ 2 5
T | SMa " Ry ™ VLr
RCr Cr +
A l VRi3a VRi3b) Ri3b
icr ¥ VRer - Ver~ i
¢ | i3b
visa( 4 ) wvisl ¢ )

Fig. 6.1. Unified Practical Model of FM ZVS QR Converter.

6.1

Capacitor Charging Stage [Ty, T)]

The diode Sp and the transistor Sy turn off at Ty. The current ic(t) flows through

the capacitor C; with an internal resistance Rc,. Because the current i3 = i3, + i3y + i3c

is assumed to be constant, the capacitor voltage V¢((t) rises linearly. Fig. 6.2 shows

the equivalent circuit of FM ZVS QRCs in capacitor charging stage [T, T;].

Initial conditions:
i, (07)=0,
v, (07)=0.

State equations:

di, (] [vu®]
a |_| L

dve, (1) i, (1)
dt o A

(6.1)

=l iy tiy,

(6.2)
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Vi2a o Vi2b
: Rl:.l ¥ i 119 12
i12a / i12by ¥V
R T e W ey e
* VRI2a" T * VRI2b"
RCr Cr L
PR PAIT )
icr * VRer - VCr

VRida 2 Rida VRi3b? Ri3b

Fig. 6.2. Capacitor Charging Stage [Ty, T;] of FM ZVS QR Unified Model.

The switching waveforms in capacitor charging stage are:

rvc,,(t)= b +iyy +i5, P Vi " W, 1,
G, a
v, (t
<iCr(t):Cr' Cr( )=ila+ilb+i35 L]
di, (t
er(t):Lr. lb()zoa
L dt (6.3)
where
V.
a = - 12- . g
Z, (i, +iy, +1y,) (6.4)

At time T, the diode Sp, starts to conduct. The voltage on the diode Sp should be

zero. Therefore, T can be found by this equation,

Ve, 1) +ic (T)) - Re, =Viga +Vigy g Ry +iipp - Ry, - (6.5)
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Having solved the equation, we can write T, explicitly:
I =[L(Vu =iy Ryy =iy, - Rlza)' o RCrJ )
g Ty t iy (6.6)
where
Vio =Viaa +Viyy and R, =Ry, + Ry, . 6.7)

6.2 Resonant Stage [T, T,]

V12a V12b
; R12a ; R12b
12 12b
A s (s v I AN @
FiNR12a" i ¥ VRI2b™
VFSD ;
RCr A A RLr Lt iLr
X | |LCr Y
F— AN 1] ( S AA—YY YL g -
iCe ™ VB&r © Ty - VRLr * = WVLr *

VRi3a 2 Ri3a VRi3by Ri3b

i3a . i3b

\'i.'lu(_:l_) Vis(’g
L l -

Fig. 6.3. Resonant Stage [T, T>] of FM ZVS QR Unified Model.

The diode Sp turns on at time T, the capacitor voltage vc(t) resonates with the

inductor current i {(t). However, there is an exponential damping factor associated

with the switching waveforms. They are not purely sinusoidal. Fig. 6.3 shows the

equivalent unified circuit of FM ZVS QRSW in resonant stage between the tiﬁle [Ty,

Tl
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Initial conditions;
i, (07)=0,
IRV S A . . )
Vel 07y = CE T = W Wil iy i) Re, (i i) Ry =iy Re
(6.8)
State equations:
dif,r (t)
-L, R.,-C +R,, -C, 1 dt - R +R,, —1 _ i, (1)
0 C, dv,.,(1) -1 0 ] 1ve (D
dt
+ VFSD + VIZa + Vlzb +i3a : RlZa _in . Rlzb
i3a +i}b +ilc ’
(6.9)

where

Ry =R, + Ry, -

(6.10)
The switching waveforms in resonant stage between the time {1y, T7] are:
v, ()= Vi (C o+ K€ singw, (- T))+6))
ier(0)=Vyy {6 -€ T sin(w, (1 - T) +6,))
.
O =5 [1-K, - singw, (1~ T) +0))]
yLr(t) =i,-K, e~ U -sin(wo(t -1)+8,) , 6.11)

where
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ALL
AL
o V4 A
6 =2 ! 2 ,
wo_a F Ry
w{) wo (Zr ﬂ}
!
Kz—ﬁ, =6, + 7 —tan '(W"),-
Z, 7,

[—

o

K,=Z K, ,8,= 03+27r—tan"(w"J,
a

2
a:RALL , W, = _1__RA_LL2_= wrz-a2 ,
2L, LC, 4L

Rer =R, + R, = R, + R, + Ry R, = R, + Rsp

R, = Rep + Ry = R, + RlZ +R,, + Ry

i3 = i3a‘+i3b + i}c 3 I/l2 I/IZQ + p,IZb (6'12)

2
+ﬂw+a L6, =tan"| — Yo |
B-w +a

r

i

From the equations (6.11), we know that the switching waveforms have a
damping factor “a” = Rap /(2Ly) in the exponential index. They are not purely
sinusoidal because of the accumulative value of the internal resistance of each
compounent. Moreover, the damping factor “a” shifis the resonant angular frequency
from w; to w, . Obviously, the shifted resonant angular frequency w, is smaller than
the ideal resonant angular frequency w, .

At time T, the switch Sy starts to conduct. In order to achieve ZVS, the voltage
on the switch Sy should be zero. Therefore, T, can be found by this equation,

vCr(I-'Z)+iCr(I12)'RCr :0 . (613)
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The equation is simpfiﬁed to

Ci+Kpy e sin(w, (T, - 7))+ 6,,) =0, (6.14)
where
| 2
KTZ = KlRCrCr \/(R C _aJ + w02
crr (6.15)
and
8,,=0 + tan™ IL
R.C, (6.16)

Unfortunately, the time T, cannot be written explicitly because of the exponential

term in equation (6.14). We have to solve it by using numerical method.

6.3  Inductor Discharging Stage [T, T;)

After the time T, the capacitor voltage v () reaches zero and the switch Sy tums
on. The inductor current iy,(t) decreases to zero at time Ts. During this stage, the
capacitor voltage vcAt) in the practical circuits will not keep zero but very small,
therefore, the power loss in the capacitor C, is negligible.

Since Sy is a current bi-directional switch, the forward bias voltage drop will be
different. Equation (6.18) and  (6.25) describe the inductor current iy (t) for igm(t)<0
and ism(t)>0 respectively. It is necessary to add an intermediate stage T, between T,

and Ts.
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6.3.1 First Inductor Discharging Stage {T,, T,]

Vi2a — Vi2b
AN ) 1 12y AA— )
* VRI2a" i * VRI2b-
Vi3c<‘f>i3c
+
VRilc é Rilc
+
VFSMa VFSD .
RSMa N 3 RSD RLc Lr iLr

VRila 2 Ri3a

VRi3b Rilb

Fig. 6.4. First Inductor Discharging Stage [Tz, Ta] of FM ZVS QR Unified Model.

Fig. 6.4 shows the equivalent circuit of FM ZVS QR unified model in first
inductor discharging stage [T, T,].
Initial conditions:
i, (0) =i, |l K, -e "™ sin(w, (T, -T,) +6,)] . 6.17)
State equation:

di!,(f) Rsu + RLr + R12 + RSMa .
) == ) l!r (()
dt L :

»

C Vesp +Vesua ¥+ Vg =1 Ry =5, Ry, —15 - R

; e forig, (1) <0.
. (6.18)

Therefore,

i, (0)=Cs, + K, - e ) (6.19)



Chapter 6 Modeling of FM ZVS Converters Using Unified Model 62

where
C. = B Ry + 5, R + 5 R —Visp —Visa =V
Sa R.S'D + RLr t+ RIZ + RSMa . ,
Ky =iy -[l-K,-e @ sinfw(T, - T,)+6,)]-C, 6.20)
and
A — RSD + RLI‘ + RIZ + RSMa .
L, 6.21)

The switch Sy changes the direction of forward bias voltage when igu(t) = 0 at

time T,. Then, the time T, can be found by solving

syl =6 -i,(T,)=0. ‘ (6.22)
Therefore,
T, =T, —L-ln[%—_—CS—“J ‘
A, ,K5" (6.23)

6.3.2 Second Inductor Discharging Stage [T,, T3}

Fig. 6.5 shows the equivalent circuit of FM ZVS QR unified model in second
inductor discharging stage [Ta, T3].

Initial conditions:

0,(0)=Cs, + K, -7 = L . (6.24)

State equation:

di, (1) N Ry,+R, +R,+R,,

[ At
dt L (1)
_ VFSD + VIZ _i3bR:2 _i3cR12a _VFS "ia 'RSMb for i >0
L E SM M

, (6.25)
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Therefore,

) _ — Ab{t—Ta)
‘Lr(t) = CSb + Ksb ‘€

(6.26)
where
C. = LRy +i3 Ry, + Vo i3 R —Vigy = Vo
5h 3
RSD + RLr + R12 + RSMb
K, =5-Cs (6.27)
and
4 = Ry + R, + R, + Ry,
" .
L (6.28)

At time Ts, the inductor current i {t) reaches zero. Then, T3 can be found by this

equation
ir,r(Tz.) =Cs, + K, T (6.29)
Therefore,
T,=T, _L.m(__CSbJ )
4, st (6.30)
The switching waveforms in inductor discharging stage [T, T3] are:
(v, (£)=0 and i (£)=0,
0 C,, + K, e forT,<t<Ta
4 r = )
‘ Cy, + Ky -7 forTa<t<T,
<
K, e forT,<t<Ta
er(t) = — Ab-{t-Ta) ?
K, e JforTa<t<T,
LiSM (t) = 53 - iLr (t) » (63 1)

where

Kﬁa = _Lr ) KSa ) Aa and Kﬁb = _L-" ) KSb ) Ab . (632)
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ViZa V12b
. 2 o R12b
L R12a & - B e )
gy i L
VRI2a VRI2b-
RSMb R’“’ ‘ﬂ”\') RLr Lt iLr
>F—AN—+ 1) 1. A AR —L WY W g
iSM -\,'R\‘\Ih- = VRIr = = Nir °

VRi3a /2 Ri3a VRi3b, Ri3b

i3b

Fig. 6.5. Second Inductor Discharging Stage [T, T3] of FM ZVS QR Unified Model.

6.4  Free-Wheeling Stage [Ts, T ]

After the time Ts, both capacitor voltage vc(t) and inductor current iy (t) reach
zero and the diode Sp turns off. The switch Sy still turns on and the constant current
i3 flows through Sy. Fig. 6.6 shows the equivalent circuit of FM ZVS QRSW in free-
wheeling stage [T, T;].

The switching waveforms in free-wheeling stage are:

(v, (1)=0
i, (1)=0
i, (#)=0
v, ()=0

Usu () =15 (6.33)
At time Ts, the switch Sy will turn off and the capacitor C, will be charged

linearly again because one switching cycle is complete at Tj.
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Fig. 6.6.

Free-Wheeling Stage [T3, Ts] of FM ZVS QR Unified Model.
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Chapter 7 Power Distribution and

Efficiency Analysis

The switching mode power supply industry is developing some small size, low
switching noise and high efficiency power converters. The zero switching condition
in the quasi-resonant topology can decrease the switching noise [2]. |

The derivation in the previous chapters is assumed that the zero switching
condition can be attained. Therefore, the switching loss due to non-zero switching
effect is minimized and negligible.

-By using the equations (6.3), (6.11), (6.31) and (6.33) in Chapter 6, we can
predict the power distribution in the near-practical model of a Buck Converter and a
Boost Converter. In order to simplify the analysis, we define that all internal
equivalent resistance is 0.1Q and all forward bias voltages are 0.7V, which are
reasonable practical parameters. Actually, these simulation conditions can be
arbitrarily chosen and the simulation operations are repeatable. The section 7.1
shows the results under non-regulated operating mode. The results predicted from

near-practical unified model are comparable with the results shown in Fig. 3.1 - Fig.
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3.6 predicted from the ideal unified model depicted in Fig. 2.9. The used parameters
are referred from TABLE II shown in [2]. On the other hand, the section 7.2
describes the results of a Buck Converter under regulated operating mode. The
output voltage will be under regulation by adjusting the switching frequency of the

switch.

7.1 Non-regulated Operating Mode

Fig. 7.1 shows the power distribution of the source power and the load power in
Half-wave Type of FM ZVS QR Buck Converter. The positive value P is load
power, which means that the load is dissipating the power. The negative value Pvy; is
source power, which means that the source is providing the power. The absolute
values of a positive curve and a negative curve in the same condition of supply
voltage V), are not the same. Hence, the source power (input power) is not the same
as the load power (output power). Actually, the source power is larger than thf_: load
power. Obviously, there is some power loss within the non-ideal devices defined in
Chapter 4. After compaﬁng-them with Fig. 3.1, it is noted that they afe different
because of the power loss in non-ideal components. The load pbwer in the near-
practical lossy model shown in Fig. 4.1 is lower than the one in the ideal model
. shown in Fig. 2.4.

Similarly, Fig. 7.2 shows the simulation results of the power distribution in Half-
wave Type of FM ZVS QR Boost Converter.

Fig. 7.3 shows the power loss of each component. It is interesting to note that the
loss in diode Sp is very significant, especially, when i3 is large. We also know that
the power loss in R is the least significant.

The efficiency of this model is plotted in Fig. 7.5 and Fig. 7.6. Because the
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conduction power loss is considered only, it shows the maximum value of the
efficiency that can be achieved under different operating points. In order to verify the
analytical results, the experiments mentioned in (2} are used to compared. It is
confirmed that the efficiency of a boost QRC is around 94 % when the output voltage
is 28.7V, the output current is 0.58A and the input voltage is 20V respectively in the
experiments. They are the guidelines for the engineers to design an optimal converter
for some given conditions and components. For example, for some chosen circuit

components, the on-state resistance of [RF-730 MOSFET is 1) and the internal

equivalent resistances of other components can be measured so that all parameters
can be entered into the simulation tools that is listed in Appendix A.1-A.10. The
simulation can predict the efficiency and the powér loss in each component without

building the circuit.

v12=[28.7V, 37.6V, 44.8V], Lr=8e-6H, Cr=800e-12F, fs=1MHz

20
15 E—65—0 _eﬂ\e\(
10 vi2=44.8V oo 5 gy 9\‘\
v12=37.6V O/G D\ \
5
viz=28 v @ T \@\
0 M
-5 = A‘/i- A A
] 7 /
-10 S e
[ i
- N L ]
15 T~ A
-20
0 0.5 1 1.5 2
i3 (A)

Fig. 7.1. Power Distribution of Half-wave Type of FM ZVS QR Buck Converter.
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v12=[28.7V, 37.6V, 44.8V], Lr=8e-6H, Cr=800e-12F, fs=1MHz
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Fig. 7.2. Power Distribution of Half-wave Type of FM ZVS QR Boost Converter.
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Fig. 7.3. Power Loss of Each Component in FM ZVS QR Buck Converter.
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Fig. 7.4. Power Loss of Each Component in FM ZVS QR Boost Converter.
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v12=[28.7V, 37.6V, 44.8V], Lr=8e-6H, Cr=800e-12F, fs=1MHz
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Fig. 7.5. Efficiency of Half-wave Type of FM ZVS QR Buck Converter.
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v12={28.7V, 37.6V, 44.8V], Lr=8e-6H, Cr=800e-12F, fs=1MHz
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Fig. 7.6. Efficiency of Half-wave Type of FM ZVS QR Boost Converter.
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7.2 Regulated Operating Mode

By using the equations (6.3), (6.11), (6.19), (6.26), (6.31) and (6.33) in Chapter 6,
the power distribution in thf_: large signal model of quasi-resonant unified model is
predicted numerically by using averaging technique. In order to simplify the analysis,
we define that all internal equivalent resistance is 0.1C2 and all forward bias voltages
are 0.7V, which are reasonable practical parameters. Actually, these simulation
conditions can be arbitrarily chosen and the simulation operations are repeatable. [n
order to verify the analytical results, the experiments mentioned in [2] are used to
compared. It is assumed that the supply voltage and load current are varied but the
rload voltage is kept regulating at 30V. The load voltége can be regulated because the
switching frequency f; is kept changing under different operating conditions. The
optimal switching frequency f; is found by numerical iteration. For example, the
function scalar minimization “fminbnd” in MATLAB {6] is used.

Fig. 7.7 - Fig. 7.12 show the results of power distribution analysis of QR
regulated Buck, Boost, Buck-Boost, Cuk, Sepic and Zeta converters by using large
signal regulated unified model. All the analyzed converters in this section are
operating in the regulated operating mode. The results shown in Fig. 7.7 - Fig. 7.12
are using the MATLAB simulation algorithms that are listed in Appendix A.1 — A.6.

Fig. 7.13 shows the power loss of each component in a quasi-resonant buck
converter under regulated operating mode of a large signal regulated unified model.
[t is interesting to note that the loss in the inductor L, the diode Sp and the output
equivalent resistance are very significant, especially, when the output current i is
large. On the other hand, the power loss in the Rey is the least significant. The results

in Fig. 7.13 and Fig. 7.14 are using the MATLAB simulation tools that are listed in
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Appendix A.7. The others simulation algorithms for unified large signal model are
listed in Appendix A.8 — A.10.

The efficiency of the large signal regulated unified model of a quasi-resonant
buck converter is plotted in Fig. 7.14. Because the conduction power loss is
considered only, it shows the maximum value of the efficiency that can be achieved
under different operating points. They are the guidelines for the engineers to design
an optimal converter for some given conditions and components. For example, for

some chosen circuit components, the on-state resistance of IRF-730 MOSFET is 1)

and the internal equivalent resistances of other components can be measured so that
all parameters can be entered into the simulation tools that is listed in Appendix
A.l1 — A.10. The simulation can predict the efficiency and the power loss in each

component without building the circuit.
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Chapter 8 Conclusion

This paper has already reviewed the ideal model of pulse-width modulated switch
(PWMSW) and quasi-resonant switch (QRSW) in Chapter 2. It is also indicated that
the PWMSW can be unified in a basic circuit: a switch and a diode. The analysis of
PWM converters is simplified because the topology consists of a current branch and
a voltage loop. Each operation model of Buck, Boost, Buck-Boost, Cuk, Sepic and
Zeta Converter can be generalized into one general operation model that is shown in
Fig. 2.3. Adding a capacitor in parallel with the switch and an inductor in series with
the diode to the PWMSW can form the QRSW that is shown in Fig. 2.4. One
example of the half-wave frequency-modulated zero-voltage switching quasi-
resonant switch (FM ZVS QRSW) has been mentioned. Analogously, other types of
quasi-resonant converters (QRCs) shown in Fig. 2.8 have been derived from the
| basic model of QRSW shown in Fig. 2.4. In Chapter 3, the power distribution in the
_ideal half-wave FM ZVS QR Converters is chosen to be analyzed but it is assumed

that they are not operating in the regulation mode because the frequency is fixed. The
purpose of this analysis is mainly to verify the power attributes derived in Chapter 2.

Starting from Chapter 4 is the major contributions to this thesis. Chapter 4 and
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Chapter 5 have aiready derived the switching waveforms of the near-practical model
of Buck and Boost Converter respectively. Chapter 6 mathematically summarizes the
techniques used in Chapter 4 and Chapter S. It shows the capability of using unified
model to simplify the analysis of the different quasi-resonant models. Finally, in
Chapter 7, the power efficiency of the lossy model has been considered.

This paper aﬁalyzes the power distribution of the ideal half-wave FM ZVS QRSW.
Voltage nodes and current branches will change their power attributes when the
operating point is changed. Some special operating points of the converters can be
found. A near-practical model is derived.

The power dissipation and the efficiency of the QRCs can be estimated. It is
known that the most critical components are in making the high efficiency converters.
Most power is lost in the equivalent resistance of the current branch, the inductor and
the main diode. The conduction power loss of each component can be predicted and
the most significant component in power dissipation can be found. Therefore, in
order to improve the efficiency, the internal resistance of these components should be
eliminated first.

The power distribution in the FM ZVS QRCs is found by using some numerical
methods and large signal regulated unified model. Some MATLAB functions such as
“fminbnd” and “fzero” are used to solve the explicit equation.

Furthermore, the power efficiency of the derived lossy mod‘els is considered and
studied. It is verified that the efficiency will change when the operating point is
varied but the output load voltage is kept regulating by adjusting the switching
frequency. The theoretical maximum efficiency under different operating points is
known. The maximu-m efficiency under varying operating conditions is known

without doing cycle-by-cycle simulation. Although the FM ZVS QR Converters are
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dertved only in this paper, this analytical method can be applied in other converters.

The major difficulty is that the time T3 in equation (4.13) or (5.13) cannot be
written explicitly because of the exponential term. Therefore, using numerical
method to plot the power distribution and efficiency is a must. It is difficult to find
the explicit form of constant V¢, and [ by using the averagiﬂg method shown in
equation (2.5).

Although the FM ZVS QR Buck and Boost Converters are considered only in this
thesis, this new analytical method can be further generatized by using the other
unified near-practical model.

Moreover, this approach can be used to analyze other switching modes such as
ZVS Cyclic Quasi-Resonant Switch (ZVS-CQRSW), PWM ZVS-QRSW, PWM
ZVS-CQRSW and Active-Clamp Quasi-Resonant Switch (AC ZVS-QRSW).

Finally, these models for efficiency analysis can be collected into a simulation
package, for example Simulink in MATLAB (7], that can be used by engineers to

~ evaluate the optimal operating conditions of the converters.
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Glossary

AC
Active Power

Apparent Power

Actively clamped
Real part P of an apparent power P+jQ

P+jQ where includes the real part P and imaginary part Q of a

power

BJT Bipolar junction transistor

Cr Resonant capacitor; which is much smaller than the filter
capacitor(s)

Capacitor Charging Stage
A period between Ty and T, where Sp and Sy are off and V¢,
rises linearly

CBS Current-bidirectional switch in which current can flow
bidirectionally

CCM Continuous conduction mode, which the filter inductor is large
enough to act as a constant current source

CQR Cyclic QR

CQRC’s Cyclic QRC’s

Current Load A current controlled device acts as a foad which dissipates

Current Source

power

A current controlled device acts as a source which supplies
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power
Damping Factor “a” The resonant amplitude or the .stress is smaller if the damping
factor “a” (=RaL./ 2 L) is larger because it is in the index of
the exponential component with sinusoidal switching waveform

during the resonant stage

fonax Maximum switching frequency
fs Switching frequency
FM Frequency modulation -

First Inductor Discharging Stage
A period between T, and T, where both Sp and Sy, are on and
I;, is decreasing. The Igpm, Will reach zero at T..

Free Wheeling Stage
A period between T; and T, where V¢, and I, reach zero after
T . The diode Sp is off but Syg is still on. The switch Sm will
turn off and C, will be charged linearly again after T, becéuse

one switching cycle is complete at T, .

g(o) Transfer function

gmax(a) Maximum transfer function when the condition is at maximum
switching frequency fmax

Iz A current flows through V ,

L124 A current flows through V1,

Ii2p A current flows through V

i3 A current branch (=I3,+p+13;) shown in Fig. 2.3

| £ A current branch in parallel with Sy shown in Fig. 2.3

I3p A current branch in parallel with Sp shown in Fig. 2.3
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Lxe A current branch in connectiong to both V5, and V3, shown in
Fig. 2.3

Ic, A current flows through ér

I, A c;lrrent flows through L,

Isp A current flows through Sp

Lem A current flows through Sy

Ispma A current flows through Sy,

Isp A current flows through Sy,

{nductor Discharging Stage
A period between T and T; where both Sp and Sy are on-and
L1 will decrease to zero at T; . However, it is divided into first
inductor discharging stage and second inductor discharging
stage. An intermediate stage T, is added between T, and T;
Intermediate Current Branch
A current controlled device which is transformed from an
inductor where acts as an energy transfer device. Store energy
from the source in the first switching cycle and deliver energy
to the load in the other switching cycle
Intermediate Voltage Node
A voltage controlled device which is transformed from a
capacitor where acts as an energy transfer device. Store energy
from the source in the first switching cycle and deliver energy
to the load in the other switching cycle |
KCL Kirchhoff’s current law

KVL Kirchhoff’s voltage law’
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Lr Resonant inductor, which is -much smaller than the filter
inductor(s)

Large Signal Model A model is to represent the circuit in stable operating points

LC resonant network
Inductor capacitor resonant network that forms the quasi-
resonant operating condition

MOSFET Metal Oxide Semiconductor Field Effect Transistor

Power Distribution [t is an analysis to know that each component will either supply

or dissipate how much power in the circuit

PWM | Pulse-width modulation, with fixed switching frequency
PWMSW PWM switch model

QR Quasi-resonant

QRC Quasi-resonant converter

QRC’s Quasi-resonant converters

QRCs Quasi-resonant converters

QRSW Quasi-resonant switch model

Ry, Internal equivalent resistance of V|
Riz Internal equivalent resistance of V3,
Rizp : Internal equivalent resistance of Vo,
Ry Internal equivalent resistance of C,
Ry, Internal equivalent resistance of L,
Ris Internal equivalent resistance of I
Risa Internal equivalent resistance of I3,
Rip Internal equivalent resistance of I3y

Rizc Internal equivalent resistance of I,
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Rir Ri=Ri+Rsp

Rsp Internal equivalent resistance of Sp
Rsma Internal equivalent resistance of Sy,
Rsmb [nternal equivalent resistance of Sy

Reactive Power Imaginary part Q of an apparent power P+jQ

Regulated Model ~ Output voltage or current is kept constant even though some
operating conditions are changed

Resonant Stage A period between ”l;l and T, where Sp is on but Sy is off and

Ver resonates-with i

Sp Switching diode
Sm Switching transistor
SMa Reverse current flow diode in parallel with Sy that forms a bi-

directional switching transistor

Smb Positive current flow transistor in parallel with Sy, that forms a
bi-directional switching transistor

éecond Inductor Discharging Stage
A period between T, and T; where both Sp and Sy, are on and
[Lr is decreasing. The Iswmy, will increase from zero after T, . Iy,
will reach zero at T .

Small Signal Model A model is to represent the small change varying operating
points. It is mostly created by adding small perturbations and
using state-space averaging technique. It is used to analyze the
dynamic behaviour and stability of QRC.

Ty The time when both diode Sp and transistor Sy are off at T,

T, The time when diode Sp will start to conduct at T,
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T, The time when capacitor voltage V¢, reaches zero and switch
Sm will start to conduct at T,

T, The time when Isy changes from negative value to positive
value. The Sy, is conducted before T, and Smp is conducted
after T,

T3 Ii,; reaches to zero at Ty _

Ts Switching period of converter (=1/£)

Viz A voltage node (= V,, + Viap)

Vi2a A voltage node connecting to Sy directly shown in Fig. 2.3

Vi A voltage node connecting to Sp, directly shown in Fig. 2.3

Ver A voltage across C,

Vesp Forward bias voltage of Sp

VESMa Forward bias voltage of Sy,

VEsmb Forward bias voltage of Sy,

Vi A voltage across I3

Viia A voltage across [,

Vian A voltage across [3;,

Vi A voltage across I,

Vir A voltage across L,

Va2 A voltage across the R,

VRiza A voltage across the R 5,

Ve A voltage across the R,

Vrer A voltage across the Rer

Vris A voltage across the R;;

VRisa A voltage across the R,
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Vkisp A voltage across the Rj3p

Viise A voltage across the Ris.

A\ A voltage across the R,

Veso . A voltage across the Rgp

Vism A voltage across the Rgy

VRSMa A voltage across the RSIMa

Virsmb A voltage across the Rgp,

vBS Voltage-bi-directional switch, the voltage across which can

Voltage Load

Voltage Source

ZCS

ZVS

vary bi-directionally
A voltage controlled device acts as a load which dissipates
power

A voltage controlled device acts as a source which supplies

power

Shifted Resonant angular frequency (=\fW,2—a1) with

considering internal equivalent resistance in the circuit

Ideal Resonant. angular frequency (= l/ vL.C,) without

considering internal equivalent resistance in the circuit

Resonant characteristic impedance =vL,/C,)

Zero-current switching or, more specifically, zero-current turn-
off

Zero-voltage switching or, more specifically, zero-voltage turn-

on
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Appendix A:MATLAB Scripts

A.l1  Regulated Buck QRC

These MATLAB scripts are used to simulate the regulated Buck QRC,

%Define the components’ parameters

clear all -

Lr=8e-6; %Define the inductance of Inductor
Cr=800e-12; %Define the capacitance of Capacitor
wr=1/sqrt(Lt*Cr);

Zr=sqri(Lt/Cr);

vi3b_target=30; %Define the output voltage

%Define the analysis range

v12=1:10:200; %Define the voltage range
13b=0.1:2:30; %Define the current range

%Calculate the output at each operating point
for i=1:length(v12),
for j=1:length(i3b),
alpha=v12(i)./Zr/i3b(j);
if (alpha<=1)&(alpha>0),
fs(ij)=wr*(1-vi3b_target/vl 2(i))/(pi+asin(alpha)+alpha/2+( 1+sqrt(1-
alpha”2))/alpha);
Tl=alpha./wr;
T2=T1+(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha.~2))./al pha/wr;
if ((T3)<=fs(i)I(Fs(i,j)<=0),
fs(i,j)=nan;
i12(i,j}=nan;
Pv12(i,j)=nan;
vi3b(i,j)=nan;
Pi3b(i,j}=nan;
g(ij)=nan;
else
Ts=1/fs(i,j);
Simulation_Time=Ts:

%oDefine the time scale
Time_step=Simulation_Time/1 000;



Appendix A.1

Time_axis=0:Time_step:Simulation_Time;
Time_length=length(Time_axis);
iLr=zeros(Time_length,1);

vCr=zeros(Time _length,1);

%Calculate the output at each time interval
for k=1:Time_length,
if (rem(Time_axis(k),Ts)>T 1)&(rem(Time_axis(k), Ts)<=T2)
iLe(k)=i3b(j). *(1-cos(wr* (rem(Time_axis(k),Ts)-T1)));
elseif (rem(Time_axis(k), Ts)>T2)&(rem(Time_axis(k),Ts)<=T3)
iLr(k)=13b(j).*(1 +sqrt(1-alpha.”2)-alpha. *wr*(rem(Time_axis(k),Ts)-T2));
end
if (rem(Time_axis(k), Ts)>0)&(rem(Time_axis(k), Ts)<=T1)
vCr(k)=v12(i).*wr/alpha*rem(Time_axis(k),Ts);
elseif (rem(Time_axis(k),Ts)>T1 Yé&(rem(Time_axis(k),Ts)<=T2)
vCr(k)=v12(i)/alpha*sin(wr*(rem(Time_axis(k),Ts)-T1))+vl 2(1);
end ' '
end
g(1g)=fs(ij)/wr*(pi+asin(alpha)+alpha/2+(1+sqrt( 1 -alpha”2))/alpha);
%  112(i,j)mean(iLr)-i3b(j);
112(1,))=(g(i9)-1)*i3bG);
Pv12(ij)=v123).*i12(i,);
%  vi3b(i,j)=v12(i)-mean(vCr);
vi3b(ij)=(1-g(i,j))*v12(i);
P13b(1,))=vi3b(ij)*i3b(});
end
else
fs(i,j FFnan;
112(i,jFnan;
Pv12(i,j)}=nan;
vi3b(1,j)=nan;
Pi3b(i,j)=nan;
g(ij)=nan;
end
end
end

%Draw the figures

figure(1);

subplot(2,2,1);

H=mesh(i3b,v12 fs./1e6);

set(H,'markersize',15);

view(20,30);

xlabel('i3b (A),'fontsize’,15);

ylabel('v12 (V),'fontsize',15);

zlabel('fs (MHz)','fontsize',15);

title('Lr=8e-6H, Cr=800e-12F, QR Buck Converter','fontsize’,15);

%Draw the figures
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subplot(2,2,2);

mesh(i3b,v12,vi3b);

view(20,30);

xlabel('13b (A)','fontsize’,15);

ylabel('v12 (V) 'fontsize',15);

zlabel('vi3b (V),'fontsize',15);

titte('Lr=8e-6H, Cr=800¢-12F, QR Buck Converter','fontsize',15);

%Draw the figures

subplot(2,2,3);

mesh(i3b,v12,i12);

view(20,30);

xlabel("13b (A)', fontsize',15);

ylabel(*vi2 (V) 'fontsize',15);

zlabel('i12 (A),'fontsize, 15); _

title('Lr=8e-6H, Cr=800e-12F, QR Buck Converter','fontsize',15);

%Draw the figures

subplot(2,2,4);

mesh(i3b,v12,Pi3b);

hold on;

mesh(i3b,v12,Pv12);

hold off;

view(20,30);

xlabel('i3b (A)','fontsize’,15);

ylabel('v12 (V)','fontsize',15);
zlabel('Pi3b(+ve) Pv12(-ve) (W), 'fontsize',15);
title('Lr=8e-6H, Cr=800e-12F, QR Buck Converter','fontsize',15);
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A.2  Regulated Boost QRC

These MATLAB scripts are used to simulate the regulated Boost QRC.

%Define the components’ parameters
clear all

Lr=8e-6;

Cr=800e-12;

wr=1/sqri{L.r*Cr);

Zr=sqrt(Lt/Cr);

v12. target=30;

%oDefine the analysis range
vida=-20:-2:-30;
i112=logspace(-1,1.477);

%Calculate the output at each operating point
for i=1:length(vi3a),
for j=1:length(i12),
i3a(i,j)=i12()*(-v12_target)/vi3a(i);
_alpha=v12_target./Zr/i3a(i,j);
if (alpha<=1)&(alpha>0),
fs(ig)=wr*(-vi3a(i)/v12_target)/(pi+asin{alpha)+alpha/2+(1 +sqrt(1-
alpha”2))/alpha);
T1=alpha./wr;
T2=T1+(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha."2))./alpha/wr;
if ((1/T3)<=fs(i,))I(f5(i,j)<=0),
fs(1,)=nan;
v12(i,))=nan;
Pv1i2(i,j)=nan;
Pi3a(i,))=nan;
g(i,j)=nan;
else

g(1)=fs(ij)/wr*(pi+asin(alpha)+alpha/2+(1+sqri( 1-alpha”2))/alpha);,

v12(i,))=v12_target;
PvI2(i,j)=vI2_target.*i12(j);
Pi3a(i,j)=vi3a(i)*i3a(i,j);
end
else
fs(i,j)=nan;
v12(i,))=nan;
Pv12(ij)=nan;
Pi3a(i,j)=nan;
g(i,j)=nan;
end
end
end
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%Draw the figures

figure(1);

subplot(2,2,1);

mesh(i12,vila,fs./1e6);

view(20,30);

xlabel('i12 (A),'fontsize',15);

ylabel('vi3a (V)','fontsize', | 5);

zlabel('fs (MHz)','fontsize',15);
title('Li=8e-6H, Cr=800e-~12F",'fontsize", 15);

%Draw the figures

subplot(2,2,2);

mesh(il2,vi3a,v12);

Yeset(gca,'ZLim',[-30 -28));

view(20,30};

xlabel('i12 (A)','fontsize',15);

ylabel('vi3a (V)','fontsize',15);

zlabel('v12 (V) 'fontsize',15);
title('Lr=8¢-6H, Cr=800e-1 2F 'fontsize',15)

%Draw the figures

subplot(2,2,3);

mesh(i12,vi3a,i3a);

view(20,30);

xlabel('i12 (A)','fontsize’, 15);

ylabel('vi3a (V)','fontsize’,15);

zlabel('i3a (A),'fontsize',15);
titte('Lr=8e-6H, Cr=800¢-12F",'fontsize’,15)

%Draw the figures

subplot(2,2,4);

mesh(112,vi3a,Pi3a);

hold on;

mesh(i12,vi3a,Pv12);

hold off;

view(20,30);

xlabel('i12 (A)', fontsize', 1 5);

ylabel('vi3a (V)','fontsize',15);
zlabel('Pi3a(-ve) Pv12(+ve) (W), 'fontsize’, | 5)
title('Lr=8¢-6H, Cr=800e-12F"'fontsize’, 1 5k

3
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A3  Regulated Buck-Boost QRC

These MATLAB scripts are used to simulate the regulated Buck-Boost QRC.

%Define the components’ parameters
clear all

Lr=8e-6;

Cr=800e-12;

wr=1/sqrt(Lr*Cr};

Zr=sqrt(L.r/Cr);

v12b_target=30;

%Define the analysis range
v12=50:10:230:
vl2a=v12-v12b _target;
112b=0.1:2:30;

%Calculate the output at each operating point
for i=1:length(v12a),
for j=1:length(il2b),
i3¢(i,j)=i12b(j}*v12(i)/v12a(i);
vi2b(i,))=v12b_target;
alpha=vi2(i)./Z1/i3c(i,j);
if (alpha<=1)&(alpha>0),
fs(ij)=wr*(v12a(i)/vl 2(i))/(pi+asin(alpha)+alpha/2+(1+sqrt(1 -alpha”2))/alpha);
T1=alpha./wr;
T2=T1+H(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha.”2))./alpha/wr;
AF((/T3)<=f5(i,))(f5(i,j)<=0),
fs(i,j)=nan;
g(i,j)=nan;
Pv12b(i,j)=nan;
112a(i,j)=nan;
Pv12a(i,j)=nan;
vi3c(i,j)=nan;
Pi3¢(i,j)=nan;

. else
g(i,j)=fs(i,j)/\w*(pi+asin(alpha)+alpha/2+( 1+sqri(1-alpha”2))/alpha);
Pv12b(i,j)=v12b(i,j).*i12b(j);
i12a(i,jy=i12b()-i3c(i,j);
Pv12a(i,j=v12a(i).*i12a(i,j);
vi3e(i,j)=v12a(i)-g(i,j)*v12(i);
Pi3c(ij)=vi3c(ij)*i3c(ij);

end

clse
fs(i,j)=nan;
g(i,j)=nan;
Pv12b(i,j)=nan;
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i12a(i,j)=nan;
Pv12a(i,j)=nan;
vi3c(i,))=nan;
Pi3c(i,))=nan;
end
end
end

%Draw the figures

figure(1);

subplot(2,2,1);

mesh(il2b,v12a,fs./1e6);

view(20,30);

xlabel('i12b (A)','fontsize',15);

ylabel('v12a (V) 'fontsize',15);

zlabel('fs (MHz)', fontsize',15),
title{'Lr=8e-6H, Cr=800e-12F",'fontsize’',15);

%Draw the figures

subplot(2,2,2);

mesh(il2b,v12a,vi3c);

hold on;

mesh(i112b,v12a,v12b);

hold off;

Yoset(gea,'ZLim',[-30 -28]);
view(20,30);

xlabel('i12b (A),'fontsize’,15);
ylabel(*v12a (V) 'fontsize',15);
zlabel('vi3c=0 v12b (V) 'fontsize’,15);
title('Lr=8e-6H, Cr=800e-12F",' fontsize',15)

%Draw the figures

subplot(2,2,3);

mesh(i12b,v12a,i12a);

hold on;

mesh(il2b,v12a,i3c);

hold off;

view(20,30);

xlabel('i12b (A)','fontsize',15);

ylabel('vl12a (V)" 'fontsize’,15);
zlabel('i12a(-ve) i3c(+ve) (A),'fontsize’,15);
title('Lr=8e-6H, Cr=800e-12F",'fontsize',] 5)

%Draw the figures
subplot(2,2,4);
mesh(i12b,v12a,Pvi2a);
hold on;
%mesh{i12b,v12a,Pi3c);
mesh(il2b,v12a,Pv12b);
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hold off;

view(20,30);

xlabel('i12b (A),'fontsize',15);

ylabel('vl2a (V) fontsize',15);

zlabel('Pv12a(-ve) Pv12b(+ve) (W) 'fontsize',15);
title('Lr=8e-6H, Cr=800e-12F"'fontsize’,15);
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A4 Regulated Cuk QRC

These MATLAB scripts are used to simulate the regulated Cuk QRC.

%Define the components’ parameters
. clear all

Lr=8e-6;

Cr=800e-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lr/Cr},

vidb_target=30;

%Define the analysis range
vi3a=-31:-10:-200;
13b=0.1:2:30;

%Calculate the output at each operating point
for i=1:length(vi3a},
for j=1:length(i3b),
vi3b(i,j)=vi3b_target;
v12(1,))=vi3b(i,j)-vida(i);
13, 0)=-v12(ig)y*i3b()/vila(i);
alpha=v12(i,j)./Z1/i3(iy);
if (alpha<=1)&(alpha>0),

£5(i,j)=wr* (i3b()/i3(i,j))/(pi+asin(alpha)+alpha/2+(1+sqrt(1-alpha*2))/alpha);

T1=alpha./wr;
T2=T1+(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha.”2))./alpha/wr;
if ((1/T3)<=fs(ij))I(fs(1,j}<=0),
fs(1,))=nan;
g(i,j)=nan;
112(i,j))=nan;
Pv12(i,})=nan;
i3a(i,j)=nan;
Pi3a(i,j)=nan;
Pi3b(i,j)=nan;
else

g(1y)=fs(ij)/wr*(pi+asin(alpha)+alpha/2+(1+sqrt(1-alpha*2))/al pha);

12(1,y=g(1))*13(1.)-13b();
Pv12(ig)=v12(i4).*¥112( ),
i3a(i,))=i3(i,))-13b());
Pi3a(iy)=vi3a(i)*i3a(i,j);
Pi3b(i,j)=vi3b(i,j)*i3b(j);

end

else

fs(i,j)=nan;

g(ij)=nan;

112(i,j)=nan;
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Pv12(i,j)=nan;
13a(iy)=nan;
Pi3a(i,j)=nan;
Pi3b(i,j)=nan;
end
end
end

%Draw the figures

figure(1);

subplot(2,2,1);

mesh(i3b,vila,fs./1e6);

view(20,30);

xlabel('Load Current 13b (A),'fontsize',10);

ylabel('Supply vi3a (V)','fontsize',10);

zlabel('fs (MHz)','fontsize’,15);

title('Lr=8e-6H, Cr=800e-12F, QR Cuk Converter','fontsize’,15);
%Draw the figures

subplot(2,2,2);

mesh(i3b,vi3a,vi3b);

hold on;

mesh(i3b,vila,v12};

hold off;

view(20,20);

xlabel('Load Current i3b (A),'fontsize',10);

ylabel("Supply vi3a (V) 'fontsize',10);

zlabel('vi3b=30, v12 (V)','fontsize',15);

title('Lr=8¢-6H, Cr=800e-12F, QR Cuk Converter','fontsize',15);

%Draw the figures

subplot(2,2,3);

mesh(i13b,vi3a,ii2);

hold on;

mesh(i3b,vi3a,i3a);

hold off;

view(20,20);

xlabel('Load Current i3b (A)','fontsize’,10);
ylabel('Supply vi3a (V)','fontsize’,10);
zlabel('112=0, i3a{+ve) (A),'fontsize',15);
title('Lr=8e-6H, Cr=800¢-12F, QR Cuk Converter,'fontsize',15);

%Draw the figures
subplot(2,2,4);
mesh(i3b,vila,Pi3a);
hold on;
mesh(i3b,vila,Pi3b);
hold off;
view(20,30);
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xlabel('Load Current i3b (A),'fontsize’, 10);

ylabel('Supply vi3a (V)','fontsize’,10);

zlabel('Pi3a(-ve) Pi3b(+ve) (W), fontsize’,15);

title('Lr=8e-6H, Cr=800e-12F, QR Cuk Converter','fontsize',15);
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A.5 Regulated Sepic QRC

These MATLAB scripts are used to simulate the regulated Sepic QRC.

%Define the components’ parameters
clear all

Lr=8e¢-6;

Cr=800¢e-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lr/Cr);

v12b_target=30;

%Define the analysis range
- vi3a=-30:-10:-200;
112b=0.1:2:30;

%Calculate the output at each operating point
for i=1:length(vi3a),
for j=1:length(i12b),
v12b(i,))=v12b target;
v12a(i,jy=-vila(i);
v12(1,))=v12a(ij)+v12b(i,);
13¢c(1,j)=112b();
13a(1,))=i12b()*((vi3a(i)-v12b(i,j))/vi3a(i)-1);
13(1,))=13a(i,j)+i3c(i,j);
alpha=v12(i,))./Z¢/i3(i);
if (alpha<=1)&(alpha>0),
fs(ij)=wr*(i3¢(i,j)/i3(i,j))/(pi+asin(alpha)+alpha/2-+(1+sqrt(1-
alpha”2))/alpha);
Tl=alpha./wr;
T2=T1+(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha.~2))./alpha/wr;
if ((/T3)y<=fs(ij)I(fs(i)<=0),
fs(i,j)=nan;
g(i,j)=nan;
t!12a(i,jy=nan;
Pv12a(i,j}=nan;
Pv12b(i,j)=nan;
Pi3a(i,j)=nan;
Pi3c(i,j)=nan;
else
g(i,j)"—*fs(ij)/wr*(pi+asin(alpha)+a1phaf2+(1+sqrt(1—alpha"2))/a]pha);
112a(i,j)=i12b(j)~i3c(iy);
Pv12a(ij)=v12a(i,j)*il12a(i,);
Pvi2b(ij)=v12b(i,j)*i12b(j);
Pi3a(i,j)=vi3a(i)*i3a(i,);
vide(ijy=vl2a(i,j)+vida(i);
Pi3c(ig)=vildc(i,j)*i3e(i,);

é%i Pao Yue-kong Library
& PolyU- Hong Koag
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end

else
fs(1,))=nan;
g(i,j)=nan;
i12a(i,))=nan;
Pv12a(i,j)=nan;
Pv12b(i,))=nan;
Pi3a(i,j)=nan;
Pi3c(i,})=nan;

end

end
end

%Draw the figures

figure(1);

subplot(2,2,1);

mesh(i12b,vi3a,fs./1e6);

view(20,30);

xlabel('i12b (A),'fontsize',15);

ylabel('vi3a (V)','fontsize',15);

zlabel('fs (MHz)','fontsize’,15);
title('Lr=8e-6H, Cr=800e¢-12F",'fontsize',15);

%Draw the figures

subplot(2,2,2);

mesh(i12b,vi3a,v12a);

hold on;

mesh(i12b,vi3a,vi2b);
mesh(il2b,vi3a,vi3c);

hold off;

view(20,20);

xlabel('i12b (AY,'fontsize',15);

ylabel('vi3a (V) 'fontsize',15);
zlabel('vi3c=0, v12b=30, v12a (V)','fontsize',15);
title('Lr=8e-6H, Cr=800e-12F",'fontsize’,15)

%Draw the figures

subplot(2,2,3);

mesh(il2b,vi3a,i3a);

hold on; ‘

mesh(il2b,vi3a,il2a);

mesh(i12b,vi3a,i3c);

hold off;

view(20,40);

xlabel('i12b (A)','fontsize',15);

ylabel('vi3a (V)','fontsize’,15);
zlabel('i12a=0, i3a, i3c=112b (A)','fontsize’,15);
title('Lr=8e-6H, Cr=800e-12F",'fontsize',15)
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%Draw the figures

subplot(2,2,4);

mesh(i12b,vi3a,Pi3a);

hold on;

mesh(112b,vi3a,Pvi2b);

hold off;

view(20,30);

xlabel('i12b (AY,'fontsize’,15);

ylabel('vi3a (V),'fontsize',15);
zlabel('Pi3a(-ve) Pv12b(+ve) (W), 'fontsize',15);
title('Lr=8e-6H, Cr=800e-12F"'fontsize',15);
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A.6 Regulated Zeta QRC

These MATLAB scripts are used to simulate the regulated Zeta QRC.

%Detine the components’ parameters
clear all

Lr=8e-6;

Cr=800e-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lt/Cr);

vi3b_target=30;

%Define the analysis range
v12a=30:10:200;
13b=0.1:2:30;

%Calculate the output at each operating point
for i=1:length(v12a),
for j=1:length(i3b),
vi3b(i,jy=vi3b_target;
v12b(i,j)=vi3b_target;
vi2(1,)=v12a(i)+v12b(i,j);
i3¢(i,))=13b()*((v12a(i)+vilb_target)/v12a(i)-1);
112a(i,jy=-13c(iy);
i3(i,))=13b()+i3c(iy);
alpha=vi2(i,})./Zr/i3(i,));
if (alpha<=1)&(alpha>0),

£5(i,j)=wr*(i3b(3)/i3(i,j)/(pi+asin(alpha)+alpha/2-+1+sqrt( 1 -alpha”2))/alpha);

Tl=alpha./wr;
T2=T1+H(pi+asin(alpha))./wr;
T3=T2+(1+sqrt(1-alpha.”2})./alpha/wr;
if (1/T3)y<=fs(ig)l(fs(14)<=0),
fs(i,j)=nan;
g(iJ)=nan;
i12a(i,j}=nan;
Pv12a(ij)=nan;
112b{i,j)=nan;
Pv12b(i,j)=nan;
Pi3b(i,j)=nan;
vi3e(i,j)=nan;
Pi3c(i,j)=nan;
else

g(1.j)=15(i,j)/wr*(pi+asin(alpha)+alpha/2-+(1+sqrt(1-alpha”2))/alpha);

Pvi2a(i,j)=v12a(iy*il2a(i,);
112b(i,j)=i12a(i,j y+i3c(i,);
Pv12b(i,j)=v12b(i,j)*i12b(i);
Pi3b(i,j)=vi3b_target*i3b(j);
vi3e(i,j)=vi3b_target-v12b(i,j);
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Pi3c(ij)=vi3e(i,j)*13¢(i,));

end

else
fs(i,j)=nan;,
g(ij)=nan;
112a(i,j)=nan;
Pv12a(i,j)=nan;
112b(i,j)=nan;
Pv12b(i,))=nan;
Pi3b(i,j)=nan;
vi3e(i,jy=nan;
Pi3c(i,j)=nan;

end

end
end

YeDraw the figures

figure(1);

subplot(2,2,1);

mesh(i3b,v12a,fs./1e6);

view(20,30);

xlabel('i3b (A)','fontsize',15);

ylabel('vi2a (VY 'fontsize',15);

zlabel('fs (MHz)','fontsize', 15);
title('Lr=8e-6H, Cr=800e-12F",'fontsize’,15);

%Draw the figures

subplot(2,2,2),

mesh(i3b,v12a,v12b);

hold on;

mesh(i3b,vi2a,vi3b);

mesh(i3b,v12a,vi3c);

hold off;

view(20,20);

xlabel('i3b (A)','fontsize’,15);

ylabel('v12a (V) 'fontsize',15);
zlabel('vi3b=30, vi3c=0, v12b=30 (V ).'fontsize',15);
title('L.r=8¢-6H, Cr=800e-12F", fontsize', 1 5)

%Draw the figures
subplot(2,2,3);
mesh(i3b,v12a,i12a);

hold on;

mesh(i3b,v12a,i12b);
mesh(i3b,v12a,i3c);

hold off;

view(20,30);

xlabel('i3b (A),'fontsize',15);
ylabel(*vl2a (VY,'fontsize',15);
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zlabel('i12a(-ve), 112b=0, i3c(+ve) (A),'fontsize’,15);
title('Lr=8e-6H, Cr=800e-12F"'fontsize',15)

%Draw the tigures

subplot(2,2,4);

mesh(i3b,v12a,Pi3b);

hold on;

mesh(i3b,v12a,Pvi2a),
%mesh(13b,v12a,Pv12b);
%mesh(i3b,v12a,Pilc);

hold off;

view(20,30);

xlabel('i3b (A)','fontsize’,15);

ylabel('v12a (V)','fontsize',15),
zlabel('Pv12a(-ve) Pi3b(+ve) (W), fontsize',15);
titte('L.r=8e-6H, Cr=800e-12F",'fontsize',15);
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A.7 Regulated Lossy Buck QRC

These MATLAB scripts are used to simulate the regulated Lossy Buck QRC.

%Define the global variables

clear all

global Lr Cr wr Zr vi3b_target

global R12 RLr RCr RSD RSMa RSMb Ri3b VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab v12 i3b

global i ]

global alpha beta T1 Cl K1 phasel K2 phase2 K3 phase3 K4 phase4 KT2 phaseT2
T2

global C5a K5a Ta C5b K5b T3 Ké6a K6b

%Define the components’ parameters
syms x

Lr=8e-6;

Cr=800e-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lr/Cr);

vi3b_target=30;

R12=0.1;
RLr=0.1;
RCr=0.1;
RSD=0.1;
RSMa=0.1;
RSMb=0.1;
Ri3b=0.1;
VFSD=0.7;
VEFSMa=0.7,
VFSMb=0.7;

RCT=RCr+R12;
RLT=RLr+RSD,;
RALL=RLT+RCT;
a=RALL/2/Lr;
wo=sqrt(wr2-a"2);
Aa=(RLT+R12+RSMa)/Lr;
Ab=(RLT+R12+RSMb)/Lr;

%Define the analysis range
v12=51:10:200;
13b=0.1:2:30;

%Calculate the output at each operating point
for i=1:length{v12),
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for j=1:length(i3b),

alpha=v12(i)./Zr/i3b(j);

beta=VEFSD/Zr/i3b(});

if (alpha<=1)&(alpha>0),
T1=Cr/i3b(3)*(-13b()*R12+v12(1)-13b(j)*RCr);
CI1=VFSD+v12(i)*+i3b(j)*RLT;
K1=v12(1)/alpha*sqri( 1 +(wr"2/wo"2)*(RALL/2/Zr+beta)"2);
phase1=2*pi-atan((RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
K2=K1/Zr;
phase2=phasel +pi-atan(wo/a);
K3=sqrt(1+(betata)"2/wo"2);
phase3=atan(wo/(beta+a));
K4=13b(j)*K3*Zr;
phased4=phase3+2*pi-atan(wo/a);
KT2=K1*RCr*Cr*sqrt((1/RCr/Cr-a)*2+wo"2);
phaseT2=phasel-+atan(wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)"));
T2=fzero(funf,[2*pi/wo/4 2*pi*3/wo/4])+T1;
if ((T2-T1)<0), ‘

error(‘error: T2<T1");

end

C5a=(i3b(j)*R12+i3b(j)*RSMa-VFSD-VFSMa-v12(i))/(RLT+R 1 2+RSMa);
K5a=i3b(j}*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1)+phase3 ))-C5a;
Ta=T2-1/Aa*log((i3b(j)-C5a)/K 5a);

C5b=(i3b(j)*R12+i3b(})*RSMb-VFSD+VFSMb-v12(i))/(RLT+R 12+RSMb);
K5b=i3b(j)-C5b;
T3=Ta-1/Ab*log(-C5b/K5b):;

Ké6a=-Lr*KS5a*Aa;
Ko6b=-Lr*K5b*Ab;

fs_init=wr*(1-vi3b_target/v12(i))/(pi+asin(alpha)+alpha/ 2+(1+sqrt(1-
alpha”2))/alpha);

fs_org(i,jy=ts_init;

if fs_init>0

options=optimset('Display','off");
fs(ij)=fminbnd('obj_vi3b',0.5*fs_init,fs_init,options);
else )
f5(i,j)=0;

end

if ((1/T3)<=fs(ij)|(f5(1,j)<=0),
fs(i,j)=nan;
fs_org(i,))=nan;
Pv12(i,j))=nan;
Pi3b(i,j)=nan;
PR12(1,j)=nan;
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PRi3b(i,j)y=nan;
PRCr(i,j)=nan;
PRLr(i,j}=nan;
PRSD(,j)=nan;
PRSMa(i,j)=nan;
PRSMb(i,))=nan;
PRSM(i,j)=nan;
PVFSD(i,j)=nan;
PVFSMa(i,j)=nan;
PVFSMb(i,j)=nan;
PVFSM(i,j)=nan;
PCr(i,j)=nan;
PLr(i,j}=nan;
112(i,))=nan;
vi3b(i,j)=nan;

else
Ts=1/fs(1y);
Simulation_Time=Ts;
resolution=10000;
Time_step=Simulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time_axis);
vCr=zeros(Time_length,1);
1ICr=zeros(Time_length,1);
iL=zeros(Time_length,1);
vLr=zeros(Time_length,1);
iSMa=zeros(Time_length,1);
iSMb=zeros(Time length,1);
112_t=zeros(Time_length,1);
vi3b_t=zeros(Time length,1);

for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vCr(k)=v12(i)/alpha*wr*Time_now;
iCr(k)=i3b(j);
i12_t(k)=-13b(});
vi3b_t(k)=-i3b(j}*Ri3b-vCr(k)-iCr(k)*RCr+v12(i)-i3b(j}*R12;
elseif (Time_now>T1)&(Time_now<=T2)
vCr(k)=C1+K1*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phasel);
iCr(k)=K2*exp(-a*(Time_now-T1))*sin(wo*(Time now-
T1)+phase2); '
iLr(k)=i3b(j)*(1-K3*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phasel));
vLr(k)=K4*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phased),
i112_t(k)=iLr(k)-13b();
vi3b_t(k)=-i3b(j}*Ri3b-iLr(k)*RLT-VFSD-vLr(k);
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elseif (Time_now>T2)&(Time_now<=Ta)
iLe(k)=C5a+KSa*exp(-Aa*(Time_now-T2));
vLr(k)=K6a*exp(-Aa*(Time_now-T2));
1ISMa(k)=i3b(j)-iLr{k);
112_t(k)=iLr(k)-13b(});
vi3b_t(k)=-13b(j}*Ri3b-iLr(k)*RLT-VFSD-vLr(k);
elseif (Time_now>Ta)&(Time_now<=T3)
iLr(k)=C3b+K5Sb*exp(-Ab*(Time_now-Ta));
vLr(k)=K6b*exp(-Ab*(Time_now-Ta));
iISMb(k)=i3b(j)-iL.r(k);
112_t(ky=iLr(k)-i3b(j);
vi3b_t(k)=-i3b(j)*Ri3b-iLt(k)*RLT-VFSD-vLr(k);
elseif (Time_now>T3)&(Time_now<=Ts)
1ISMb(k)=i3b(j});
112_t(k)=-13b(j);
vi3b_t(k)=-i3b(j)*Ri3b-iSMb(k}*RSMb-VFSMb+v1 2(1)-13b(j)*R12;
end : '
end
mean_vCr=mean(vCr);
mean_iCr=mean(iCr);
ms_iCr=sqrt(mean(iCr."2));
mean_iLr=mean(iLr);
rms_iL=sqrt(mean(iLr.*2));
mean_vLr=mean(vLr),
mean_iSMa=mean{(iSMa);
rms_iSMa=sgrt{mean(iSMa."2));
mean_iSMb=mean(iSMb);
rms_iSMb=sqrt(mean(iSMb.*2));
mean_il2=mean(il12_t);
rms_il2=sqrt(mean(i12_t."2));
mean_vi3b=mean(vi3b t);

Pv12(ij)=v12(i)*mean il2;
Pi3b(i,j)=i3b(j)*mean_vi3b;
PRI2(i,j)=R12*rms_i12"2;
PRi3b(i,j)=Ri3b*i3b(j)"2;
PRCr(i,j=RCr*rms_iCr"2;
PRLr(i,j)=RLr*rms_iLr"2;
PRSD(i,j)=RSD*rms_iLr2;
PRSMa(i,j)>RSMa*rms_iSMa"2;
PRSMBb(i,j}=RSMb*rms_iSMb"2;
PRSM(i,j)=PRSMa(i,j)+PRSMb(i,j);
PVFSD(i,j)=VFSD*mean iLr;
PVFSMa(i,j)=-VFSMa*mean iSMa;
PVFSMb(i,j)=VFSMb*mean_iSMb;
PVFSM(i,j))=PVFSMa(i j)+PVFSMb(i,j);
PCr(i,j)mean_iCr*mean_vCr;
PLr(tj)=mean_ilLr*mean_vLr;
112(i,))=mean i12;
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vi3b(i,j)=mean vi3b;
end
else
fs(i,))=nan;
fs_org(i,j)=nan;
Pv12(i,j)=nan;
Pi3b(i,j)=nan;
PR12(i,j)=nan;
PRi3b(i,j)=nan;
PRCr(1,j)=nan;
PRLx(i,j)=nan;
PRSD(i,j)=nan;
PRSMa(i,))=nan;
PRSMb(i,))=nan;
PRSM(i,j)=nan;
PVFSD(i,j)=nan;
PVFSMa(i,))=nan;
PVFSMb(i,j)=nan;
PVFSM(i,j)=nan;
PCr(i,j)=nan;
PLr(i,j)=nan;
112(1,j)=nan;
vi3b(i,j}=nan;
end
end
end

%Draw the figures
figure(1);
colormap([0 0 0);
subplot(2,2,1);
H=mesh(i3b,v12,fs./1e6);
set(H,'markersize’,15);
view(20,30);
xlabel('i3 (A)','fontsize',15);
ylabel('vi2 (VY fontsize’,15),
zlabel('fs (MHz)','fontsize',15),
title('Lr=8¢e-6H, Cr=800e-12F, QR Buck Converter', fontsize’,15);
%Draw the figures
" subplot(2,2,2);
mesh(i3b,v12,vi3b);
%hold on;
Yomesh(i3b,v12,Pv12);
%hold off;
view(20,30);
xlabel(’i3 (A),'fontsize',15);
" ylabel('v12 (V) 'fontsize’,15);
zlabel('vi3 (V)','fontsize’,15);



Appendix A.7 ' 116

axis([0 30 50 200 29.999 30.0017);
title('Lr=8¢-6H, Cr=800¢-12F, QR Buck Converter','fontsize',15);

%Draw the figures

subplot(2,2,3);

mesh(i3b,v12,i12);

view(20,30);

xlabel('i3 (A)','fontsize',15);

ylabel('v12 (V)','fontsize',15);

zlabel('i12 (AY,'fontsize’,15);

title('Li=8¢-6H, Cr=800e-12F, QR Buck Converter','fontsize’,15);

%Draw the figures

subplot(2,2,4);

mesh(i3b,v12,Pi3b);

hold on;

mesh(i3b,v12, Pv12);

hold off;

view(20,30);

xlabel('i3 (A),'fontsize',15);

ylabel('v12 (V) 'fontsize',15);
zlabel('Pi3(+ve) Pvi2(-ve) (W), fontsize',15);
titte('Lr=8e-6H, Cr=800e-12F, QR Buck Converter', fontsize',15);

%Draw the figures

figure(2)

colormap([0 0 0});

subplot(3,3,1);
mesh(i3b,v12,PR12./max(max{PRLr)));
xlabel{"i3 (A)");

ylabel('v12 (V));

zlabel('Normalized PR12";
subplot(3,3,2);
mesh(i3b,v12,PRLr./max(max({PRLr)));
xlabel('i3 (A));

ylabel('v12 (V)"),

zlabel('Normalized PRLr");
subplot(3,3,3);

mesh(i3b,v12 PRCr./max(max(PRL1)));
xlabel('i3 (A)Y;

ylabel('v12 (V)');

zlabel('Normalized PRCr");
subplot(3,3,4);
mesh(i3b,v12,PRSD./max(max(PRLr)));
xlabel(i3 (A)");

ylabel('vl2 (V)");

zlabel('Normalized PRSD");
subpiot(3,3,5);
mesh(i3b,v12,PRSMa./max(max{PRLr)));
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xlabel('i3 (A)Y;

ylabel{('v12 (V}");

zlabel("'Normalized PRSMa');
subplot(3,3,6);
mesh(13b,v12,PRSMb./max(max(PRL)));
xlabel('i3 (A));

ylabel('v12 (VY);

zlabel('Normalized PRSMb');
subplot(3,3,7);
mesh(i3b,v12,PRi3b./max(max(PRLr)));
xlabel("i3 (A)");

ylabel('vi2 {(V)";

zlabel('Normalized PRi3');

subplot(3,3,8);
mesh(13b,v12,PVFSD./max{max(PRLr)));
xlabel('13 (A)");

ylabel('vl2 (V)";

zlabel('Normalized PVFSD");
subplot(3,3,9);
mesh(i3b,v12,PVFSMa./max(max(PRLr)));
hold on;
mesh(i3b,v12,PVFSMb./max(max(PRLr)));
hold off;

xlabel('i3 (A));

ylabel('v12 (V)");

zlabel('"Normalized PVFSMa & PVFSMb','VerticalAlignment','bottom’);

%Draw the figures
figure(3)
colormap([0 0 0]);

Ploss=PR12+PRLr+PRCr+PRSD+PRSMa+PRSMb+PRi3b+PVESD+PVFSMa+PV

FSMb;
H=mesh(i3b,v12,Pi3b./(Ploss-Pv12).* 1 00);
set(H,'markersize’,15);

xlabel('i3 (A),'fontsize',15, Vertical Alignment', bottom');
ylabel('vi2 (V) 'fontsize', 15, Vertical Alignment','bottom');

zlabel('Efficiency (%)','fontsize’,15);

title("Lr=8e-6H, Cr=800e-12F, QR Buck Converter','fontsize',15);

view(60,10);
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%Define the object function in a separate file
function error=obj_vi3b(fs)

%Define the global variables

global Lr Cr wr Zr vi3b_target

‘global R12 RLr RCr RSD RSMa RSMb Ri3b VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab vI2i3b

global i j

global alpha beta T1 C1 K1 phasel K2 phase2 K3 phase3 K4 phase4 KT2 phaseT?2
T2

global C5a K5a Ta C5b K5b T3 K6a K6b

%Define the time scale interval

Ts=1/fs; Simulation_Time=Ts; resolution=10000;
Time_step=Simulation Time/resolution;
Time_axis=Time_step:Time_step: Time_step*(resolution-1);
Time_length=length(Time_axis); %vCr=zeros(Time_length,1);
YoiLr=zeros(Time_length,1); %vLr=zeros(Time_length,1);
vidb_t=zeros(Time length,1);

for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vi3b_t(k)=-13b(})*Ri3b-(v12(i)/alpha*wr*Time_now)-i3b(j)*RCr+v1 2(1)-
13b(j)*R12;
elseif (Time_now>T1)&(Time_now<=T2)
vi3b_t(k)}=-i3b(j}*Ri3b-(i3b(j}*(1-K3*exp(-a*(Time_now-
T1)*sin{wo*(Time _now-T1)+...
phase3)))*RLT-VFSD-(K4*exp(-a*(Time_now-T1 ) *sin(wo*(Time now-
T1)+phase4));
elseif (Time_now>T2)&(Time_now<=Ta)
vi3b_t(k)=-i3b(j)*Ri3 b-(C5at+K5a*exp(-Aa*(Time_now-T2)))*RLT-VFSD-...
Kéa*exp(-Aa*(Time_now-T2));
elseif (Time_now>Ta)&(Time_now<=T13)
vi3b_t(k)=-i3b(j}*Ri3b-(C5b+K5b*exp(-Ab*(Time_now-Ta)))*RLT-VFSD-...
Kéb*exp(-Ab*(Time_now-Ta)};
elseif (Time_now>T3)&(Time_now<=Ts)
vi3b_t(k)=-13b()*Ri3b-i3b(j)*RSMb-VFSMb+v12(i)-i3b(j)*R 12;
end
end

mean_vi3b=mean(vi3b t);
error=abs(mean_vi3b-vi3b_target);
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A.8 Regulated Lossy Boost QORC

These MATLAB scripts are used to simulate the regulated Lossy Boost QRC.

%Define the giobal variables

clear ali '

global Lt Cr wr Zr

global R12 R12a R12b

global RLr RCr RSD RSMa RSMb Ri3a VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab v12 vi3ail2

global i j
global v12_target

%Define the components’ parameters
syms x

Lr=8e-6;

Cr=800¢-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lr/Cr);

v12 target=30;

R12=0.1;
RLr=0.1;
RCr=0.1;
RSD=0.1;
RSMa=0.1;
RSMb=0.1;
Ri3a=0.1;
Ri3b=0.1;
Ri3c=0.1;
VFSD=0.7;
VFSMa=(.7;
VESMb=0.7;

RCT=RCr+R12;
RLT=RLr+RSD;
RALL=RLT+RCT;
a=RALL/2/Lr;
wo=sqrt(wr"2-a"2);
Aa=(RLT+R12+RSMa)/Lr;
Ab=(RLT+R12+RSMb)/Lr;

YeDefine the analysis range
viJa=-30:5:-5;
112=5:5:30;
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options | =optimset('fminsearch’);

options 1=optimset(options,'Display','off’);
options2=optimset('fzero");
options2=optimset(options2,' Display','ofl");

for i=1:length(vi3a),
for j=1:length(112),
init(2)=[i12(j}*(-v12_target)/vi3a(i)];
alpha=v12_target./Zr/imt(2);
init{1)=wr*(-vi3a(i)/v12_target)/(pi+asin{alpha)+alpha/2+(1+sqrt(1-

alpha”2))/alpha);

% if (=1)&(G==1)

% init(1)=0.4¢6;

% - init(2)=10;

% elseif (i=1)

% init(1)=fs(1,j-1);

% imt(2)=i3a(1,j-1);

% elseif j==1)

% init(1)=fs(i-1,1);

% init(2)=i3a(i-1,1);

%  else

% init(1)=(fs(i-1,j-1)+fs(i-1j)+5(i,j-1))/3;
% init(2)=(i3afi-14-1)+i3a(i-1,j}y+i3a(i,j-1))/3;
% end

if (init{1)>0)&(init(2)>0)
out=fminsearch('obj_vi3a_i12',init,optionsl);
fs(1,))=out(1);
i3a(i,j)=out(2);

else
fs(ij)=nan;
i3a(i,j}=nan;

end

alpha=v12_target/Zr/i3a(i,j);

beta=VFSD/Zr/13a(i);

if (alpha<=1)&(alpha>0),
T1=Cr/i3a(ij)*(v12_target-i3a(i,j)*RCr);
C1=VFSD+v12_target+i3a(i,j)*RLT+i3a(i,j)*R12;
K1=v12_target/alpha*sqrt{ 1+(wr*2/wo"2)*(RALL/2/Zr+beta)*2);
phase1=2*pi-atan((RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
K2=K1/Zr;
phase2=phase1+pi-atan{wo/a);
K3=sqrt(1+(betata)"2/wo"2);
phase3=atan(wo/(beta+a));
K4=13a(i,j)*K3*Zr,
phase4=phase3+2*pi-atan(wo/a);
KT2=K1*RCr*Cr*sqrt((1/RCr/Cr-a)2+wo"2);
phaseT2=phase1+atan(wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)");
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%

T2=fzero{tunf,[mod{(pi-phaseT2),2*pi)/wo 3*2*pi/wo/4],options2)+T1;
T2=fzero(funf,[2*pi/wo/4 2*pi*3/wo/4],options)+T1;

it (T2-T1)<0),
error(‘error: T2<T1");

end

CSa=(i3a(i,j}*RSMa-VFSD-VFSMa-v12 target)/(RLT+R12+RSMa);
KSa=i3a(i,j)*(1-K3*exp(-a*(T2-T1))*sin{wo*(T2-T1)+phase3))-C5a;
K6a=-Lr*KSa*Aa;

Ta=T2-1/Aa*log((i3a(i,j)-C5a)/K5a);

C5b=(i3a(i,j)*RSMb-VFSD+VFSMb-v12_target)/(RLT+R12+RSMb);
K 5b=i3a(i,j)-C5b;

K6b=-Lr*KSb*Ab;

T3=Ta-1/Ab*log(-C5b/K 5b);

if (1/T3)<=fs(Li)N(fs(i.,j)<=0),
fs(1,j}=nan;
fs_org(i,j)=nan;
Pv12(i,j)=nan;
Pi3a(i,))=nan,
PR12(i,jy=nan;
PRi3a(i,j)=nan;
PRCr(i,))=nan;
PRLr(i,j)=nan;
PRSD(1,j)=nan;
PRSMa(i,))=nan;
PRSMBb(i,))=nan;
PRSM(i,jy=nan;
PVFSD(i,j}=nan;
PVFSMa(i,j)=nan;
PVFSMb(i,))=nan;
PVFSM(i,))=nan;
PCr(i,j)=nan;
PLr(i,j}=nan;
i12_final{(i,j)=nan;
vi3a_final(i,j)=nan;

else
Ts=1/fs(1,));
Simulation_Time=Ts;
resolution=1900;
Time_step=Simulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time_axis);
vCr=zeros(Time_length,1);
iCr=zeros(Time _length,1);
iLr=zeros{Time length,1);
vLr=zeros(Time_length,1);
iSMa=zeros(Time length,1);
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iISMb=zeros(Time_length, 1);
i112_t=zeros(Time_length,1);
vila_t=zeros(Time_length,1);

for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vCr(k)=vI2 targeUalpha*wr*Tlme now;
1Cr(k)=13a(i,j);
vi3a_t(k)=-i3a(ij}*Ri3a-vCr(k)-i3a(i,j)*RCr;
elseif (Time_now>T1)&(Time now<=T?2)
vCr(k)=C1+K1*exp(-a*(Time_now-T]1 ))*sin(wo*(Time now-
T1)+phasel);
iCr(k)=K2*exp(-a*(Time_now—Tl))*sin(wo*(Time__now-
T1)+phase2);
iLr(k)=i3a(iy)*(1-K3*exp(-a* (Time_now-T1))*sin(wo*(Time now-
T1)+phasel));
vLr(ky=K4*exp(-a*(Time_now-T1)}*sin(wo*(Ti me_now-
T1)t+phased);
112_t(k)=iLr(k);
vida_t(k)=-i3a(i,j)*Ri3a-vCr(k)-iCr(k)*RCr;
elseif (Time_now>T2)&(Time_now<=Ta)
iLr(k)=C5a+K5a*exp(-Aa*(Time_now-T2));
vLi(ky=K6a*exp(-Aa*(Time_now-T2));
iISMa(k)=i3a(i,j}-iLr(k);
112_t{k)=iLe(k);
vida_t(k)=VFSMa-iSMa(k)*RSMa-i3a(i,j)*Ri3a;
elseif (Time_now>Ta)&(Time _now<=T3)
1Lr(k)—CSb+K5b*exp(-Ab*(Tlme_now-Ta));
vLi(k)=K6b*exp(-Ab*(Time_now-Ta));
1ISMb(k)=i3a(i,j)-1Lr(k);
112_t(k)=iLr(k);
vida_t(k)=-VFSMb- 1SMb(k)*RSMb-|3a(|J)*R|3a
elseif (Time_now>T3)&(Time _now<=Ts)
1ISMb(k)=13a(i,j);
i12_t(k)=0;
vida_t(k)=-VFSMb-iSMb(k)*RSMb-i3a(i,j)*Ri3a;
end
-end
mean_vCr=mean(vCr);
mean_iCr=mean(iCr);
rms_iCr=sqrt(mean(iCr."2));
mean_iLr=mean(iLr);
rms_iLr=sqrt(mean(il.r."2));
mean_vLr=mean(vLr);
mean_iSMa=mean(iSMa);
rms_iSMa=sqrt(mean(iSMa."2));
mean_iSMb=mean(iSMb);
rms_iSMb=sqrt{mean(iSMb."2));
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mean_il2=mean(il2_t);
rms_il2=sqrt{mean(i12_t.*2));
mean_vi3a=mean(vi3a_t);

- PvI12(i,))=v12_target*mean i12;
Pi3a(i,j)=13a(i,})*mean_vi3a;
PR12(i,))=R12*rms_i112"2;
PRi3a(i,)=Ri3a*i3a(ij"2;
PRCr{1,j)=RCr*rms_iCr"2;
PRLr(1,))=RLr*rms_iLr"2;
PRSD(1,j)=RSD*rms_il.r"2;
PRSMa(i,j)=RSMa*rms_iSMa"2;
PRSMb(i,j)=RSMb*rms_iSMb"2;
PRSM(i,j)=PRSMa(i,j)+PRSMb(i,j);
PVFSD(1,})=VFSD*mean _iLr;
PVFSMa(i,j)=-VFSMa*mean_iSMa;
PVFSMb(1,))=VFSMb*mean iSMb;
PVFSM(i,))=PVFSMa(i,j)+PVFSMb(i,j);
PCr(i,j))=mean_iCr*mean_vCr;
PLr(i,j)=mean_iLr*mean vLr;
112_final(ij)=mean i12;
vi3a_final(i,)}=mean_vi3a;
vi12(i))=v12_target; @

end

else

fs(1,))=nan;

fs_org(i,j)=nan;

Pv12(i,j)=nan;

Pi3a(i,j)=nan;

PR12(ij)=nan;

PRi3a(i,})=nan;

PRCr(1,j)=nan;

PRLr(i,j)=nan;

PRSD(i,j)=nan;

PRSMa(i,j)=nan;

PRSMb(i,})=nan;

PRSM(i,j)=nan;

PVFSD(i,))=nan;

PVFSMa(i,j)=nan;

PVFSMb(i,jy=nan;

PVEFSM(i,j)=nan;

PCr(i,j)=nan,;

PLr{i,})=nan;

112_final(ij)=nan;

vida_final(i,j)=nan;

end
end
end
%Draw the figures
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figure(1);

colormap{[0 0 0]);

subplot(2,2,1);

H=mesh(i12,vi3a,fs./1e6);

set(H,'markersize',15);

view(20,30);

xlabel('i12 (A),'fontsize’, 1 5);

ylabel('vi3a (V) 'fontsize',15);

zlabel('fs (MHz)''fontsize’,15);

title('Lr=8e-6H, Cr=800e-12F, QR Boost Converter','fontsize',15);

%Draw the figures

subplot(2,2,2);

mesh(i12,vi3a,v12);

view(20,30);

xlabel('i12 (A)','fontsize’,15);

ylabel('vi3a (VY fontsize',15);

zlabel('v12 (V) ,'fontsize’,15);

title('Lr=8¢-6H, Cr=800e¢-12F, QR Boost Converter','fontsize',15);

. %Draw the figures

subplot(2,2,3);

mesh(112,vi3a,i3a);

view(20,30);

xlabel('112 (A)','fontsize’,15);

ylabel('vi3a (V),'fontsize',15);

zlabel('i3a (AY,'fontsize',15);

title('Lr=8¢-6H, Cr=800e-12F, QR Boost Converter','fontsize', 15);

% Draw the figures

subplot(2,2,4);

mesh(i12,vi3a,Pi3a);

hold on;

mesh(il2,vi3a,Pv12);

hold off}

view(20,30);

xlabel('i12 (A),'fontsize’,15);

ylabel('vi3a (V)','fontsize',15);
zlabel('Pi3a(-ve) Pvi2(+ve) (W), fontsize', 15);
title('Lr=8¢-6H, Cr=800e-12F, QR Boost Converter','fontsize',15);

%Draw the figures

figure(2)

colormap([0 0 0]);

subplot(3,3,1);
mesh(il2,vi3a,PR12./max(max(PRLr)));
xlabel('i12 (A));

ylabel('vi3a (V));

zlabel('Normalized PR12');
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subplot(3,3,2);
mesh(i12,vi3a,PRLr./max(max(PRLM));
xlabel('i12 (A)");

ylabel('vi3a (V));

zlabel('Normalized PRLr");

subplot(3,3,3);
mesh(i12,vi3a,PRCr./max(max(PRLr)));
xlabel('il2 (A)");

ylabel('vi3a (VY);

zlabel('Normalized PRCr');

subplot(3,3,4);
mesh(i12,vi3a,PRSD./max{max{PRLr)));
xlabel('i12 (A)Y);

ylabel('vi3a (V)";

zlabel('Normalized PRSD";
subplot(3,3,5);
mesh(i12,vi3a,PRSMa./max(max(PRLr)));
xlabel('i12 (A)");

ylabel('vi3a (V));

zlabel('Normalized PRSMa');
subplot(3,3,6);
mesh(i12,vi3a,PRSMb./max{max{PRLr)));
xlabel('i12 (A)');

ylabel('vi3a (V));

zlabel('Normalized PRSMb');
subplot(3,3,7);
mesh(i12,vi3a,PRi3a./max(max(PRLr)));
xlabel('i12 (A)";

ylabel('vi3a (V)');

zlabel('"Normalized PRi3a');
subplot(3,3,8);
mesh(112,vi3a,PVFSD./max(max(PRLr)));
xlabel('il2 (A));

ylabel("vi3a (V)");

zlabel(Nomnalized PVFSD');
subplot(3,3,9);
mesh(112,vi3a,PVFSMa./max(max(PRLr)));
hold on;
mesh(i12,vi3a,PVFSMb./max(max(PRLr)));
hold off;

xlabel('i12 (A)');

ylabel(*vi3a (VY);

zlabel('Normalized PVFSMa & PVFSMb','Vertical Alignment', bottom")

%Draw the figures

figure(3)
colormap([0 0 0]);

Ploss=PR12+PRLr+PRCr+PRSD+PRSMa+PRSMb+PRi3a+PVFSD+PVFSMa+PVF

SMb;
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H=mesh(i12,vi3a,Pv12./(Ploss-Pi3a).*100);

set(H, markersize',15);

xlabel('i12 (A)','fontsize’,15, Vertical Alignment','bottom");
ylabel('vila (V)','fontsize’, 15, Vertical Alignment','botiom");
zlabel('Efficiency (%)', fontsize',15);

title('Lr=8e-6H, Cr=800e-12F, QR Boost Converter','fontsize’,15);
view(60,10);

%Define the object function in a separate file
function [error]=obj_vi3a_il2(input)

%Define global variables

global Lr Cr wr Zr

global R12 RLr RCr RSD RSMa RSMb Ri3a VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab v12_targetil2 vi3a

global i j

Syms X

fs=input(1);
13a=input(2);

options=optimset(‘'display’,'off','Diagnostics','ofT’);

alpha=v12 target/Zr/i3a;
beta=VFSD/Zr/i3a;
if (alpha<=1)&(alpha>0),
T1=Cr/i3a*(v12_target-i3a*RCr);
C1=VFSD+v12 target+ilda*RLT+i3a*R12;
K1=v12_target/alpha*sqrt(1+(wr"2/wo"2)*(RALL/2/Zr+beta)"2);
phase1=2*pi-atan{(RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
K2=K1/Zr,
phase2=phase 1 +pi-atan{wo/a);
K3=sqrt(1+(betat+a)"2/wo"2);
phase3=atan(wo/(beta+a));
K4=i3a*K3*Zr;
phased4=phase3+2*pi-atan(wo/a);
KT2=K1*RCr*Cr*sqrt((1/RCr/Cr-a)"2+wo"2);
phaseT2=phasel+atan(wo/(1/RCr/Cr-a));
funf=char(eval(‘'C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)"));
% Check the zero crossing
% x_temp=1*2*pi/wo/64:2* pi/wo/6400:63*2*pi/wo/64;

%  plot(1*2*pi/wo/64:2*pi/wo/6400:63*2*pi/wo/64,C1+KT2. *exp(-
a.*x_temp).*sin(wo.*x_temp+phaseT2))
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% hold on
%pause
% {T2,fval exitflag,output}=fzero(funf,[ 1 *2*pi/wo/4 3*2*pi/wo/4],options);

{T2,fval exitflag,outputj=fzero(funf,[mod((pi-phaseT2),2*pi)/wo
3*2*pi/wo/4),options);

% output
Yepause
if exitflag<0,
error=NaN;
break;
else
T2=T2+T1;
end
% T2=fzero(funf,[2*pi/wo/4 2*pi*3/wo/4],options)+T1;
% if ((T2-T1)<0),
% error(‘error: T2<T1"),
% end

C5a=(i3a*RSMa-VFSD-VFSMa-v12_target)/(RLT+R12+RSMa);
K5a=13a*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1)+phase3))-C5a;
Kéa=-Lr*K5a*Aa;

Ta=T2-1/Aa*log((13a-CS5a)/K5a);

C5b=(13a*RSMb-VFSD+VFSMb-v12 target)/(RLT+R12+RSMb)
K5b=i3a-C5b;
K6b=-Lr*K5b*Ab;
T3=Ta-1/Ab*log(-C5b/K5b);
else
error(‘error: alpha is out of range.");
end

- Ts=1/fs; Simulation_Time=Ts; resolution=500;
Time_step=Simulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time length=length{Time_axis);
vCr=zeros(Time_length,1);

iCr=zeros(Time_length,1);

" vida t=zeros(Time length,1);

112_t=zeros(Time_length,1);

for k=1:Time length,

Time_now=rem{Time_axis(k),Ts);

if (Time_now>0)&(Time_now<=T1)
vCr(k)=v12_target/alpha*wr*Time now;
iCr(k)=i3a;
vida_t(k)=-i3a*Ri3a-vCr(k)-i3a*RCr;

elseif (Time_now>T1)&(Time_now<=T2)
vCr(k)=C1+K1*exp(-a*(Time_now-T1))*sin(wo*(Time_now-T1)+phasel);
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1Cr(k)=K2*exp(-a*(Time_now-T1})*sin(wo*(Time_now-T1)+phase2);
iLr(k)=13a*(1-K3*exp(-a*(Time_now-T1})*sin(wo*(Time_now-T1)+phase3));
vLe(k}=K4*exp(-a*(Time_now-T1))*sin(wo*(Time_now-T1)+phased);
112_t(k)=1Lr(k);

vida_t{k)=-13a*Ri3a-vCr(k)-iCr(k)*RCr;

- elseif (Time_now>T2)&(Time _now<=Ta)
1iLr(k)=CS5a+K5a*exp(-Aa*(Time_now-T2));
vLr(k)=Kb6a*exp(-Aa*(Time_now-T2));

112 _t(k)=iLr(k};
vida_t(k)=VFSMa-(i3a-iLr(k))*RSMa-i3a*Ri3a;

elseif (Time_now>Ta)&(Time_now<=T3)
iLr(k)=C5b+K5b*exp(-Ab*(Time_now-Ta));
i112_t(k)=iLr(k);
vida_t(k)=-VFSMb-(i3a-iLr(k))*RSMb-i3a*Ri3a;

elseif (Time_now>T3)&(Time now<=Ts)
vida_t(k)=-VFSMb-i3a*RSMb-i3a*Ri3a;

end

end

mean_vi3a¥mean(vi3a_t);
error{1)=(mean_vi3a-vi3a(i))"2;

mean_il2=mean(il2 _t);
error(2)=(mean_il12-i12(})"2,;
error=( 1 +(mean_vi3a-vi3a(i))"2+(mean_i12-i12(j))"2)"2;
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A.9 Regulated Lossy Buck-Boost QRC

These MATLAB scripts are used to simulate the regulated Lossy Buck-Boost QRC.

% Define the global variables

clear all

global Lr Cr wr Zr

global R12 R12a R12b

global RLr RCr RSD RSMa RSMb Ri3c VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab vI2 v12a vi2b vi3ci12ail2b

global i j
global v12b_target

Syms X

%Define the components’ parameters
Lr=8¢c-6;

Cr=800e-12;

wr=1/sqrt(Lr*Cr);

Zr=sqrt(Lt/Cr);

v12b_target=30;

vidc_target=0;

R12=0.1;
R12a=R12/2;
R12b=R12-R12a;
RL=0.1;
RCr=0.1;
RSD=0.1;
RSMa=0.1;
RSMb=0.1;
Ri3a=0.1;
Ri3b=0.1;
Ri3c=0.1;
VFSD=0.7,
VFSMa=0.7;
VFSMb=0.7,

RCT=RCr+R12;
RLT=RLr+RSD,;
RALL=RLT+RCT;
a=RALL/2/Lr;
wo=sqri{wr"2-a"2};
Aa=(RLT+R12+RSMa)/Lr;
Ab=(RLT+R12+RSMb)/Lr;

v12=40:15:240;
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vi2a=v12-v|2b target;

112b=5:5:30;

options1=optimset('fsolve");
Yeoptions1=optimset(options!,'Display’,'off");
options2=optimset('fzero');
options2=optimset(options2,'Display','oft");

for i=1:length(v12a),
for j=1:length(i12b),
init(2)=112b(j)*v12(i)/v12a(i); % Set initial value i3¢c
alpha=v12(i)./Zr/init(2);
if (alpha>1)|(alpha<=0)
warning('The vanable "alpha” is not valid.")
end
init(1)=wr*v12a(i)/v12(i)/(pi+asin(alpha)+alpha/2+(1+sqrt(1-alpha™2))/alpha);
% Set initial value fs
if {init(1)>0)&(init(2)>0)
out=fsolve('obj_vi3c_i12b',init,options1);

% Find the conditions so that vi3¢=0 and expected i12b.
fs(i,jy=out(1); % The switching frequency fs is found.
13c(i,j)=out(2); % The current condition is found.

% fs(i,j)=init(1);

% 13c¢(i,))=1n1t(2);

else
fs(i,j)y=nan; % The switching frequency fs is not found.
i3e(i,j)=nan; % The current condition is not found.

end

alpha=v12(i)/Zr/13¢(i,));

beta=VFSD/Zr/i3c(i,));

if (alpha<=1)&(alpha>0),
T1=Cr/i3¢(i,j)*(v12(i}-i3c(ij)*R12a-13c(ij)*RCr);
C1=VFSD+v12(i)+i3c(i,j)*RLT+i3c(i,j)*R12b;
K1=v12(i)/alpha*sqrt(1-+(wr"2/wo"2)*(RALL/2/Zr+beta)"2);
phasel=2*pi-atan((RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
K2=K1/Zr;
phase2=phasel+pi-atan(wo/a);
K3=sqrt(1+(betata)*2/wo"2);
phase3=atan(wo/(beta+a));
K4=13¢(i,j)*K3*Zr;
phase4=phase3+2 *pi-atan(wo/a);
KT2=K1*RCr*Cr*sqrt((1/RCt/Cr-a)"2+wo"2);
phaseT2=phase+atan(wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)"));

%o figure(4)

% temp_x=0:3*2*pi/wo/40:3*2*pi/wo/4;
% plot{temp_x,C1+KT2*exp(-a.*temp_x).*sin(wo.*temp_x+phaseT2));
% hold on;

T2=fzero(funf,[mod((pi-phaseT2),2*pi)/wo 3*2*pi/wo/4],options2)+T1;
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% T2=tzero(funf,[2*pi/wo/4 2*pi*3/wo/4],0ptions)+T1;
if ((T2-T1)<0),
error(‘error: T2<T1");
end

C5a=(13¢(1,))*R12a+13¢(i,))*RSMa-VFSD-VFSMa-
vI2()Y(RLT+R12+RSMa);
K5a=i3c(i,)*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1)+phase3))-C5a;
Ké6a=-Lr*K5a*Aa; '
Ta=T2-1/Aa*log((13c(i,j)-C5a)/K 5a);

C5b=(13c(1g)*R12a+i3¢(i,j)* RSMb-VFSDH+VFSMb-
v12(1))/(RLT+R12+RSMb);

K5b=i3c(i,)}-C5b;

K6b=-Lr*K5b*Ab:;

T3=Ta-1/Ab*log(-CSb/K5b);

if ((1/T3)<=fs(ij)l(fs(1,1)<=0),
fs(i,j)=nan;
fs_org(i,))=nan;
Pv12a(i,j}=nan;
Pvi2b(i,j)=nan;
Pi3c(i,j)=nan;
PR12a(1,))=nan;
PR12b(i,j)=nan;
PRi3c(i,j}=nan;
PRCr(i,j)=nan;
PRL1(i,))=nan;
PRSD(1,))=nan;
PRSMa(i,j)=nan;
PRSMb(i,j)=nan;
PRSM(i,j)=nan;
PVFSD(i,j)=nan;
PVFSMa(i,j)=nan;
PVFSMb(i,j)=nan;
PVFSM(i,j)=nan;
PCr(i,))=nan;
PLr(i,j)=nan,;
il2a_final(i,j)=nan;
i12b_final(i,j)=nan;
vidc_final(i,j)=nan;

else
Ts=1/fs(i,j);
Simulation_Time=Ts;
resotution=10000;
Time_step=Simulation _Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time axis);
vCr=zeros(Time_length,1);
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iCr=zeros(Time length,1);
iLr=zeros(Time_length, 1);
vLr=zeros(Time length, 1);
iSMa=zeros(Time_length,1);
iSMb=zeros(Time_length, 1);
i12a_t=zeros(Time_length,1);
112b_t=zeros(Time_length,1);
vidc_t=zeros(Time_length,1);

for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vCr(k)=v12(i)/alpha*wr*Time_now;
1Cr(k)=i3c(i,));
i12a_t(k)=-13c(i,);
112b_t(k)=0;
vide_t(k)=-i3c(i,j)*Ri3c- vCr(k) -ICr(k)*RCr-i3c(ij)*R12a+v12a(i);
elseif (Time_now>T1)&(Time_now<=T2)
vCr(ky=C1+K1*exp(-a*(Time_now-T1))*sin(wo*(Time now-
T1)+phasei);
iCr(k)=K2*exp(-a*(Time_now-T1))*sin(wo*(T ime_now-
T1)+phase?),
iLr(k)=i3c(i,j)*(1-K3*exp(-a*(Time_now-T1 )*sin(wo*(Time_now-
T1)+phase3));
vLr(ky=K4*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phase4);
112a_t(k)=iLr(k)-13c(i,j);
112b_t(k)=iLr(k);
vide_t(ky=-i3c(ij)*Ri3c-vCr(k)-iCr(k)*RCr+(iLr(k)-
13c(i,j))*R12a+v12a(i);
elseif (Time_now>T2)&(Time_now<=Ta)
iLx(k)=C5a+KSa*exp(-Aa*(Time_now-T2));
vLe(k)=K6a*exp(-Aa*(Time_now-T2));
iSMa(k)=i3c(i,j)-iLr(k);
i112a_t(k)=iLr(k)-i3¢(i,));
112b_t(k)=iLr(k);
vide_t(k)=-i3¢(i,j)*Ri3c-(i3c(i,j)-iLr(k))*RSMa+VFSMa +(iLr(k)-
13c(i))*R12a+v12a(i);
elseif (Time_now>Ta)&(Time_now<=T3)
iLr(k)=C5b+K5b*exp(-Ab*(Time _now-Ta));
vLe(k)=K6b*exp(-Ab*({Time_now-Ta));
iISMb(k)=i3c(i,j)-1Lr(k);
i112a_t(k)=iLr(k)-i3¢(i,));
i12b_t(k)=iLr(k);
vide_t(k)=-i3c(i,j)*Ri3c-(i3¢(i,j)-iLr(k))*RSMb-VFSMb-+(iLr(k)-
13c(iy))*R12at+v12a(i);
elseif (Time_now>T3)&(Time_now<=Ts)
iISMb(k)=i3c(i,j);
i12a_t(k)=-i3c(i,j);
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i12b_t(k)=0;
vide t(k)=-13¢c(i,))*Ri3c-13¢(1,) )*RSMb-VFSMb-
13¢(iy)*R12a+v12a(1); '
‘ end

end
mean_vCr=mean(vCr);
mean_iCr=mean(iCr);
ms_1Cr=sqrt(mean(iCr.*2));
mean_iLr=mean{(iLr);
rms_iLr=sqrt(mean(iLr.”2));
mean_vLr=mean(vLr);.
mean_iSMa=mean(iSMa);
rms_iSMa=sqri(mean(iSMa."2));
mean_iSMb=mean(iSMb);
rms_iSMb=sqri{mean(iSMb."2));
mean_i12a=mean(il2a_t);
mmns_il2a=sqrt{mean(il2a_t."2));
mean_ii2b=mean(il2b _t);
rms_112b=sqrt(mean(il2b_t.*2));
mean_vi3c=mean(vi3c_t);

Pv12a(i,j)=v12a(i)*mean il2a;
Pv12b(i,))=v12b_target*mean il12b;
Pi3c(i,))=13c(1,))*mean_vi3c;
PR12a(i,j)=R12a*rms _i12a"2;
PR12b(1,))=R12b¥*rms_112b"2;
PRi3c(i,))=Ri3c*i3c(i j)"2;
PRCr(i,j)=RCr*rms_iCr"2,
PRLr(ij)=RLr*rms iL.r2;
PRSD(i,))=RSD*rms_il.r"2;
PRSMa(i,j)=RSMa*rms _iSMa"2;
PRSMb(i,))=RSMb*rms_iSMb"2;
PRSM(i,j)=PRSMa(i,j}+PRSMb{1,});
PVFSD(i,j)=VFSD*mean iLr;
PVFSMa(i,j}=-VFSMa*mean iSMa;
PVFSMb(i,j)=VFSMb*mean 1SMb;
PVFSM(ij)=PVFSMa(i,j)*PVFSMb(i,j);
PCr(i,j)=mean_iCr*mean_vCr;
PLr(i,j)=mean_iLr*mean vLr;
i12a_final(i,j)=mean_il2a;
112b_final(1,j)=mean_il2b;
vi3c_final(i,j)=mean_vi3c;
v12b(i )y=v12b_target;

end

else

fs(i,j)=nan;

fs_org(i,j)=nan;

Pv12a(i,j)=nan;

Pv12b(i,j)=nan;
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Pi3¢(i,))=nan;
PR12a(i,j)=nan;
PR12b(i,j)=nan;
PRi3c(i,))=nan,
PRCr(i,)}=nan;
PRLr(1,))=nan,
PRSD(i,j)=nan;
PRSMa(i,))=nan;
PRSMb(i,j)=nan;
PRSM(i,j)=nan;
PVFSD(,j)=nan;
PVFSMa(i j)=nan;
PVEFSMb(i,j)=nan;
PVFSM(1,j)=nan;
PCr(i,j)=nan;
PLr(1,j)=nan;
i12a_final(i,j)=nan;
112b_final(i,j)=nan;
vi3c_final(ij)=nan;
end
end
end -

%Draw the figures

figure(1);

colormap([0 0 0]);
subplot(2,2,1);
H=mesh(il12b,v12a,fs./1e6);
set(H,'markersize’,15);
view(20,30);

xlabel('i12b (AY,'fontsize',15);
ylabel('vl2a (V) 'fontsize',15);
zlabel('fs (MHz)','fontsize',15);
title(Lr=8e-6H, Cr=800e-12F, QR Buck-Boost Converter', fontsize', 1 5);

%Draw the figures

subplot(2,2,2);
mesh(il2b,vi2a,vi3c_final);

hold on

mesh(i12b,v12a,v12b);

hold off

view(20,30);

xlabel('i12b {A)','fontsize',15);
ylabel('vi2a (VY fontsize',15);
zlabel('vi3c\_final v12b (V) 'fontsize',15);
title('Lr=8e-6H, Cr=800¢-12F, QR Buck-Boost Converter','fontsize',15);

%Draw the figures
subplot(2,2,3);
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mesh(il2b,vi2a,i12a final);

hold on ‘

mesh(i12b,v12a,112b_{inal);

mesh(i12b,v12a,13c);

hold off

view(20,30);

xlabel('i12b (A),'fontsize',15);

ylabel('v12a (V) 'fontsize',15);

zlabel(i12a i12b i3c {A),'fontsize’,15);

title('L.r=8e-6H, Cr=800e-12F, QR Buck-Boost Converter’,'fontsize',15);

%Draw the figures

subplot(2,2,4);

mesh(il2b,v12a,Pvl2a);

hold on; A

mesh(il12b,v12a,Pv12b);

hold off;

view(20,30);

xlabel('i12b (A)','fontsize’,15);

ylabel('v12a (V) 'fontsize’,15);

zlabel('Pv12a(-ve) Pv12b(+ve) (W), 'fontsize',15);
title('Lr=8e-6H, Cr=800e-12F, QR Buck-Boost Converter','fontsize’,15);

%Draw the figures

figure(2}

colormap([0 0 07);

subplot(3,3,1);
mesh(i12b,v12a,PR12a./max(max(PRLr))};
hold on;
mesh(i12b,v12a,PR12b./max(max(PRLr)));
hold off;

xlabel('i12b (A));

ylabel('vl2a (V)');

zlabel('Normalized PR12a PR12b');
subplot(3,3,2);
mesh(i12b,v12a,PRLr./max(max(PRLr)));
xlabel('i12b (A));

ylabel('vl2a (V));

zlabel('"Normalized PRLr");

subplot(3,3,3);
mesh{il2b,v12a,PRCr./max{max(PRLr}));
xtabel('il2b (A));

ylabel('vl2a (VY');

zlabel('Normalized PRCr");

subplot(3,3,4);
mesh(i12b,vi2a,PRSD./max(max(PRLr)));
xlabel('ii2b (A)');

ylabel('vi2a (V})");

zlabel('Normalized PRSD");
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subplot(3,3,5);
mesh(il2b,vi2a,PRSMa./max(max(PRLr)));
xlabel('i12b (A)');

ylabel('vl2a (V));

zlabel('Normalized PRSMa');

subplot(3,3,6);
mesh(i12b,v12a,PRSMb./max(max(PRLr)});
xlabel('i12b (A));

ylabel('vl2a (VY)');

zlabel('Normalized PRSMb');

subplot(3,3,7);
mesh(il2b,v12a,PRi3c./max(max(PRLr)));
xlabel("i12b (A)Y);

ylabel('v12a (V));

zlabel('Normalized PRi3c");

subplot(3,3,8);
mesh(i12b,vi2a,PVFSD./max(max{(PRLr)));
xlabel('il12b (A));

ylabel('vi2a (V)'),

zlabel('Normalized PVFSD");

subplot(3,3,9);
mesh(112b,v12a,PVFSMa./max(max(PRLr)));
hold on;
mesh(i12b,v12a,PVFSMb./max(max(PRLr)));
hold off;

xlabel('i12b (A));

ylabel('vl2a (V)');

zlabel('Normalized PVFSMa & PVFSMb','Vertical Alignment','bottom');

%Draw the figures

figure(3)

colormap([0 0 0]);
Ploss=PR12a+PR12b+PRLr+PRCr+PRSD+PRSMa+PRSMb+PRi3c+PVFSD+PVFS
Ma+PVFSMb;

H=mesh(i12b,v12a,Pv12b./(Ploss-Pv12a).*100);

set(H,'markersize',15);

%mesh(il2b,v12a,Plosst+Pi3a+Pv12),

xlabel('i12b (A)','fontsize',15, Vertical Alignment','bottom");

ylabel('vl2a (V) 'fontsize',15,' VerticalAlignment','bottom");
zlabel('Efficiency (%), fontsize',15),

title('Lr=8e-6H, Cr=800e-12F, QR Buck-Boost Converter','fontsize',15);
view(60,10);
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%Define the object function in a separate file
function [error]=obj- vi3c_i12b(input)

%Define the global variables

global Lr Cr wr Zr

global R12 R12a R12b

global RLr RCr RSD RSMa RSMb Ri3c VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab vi2 vl2a vi2b vi3cil2ail2b

global i
global v12b_target

syms X

options2=optimset('fzero'); _
options2=optimset(options2,'Display','off');

fs_find=input(1);
i3¢_find=input(2);

alpha=v12(1)/Zr/i3¢_find;

beta=VFSD/Zrh3c_find;

if (alpha<=1)&(alpha>0),
T1=Cr/i3c_find*(v12(i)-13¢_find*R12a-i3c_find*RCr);
C1=VFSD+v12(i)+i3c_find*RLT+3c¢c find*R12b;
K1=v12(i)/alpha*sqrt(1+(wr"2/wo"2)*(RALL/2/Zr+beta)"2);
phase1=2*pi-atan((RALL/Zr+beta)/{wr/wo-a/wo* (RALL/Zr+beta)));
K2=K1/Zr;
phase2=phasel-+pi-atan(wo/a);
K3=sqrt(1-+(beta+a) 2/wo"2);
phase3=atan(wo/(beta+a));
K4=i3¢_find*K3*Zr;
phase4=phase3+2*pi-atan(wo/a);
KT2=K1*RCr*Cr*sqrt({1/RCr/Cr-a)*2+wo"2),
phaseT2=phasel+atan(wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)");

=fzero(funf,{mod{(pi-phaseT2),2*pi)/wo 3*2*pi/wo/4],options2)+T1;
if ((T2-T1)<0),
error(‘error: T2<T1");

end

CSa=(i3c_find*R12a+i3c_find*RSMa-VFSD-VFSMa-
vI2())(RLT+R12+RSMa);
K5a=i3c_find*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1)+phase3))-C5a;
" K6a=-Lr*K5a*Aa;
Ta=T2-1/Aa*log((i3¢c_find-C5a)/K5a);

C5b=(i3¢_find*R12a+i3c_find*RSMb-VEFSD+VFSMb-
vI2())(RLT+R12+RSMb);
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K5b=13¢_find-C5b;
K6b=-Lr¥*K5b*Ab;
T3=Ta-1/Ab*log(-C5b/K 5b);

if ((1/13)<=fs_find)|{fs_find<=0),
error(‘fs_find is not valid");

else
Ts=1/fs_find;
Simutation_Time=Ts;
resolution=10000;
Time_step=Stmulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time axis);
vCr=zeros(Time _length,1);
iCr=zeros(Time_length,1);
iLr=zeros(Time_length,1);
vLr=zeros(Time_length,1);
iISMa=zeros(Time_length,1);
iSMb=zeros(Time_length,1);
112a_t=zeros(Time_length,1);
112b_t=zeros(Time_length,1);
vidc_t=zeros{Time _length,1);

for k=1:Time_length,
Time now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vCr(k)=v12(i)/alpha*wr*Time now;
iCr(k)=i3c_find,
112a_t(k)=-13c_find;
112b_t(k)=0;
vide_t(k)=-13¢_find*Ri3c-vCr(k)-iCr(k)*RCr-i3c_find*R12a+v12a(i);
elseif (Time_now>T1&(Time now<=T2)
vCr(k)=C1+K1*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phasel);
1Cr(k)=K2*exp(-a*(Time_now-T1))*sin(wo*(Time now-
T1)+phase2);
iLr(k)=i3c_find*(1-K3*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phase3));
vLr(k)=K4*exp(-a*(Time_now-T1))*sin(wo*(Time now-
T1)+phased);
i112a_t(k)=iLr(k)-i3c_find;
i112b_t(k)=iLr(k);
vide_t(k)=-13c_find*Ri3c-vCr(k)-iCr(k)*RCr+(iLr(k)-
13¢_find)*R12a+v12a(i);
elseif (Time_now>T2)&(Time now<=Ta)
iLr(k)=C5a+K5a*exp(-Aa*(Time_now-T2));
vLr(ky=K6a*exp(-Aa*(Time now-T2));
iSMa(k)=13¢_find-iLr(k);
if2a_t(ky=iLr(k)-13c_find;
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112b_t(k)=iLr(k);
vi3c_t(k)=—i3c-_ﬁnd*R1'3(:-(i3c_4ﬁnd-iLr(k))*RSMa+V FSMa+(1Lr(k)-
i3c_find)*R12a+v12a(i);
elseif (Time_now>Ta)&(Time_now<=T3)
iLr(k)=C5b+K5 b*exp(-Ab*(Time_now-Ta));
vLr(k)=K6b*exp(-Ab*(Time_now-Ta));
iSMb(k)=i3c_find-iLr(k),
i12a_t(k)=iLr(k)-i3c_find;
i12b_t(K)=iLr(k);
vidc_t(k)=-i3c_find* Rile-(i3c_find-iLr(k))*RSMb-VFSMb+(iLx(k})-
i3c_find)*R12a+vi2a(i);
elseif (Time_now>T3)&(Time_now<=Ts)
iSMb(k)=i3c_find;
i12a_t(k)=-i3c_find;
i12b_t(k)=0;
vi3c_t(k)=—i3cpfmd*Ri3c-i3c_ﬁnd*RSMb-VFSMb-
i3c_find*R12a+v12a(i);
end
end

mean_il12b=mean(i12b_t);
mean_vi3c=mean(vi3c_t);

error(1)=100*mean_vi3c,
error(2)=100*abs(mean_i12b-i12b()));
end
else
error('alpha is not valid.’);
end
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A.10 Regulated Lossy Cuk QRC

These MATLAB scripts are used to simulate the regulated Lossy Cuk QRC.

%Define the global variables

clear global

clear all

global Lt Cr wr Zr

global R12

global RLr RCr RSD RSMa RSMb Ri3a Ri3b VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab v12 vi3a i3b

global 1}
global vi3b_target

syms X

%Define the components’ parameters
Lr=8e-6;

Cr=800e-12;

wr=1/sqrt(L.r*Cr);

Zr=sqrt(Lr/Cr);

vilb_target=30;

R12=0.1;
RLr=0.1;
RCr=0.1;
RSD=0.1;
RSMa=0.1;
RSMb=0.1;
Ri3a=0.1;
Ri3b=0.1;
Ri3¢=0.1;
VEFSD=0.7;
VFSMa=0.7;
VFSMb=0.7;

RCT=RCr+R12;
RLT=RLr+RSD;
RALL=RLT+RCT;
a=RALL/2/Lr;
wo=sqrt(wr"2-a"2);
Aa=(RLT+R12+RSMa)/Lr;
Ab=(RLT+R12+RSMb)/Lr;

%Define the analysis range
vida=-40:-25:-240;
i3b=5:5:30;
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options | =optimset('fsolve');

options |=optimset(options|,'Display’,'off");
options2=optimset('fzero');
options2=optimset(options2, Display’,'ofl’);

for 1=1:length(vi3a),
for j=1:length(13b),
v12(1,))=vi3b_target-vida(i);
init(2)y=-v12(i,))*13b(j)/vida(1); % Set initial value i3
alpha=v12(i,j)./Zr/init(2);
if (alpha>1)|(alpha<=0)
warning('The vaniable "alpha" is not valid.")
end
_ init(1)=wr*13b(j)/init(2)/(pi+asin(alpha)+alpha/2+( 1 +sqrt{ 1-alpha”2))/alpha);
% Set initial value fs ‘
fs_org(i,j)=init(1);
if (init(1y>0)&(init(2)>0)
[out,error_out,exitflagj=tsolve('obj vi3a_vi3b i12'init,optionsl);
% Find the conditions so that i12=0 and expected vila vi3b.
if exitflag>0
fs(i,j)=out(1); % The switching frequency fs is found.
13(1,j)=out(2); % The current condition is found.
error_vi3a(i,j)=error_out(1);
error_vi3b(i,j)=error_out(2);
error_i12(i,jy=error_out(3);
else
f5(i,j)=nan;
13(i,j)=nan;
error_vi3a(i,j)=nan;
error_vi3b(1,))=nan;
error_i12(i,j)=nan;
end '
else
f5(i,jy=nan; % The switching frequency f5s is not found.
13(i,j)=nan; % The current condition is not found.
error_vi3a(i,j)=nan;
error_vi3b(i,j)=nan;
- error_i12(i,j)=nan;
end

13a(i,) y=13(i,j}-13b();

alpha=v12(1))/Zr/13(1,j);

beta=VFSD/Zr/13(1,));

if (alpha<=1)&(alpha>0),
T1=Cr/13(1,))*(-13b(j)*R 12+v12(i,j)-i3(1,j)*RCr);
CI=VESD+v12(1,j)+H3(1,j Y*RLT+H3a(i,j)*R12;
K1=v12(i,j)/alpha*sqrt(1+(wr"2/wo”2)*(RALL/2/Zr+beta)"2);
phase1=2*pi-atan((RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
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%
%
Yo
%

%

K2=K1/Zr;
phase2=phase ! +pi-atan(wo/a);
K3=sqrt(1+(beta+a)"2/wo"2);
phase3=atan{wo/(beta+a));
K4=13(1))*K3*Zr;
phase4=phase3+2*pi-atan{wo/a);
KT2=K 1*RCr*Cr*sqrt((1/RCr/Cr-a)*2+wo"2);
phaseT2=phase 1 +atan{wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)"));
figure(4)
temp x=0:3*2*p1/wo/40:3*2*pi/wo/4;
plot{temp_x,Cl1+KT2*exp(-a. *temp_x).*sin(wo.*temp_x+phaseT2));
hold on;
T2=fzero(funf,[mod((pi-phaseT2),2*pi)/wo 3*2*pi/wo/4],options2)+T1;
T2=fzero(funf,[2*pi/wo/4 2*pi*3/wo/4],options)+T1;
if ((T2-T1)<0),
error(‘error: T2<T1");
end

C5a=(13b(jy*R12+13(1,))*RSMa-VFSD-VFSMa-v12(i,j))/(RLT+R12+RSMa);
K5a=13(i,))*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1)+phase3))-C5a;
K6a=-Lr¥K5a*Aa,

Ta=T2-1/Aa*log((13(1,j)-C5a)/K5a);

C5b=(i3b(j)*R12+i3(i,j)*RSMb-VFSD+VFSMb-

vI2(ij))/(RLT+R12+RSMb);

K5b=i3(i,§)-C5b:
K6b=-Lr*K5b*Ab;
T3=Ta-1/Ab*log(-CSb/K5b);

if ((1/T3)<=fs(i,)|(5(1.5)<=0)|(fs(ij}=nan),
fs(1,j)=nan;
fs_org(i,))=nan;
Pv12(i,j)=nan;
Pi3a(i,j)=nan;
Pi3b{i,j)=nan;
PR12(i,j)=nan;
PRi3a(i,j)=nan;
PRi3b(i,))=nan;
PRCi(i,j)=nan;
PRL1(i,j)=nan;
PRSD(i,)=nan;
PRSMa(i,j)=nan;
PRSMb(i,j)=nan;
PRSM(i,j)=nan;
PVFSD(i,jy=nan;
PVFSMa(i,j)=nan;
PVFSMb(i,j)=nan;
PVFSM(i,j)=nan;
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PCr{i,j)=nan;
PL(1,})=nan;
i12_final(i,j)=nan;
vida_final(i,j)=nan;
vi3b_final(i,})=nan;

else
Ts=1/1s(i,));
Stmutation_Time=Ts;
resolution=1000;
Time_step=Simulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time_axis);
vCr=zeros(Time _length, 1);
iCr=zeros(Time _length,1);
iILr=zeros(Time_length,1);
vLr=zeros(Time_length,1);
1ISMa=zeros(Time_length,1);
iSMb=zeros(Time_length,1);
112 _t=zeros(Time length,1);
vida_t=zeros(Time_length,1);
vi3b_t=zeros(Time _length,1);

% Define the time scale interval
for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0}&(Time _now<=T1)
vCr(k)=v12(ij)/alpha*wr*Time now;
iCr(k)=13(1,));
112_t(k)=-13b(});
vida_t(k)=-13a(1,))*Ri3a-vCr(k)-iCr(k)*RCr; ,
vi3b_t(k)=-13b(j)*Ri3b-vCr(k)-iCr(k)*RCr+v12(i,j)-i3b(j)*R12;
elseif (Time _now>T1)&(Time now<=T2)
vCr(k)=C1+K1*exp(-a*(Time now-T1))*sin(wo*(Time_now-
T1)+phasel);
iICr(k)=K2*exp(-a*(Time_now-T1))*sin(wo*(Time_now-
T1)+phase?);
1Lr(k)=13(i5)*(1-K3*exp(-a*(Time_now-T1))*sin{wo*(Time now-
T1)+phasel3)),
vLr(k)=K4*exp(-a*(Time_now-T1))*sin{wo*(Time now-
T1)+phased),
112 t(k)=1L.(k)-i13b(j);
vida_t(k)=-i3a(ij)*Ri3a-vCr(k)-iCr(k)*RCr;
vi3b_t(k)=-i3b(j)*Ri3b-iLr(k)*RLT-VFSD-vLr(k);
elseif (Time_now>T2)&(Time_now<=Ta)
iLr(k)=C5at+K5a*exp(-Aa*(Time_now-T2));
vLr(k)=K6a*exp(-Aa*(Time now-T2)),
iISMa(k)=i3(i,j}-iLr(k);
112_t(k)=iLr(k)-i3b(j);
vila_t(k)=VFSMa-iSMa(k)*RSMa-i3a(i,j)*Ri3a;
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vi3b_t(k)=-13b(;)*Ri3b-iLe{k)*RLT-VFSD-vLr(k),
elseif (Time_now>Ta)&(Time now<=T3)
1iLr(k)=C5b+K5b*exp(-Ab*(Time now-Ta));
vLe(k)=K6b*exp(-Ab*(Time_now-Ta));
iSMb(k)=i3(i,j)-iLr(k);
i112_t(k)=iLr(k)-13b());
vida_t(k)=-VFSMb-iSMb(k)*RSMb-i3a(i,j)*Ri3a;
vi3b_t(k)=-13b(j}*Ri3b-iLo(k)*RLT-VFSD-vLr(k);
elseif (Time_now>T3)&(Time_now<=Ts)
1ISMb(k)=i3(i,));
i12_t(k)=-i3b{j);
vida_t(k)=-VFSMb-iSMb(k)*RSMb-i3a(i,j})*Rila;
vi3b_t(k)=-13b(j)*Ri3b-iSMb(k)*RSMb-VFSMb+v12(i,j)-13b(j)*R12;
end
end
mean_vCr=mean(vCr);
mean_iCr=mean(iCr);
rms_iCr=sqrt{mean(iCr."2));
mean_tLr=mean{iLr);
rms_iLr=sqrt(mean(iLr."2));
mean_vLr=mean{vLr);
mean_iSMa=mean(iSMa);
rms_iSMa=sqrt(mean(iSMa."2));
mean_iSMb=mean(iSMb);
ms_iSMb=sqrt(mean(iSMb.”2));
mean_il2=mean(i12_t);
rms_i12=sqrt(mean(i12_t.*2)),
mean_vi3a=mean(vi3a_t);
mean_vi3b=mean(vi3b_t);

Pv12(i,j)=v12(ij)*mean_il2;
Pi3a(i,j)=13a(ij)*mean_vi3a;
Pi3b(i,j)=i3b(j)*mean_vi3b;
PR12(ij)=R12*rms 1272,
PRi3a(i,j)=Ri3a*13a(i j)"2;
PRi3b(1,j)=Ri3b*i3b(j)"2;
PRCr(i,j)=RCr*rms_iCr"2;
PRLt(1,j}=RLr*rms_iLr"2;
PRSD(i,j)=RSD*rms_iLr"2;
PRSMa(i,j)=RSMa*rms_iSMa"2;
PRSMb(1,))=RSMb*rms_iSMb"2;
PRSM(1,))=PRSMa(ij)+PRSMb(i,j);
PVFSD(i,j=VFSD*mean iLr;
PVFSMa(i,j)=-VFSMa*mean iSMa;
PVFSMb(i,j)=VFSMb*mean iSMb;
PVESM(1,j)=PVFSMa(i,))+PVFSMb(i j);
PCr(i,j)=mean_iCr*mean_vCr;
PLr(ij)=mean_iLr*mean vLr;
112_final(i,j)=mean_i12;
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vida_final(i,j))=mean_vi3a;
vi3b_final(i,j)=mean vi3b;
end
else
fs(i,))=nan;
fs_org(i,))=nan;
Pv12(i,j}=nan;
Pi3a(i,j)=nan;
Pi3b(i,j)=nan;
PR12(i,j)=nan;
PRi3a(i,j)=nan;
PRi3b(1,))=nan;
PRCr(1,j)=nan;
PRLr(i,j)=nan;
PRSD(i,j)=nan;
PRSMa(i,j)=nan;
PRSMb(i,j)=nan;
PRSM(i,j}=nan;
PVFESD(ij)=nan;
PVFSMa(i,j)=nan;
PVFSMb(i,})=nan;
PVFSM(i,j)=nan;
PCr(i,j)=nan;
PLr(1,)=nan;
i12_final(i,))=nan;
vida_final(i,j)=nan;
vi3b_final(ij)=nan;
end
end
end

%Draw the figures

figure(1);

colormap([0 0 0]);
subplot(2,2,1);
H=mesh(i3b,vi3a,fs./1e6);
set(H,'markersize’,15);
view(20,30);

xlabel('i3b (A)','fontsize',15);
ylabel('vi3a (V)','fontsize',13);
zlabel('fs (MHz)','fontsize’,15);
title('L.r=8e-6H, Cr=800¢-12F, QR Cuk Converter','fontsize', | 5);

%Draw the figures
subplot(2,2,2);
mesh(i3b,vi3a,vi3a_final);
hold on
mesh(i3b,vi3a,vi3b_final);
mesh(i3b,vi3a,v12);
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hold off

view(20,30);

xlabel('i3b (A)','fontsize',15);

ylabel('vi3a (V),'fontsize',15);

zlabel('vi3a\_final vi3b\ final v12 (V)','fontsize’,15);
title('Lr=8¢-6H, Cr=800e-12F, QR Cuk Converter','fontsize’,15);

%Draw the figures

subplot(2,2,3);

mesh(i3b,vi3a,il2 _final);

hold on

mesh(i3b,vi3a,i3a);

hold off

view(20,30);

xlabel('i3b (A)','fontsize’,15);

ylabel('vi3a (V)','fontsize',15);

zlabel('i112\_final i3a (A),'fontsize’,15); _
title('Lr=8e-6H, Cr=800e-12F, QR Cuk Converter','fontsize',15);

%Draw the figures

subplot(2,2,4);

mesh(i3b,vi3a,Pila);

hold on;

mesh(i3b,vi3a,Pi3b);

hold off;

view(20,30);

xlabel('13b (A)','fontsize’,15);

ylabel('vi3a (V)','fontsize',15);
zlabel('Pi3a(-ve) Pi3b(+ve) (W), 'fontsize",15);
title('Lr=8e-6H, Cr=800e-12F, QR Cuk Converter''fontsize',15);

%Draw the figures

figure(2)

colormap([0 0 0]);

subplot(3,3,1);

mesh(i3b,vi3a,PR12./max(max(PRLr)));

xlabel('i12b (A));

ylabel('vi2a (V)");

zlabel('Normalized PR12','Vertical Alignment','bottom");
subplot(3,3,2);

mesh(i3b,vi3a,PRLr./max(max(PRLr)));

xlabel('i12b (A)";

ylabel('vi2a (V)

zlabel('Normalized PRLr','Vertical Alignment','bottom’);
subplot(3,3,3);

mesh(i3b,vi3a,PRCr./max(max(PRLr)));

xlabel('i12b (A)";

ylabel('vi2a (V)');

zlabel{'Normalized PRCr''Vertical Alignment','bottom");
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subplot(3,3,4);

mesh(i3b,vi3a,PRSD./max{max(PRLr)));

xlabel("i12b (A));

ylabel('v12a (VY));

zlabel('Normalized PRSD’,'Vertical Alignment','bottom");
subplot(3,3,5);

mesh(i3b,vi3a,PRSMa./max(max(PRLr)));

xlabel('i112b (A)");

ylabel('vl2a (V)');

zlabel('"Normalized PRSMa','VerticalAlignment','bottom'");
subplot(3,3,6);
mesh(i3b,vi3a,PRSMb./max(max(PRLr)));

xlabel('112b (A)");

- ylabel('v12a (V)');

zlabel('Normalized PRSMb','Vertical Alignment','bottom");
subplot(3,3,7);

mesh(i3b,vi3a,PRi3a./max(max(PRLr))),

hold on;

mesh(i3b,vila,PRi3b./max(max(PRLr)));

hold off;

xlabel('i12b (A)Y);

ylabel('vl2a (V)Y);

zlabel('Normalized PRi3a PRi3b','VerticalAlignment','bottom");
subplot(3,3,8);

mesh(i3b,vi3a,PVFSD./max(max{PRLr)));

xlabel('112b (A)");

ylabel('v12a (V)");

zlabel('Normalized PVFSD','VerticalAlignment','bottom);
subplot(3,3,9),

mesh(i3b,vi3a,PVFSMa./max(max(PRLr)));

hold on;

mesh(i3b,vi3a,PVFSMb./max(max(PRLx1)));

hold off;

xlabel('112b (A)");

ylabel('v12a (V));

zlabel('Normalized PVFSMa & PVFSMb','Vertical Alignment','bottom");

%Draw the figures

figure(3)

colormap([0 0 0]);
Ploss=PR12+PRLr+PRCr+PRSD+PRSMa+PRSMb+PRi3a+PRi3b+PVFSD+PVFS
Ma+PVFSMb;

H=mesh(i3b,vi3a,Pi3b./(Ploss-Pi3a).*100);
set(H,'markersize',15);

%mesh(13b,vi3a,Ploss+Pi3a+Pv12);

xlabel('i3b (A)','fontsize’, 15, Vertical Alignment','bottom");
ylabel(*vi3a (V)','fontsize’, 15, Vertical Alignment','bottom");
zlabel('Efficiency (%)','fontsize’,15);

title('Lr=8e-6H, Cr=800e-12F, QR Cuk Converter','fontsize',15);
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view(60,10);

%Draw the figures

figure(4)

colormap({0 0 0]);

subplot(2,2,1);

mesh(i3b,vila,error_vi3a),

xlabel('i3b (A),'fontsize', 15, Vertical Alignment','bottom’),
ylabel('vi3a (V) 'fontsize’, 15, 'Vertical Alignment', bottom');
zlabel('error\ vi3a','VerticalAlignment','bottom);
subplot(2,2,2};

mesh(i3b,vi3aerror_vi3b);

xlabel('i3b (A)','fontsize',15,'Vertical Alignment','bottom");
ylabel('vi3a (V},'fontsize’,15,'VerticalAlignment','bottom'};
zlabel('error\_vi3b','Vertical Alignment','bottom’);
subplot(2,2,3); 7

mesh(i3b,vi3a,error 112);

xlabel('13b (A)','fontsize',15, Vertical Alignment','bottom');
ylabel('vi3a (V) 'fontsize’, 15, VerticalAlignment','bottom");
zlabel('error\_i12','Vertical Alignment','bottom');
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%Define the object function in a separate file
function [error]=obj_vi3a_vi3b_il2(input)

%Define the global variables

global Lr Cr wr Zr

global R12

global RLr RCr RSD RSMa RSMb Ri3a Ri3b VFSD VFSMa VFSMb
global RCT RLT RALL a wo Aa Ab v12 vi3a i3b

global 1}
global vi3b_target

syms X

options2=optimset('fzero');
options2=optimset(options2,'Display’,'off");

fs_find=input(1);
13_find=input(2);

13a_find=i3_find-i3b(j);

alpha=v12(i)/Z¢/i3_find;

beta=VFSD/Zr/i3_find,

if (alpha<=1)&(alpha>0),
T1=Cr/i3_find*(-i3b{j)*R12+v12(ij)-i3_find*RCr);
C1=VFSD+v12(ij)+i3_find*RLT+i3a find*R12;
K1=v12(i,j¥alpha*sqrt{1+(wr"2/wo"2)*(RALL/2/Zr+beta)*2);
phase1=2*pi-atan((RALL/Zr+beta)/(wr/wo-a/wo*(RALL/Zr+beta)));
K2=K1/Zr;
phase2=phase +pi-atan{wo/a);
K3=sqrt(1+(beta+a)*2/wo"2);
phase3=atan(wo/(beta+a));
K4=i3 find*K3*Zr; ‘
phase4=phase3-+2*pi-atan(wo/a),
KT2=K1*RCr*Cr*sqrt{(1/RCr/Cr-a)"2+wo0"2);
phaseT2=phase 1 +atan(wo/(1/RCr/Cr-a));
funf=char(eval('C1+KT2*exp(-a*x)*sin(wo*x+phaseT2)"));
T2=tzero(funf,{mod({pi-phaseT2),2*pi)/wo 3*2*pi/wo/4],options2)+T1;

if ((T2-T1)<0),
error(‘error: T2<T1");
end 4.

C5a=(i3b(j)*R12+i3_find*RSMa-VFSD-VFSMa-
vI2(ij)/(RLT+R12+RSMa);

K5a=i3_find*(1-K3*exp(-a*(T2-T1))*sin(wo*(T2-T1 }+phase3))-C5a;

K6a=-Lr*K5a*Aa;

Ta=T2-1/Aa*log((i13_find-C5a)/K5a);
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C5b=(13b(j)*R12+i3 find*RSMb-VFSD+VFSMb-
vI2(i,)ARLT+R12+RSMbY; ‘

K5b=13_find-C5b;

K6b=-Lr*K5b*Ab;

T3=Ta-1/Ab*log(-CSb/K5b),

if ((1/T3)<=fs_find)|(fs_find<=0)|(fs_find=nan),
Yowarning('fs_find is not valid'); '
error(l)=nan;
error(2)=nan;
error(3)=nan;
else
Ts=1/fs_find;
Simulation_Time=Ts;
resolution=500;
Time_step=Simulation_Time/resolution;
Time_axis=Time_step:Time_step:Time_step*(resolution-1);
Time_length=length(Time axis);
vCr=zeros(Time_length,1);
iCr=zeros(Time length,1);
iLr=zeros(Time length,1);
vLr=zeros(Time_length,1);
iISMa=zeros(Time _length,1);
iISMb=zeros(Time _length,1);
i112_t=zeros(Time length,1);
vida_t=zeros(Time_length,1);
vi3b_t=zeros(Time length,1);

for k=1:Time_length,
Time_now=rem(Time_axis(k),Ts);
if (Time_now>0)&(Time_now<=T1)
vCr(k)=v12(i,j)/alpha*wr*Time now;
iCr(k)=i3_find,
112_t(k)=-13b(j);
vida_t(k)=-i3a_find*Ri3a-vCr(k)-iCr(k)*RCr;
vi3b_t(k)=-i3b(j}*Ri3b-vCr(k)-iCr(k)*RCr+v12(i j)-i3b(j)*R12;
elseif (Time_now>T1)&(Time_now<=T2)
vCr(k)=C1+K1*exp(-a*(Time_now-T] ))*sin(wo*(Time_now-
T1)+phasel);
iCr(ky=K2*exp(-a*(Time_now-T1))* sin{wo*(Time_now-
T1)+phase2); =
iLr(k)=i3_find*(1-K3*exp(-a*(Time_now-
T1))*sin{wo*(Time_now-T1)+phase3));
vLi(k)=K4*exp(-a*(Time_now-T1))*sin(wo* (Time_now-
T1)+phase4);
112_t(k)=iLr(k)-13b(j);
vida_t(k)=-i3a_find*Ri3a-vCr(k)-iCr(k)*RCr;
vi3b_t(k)=-i3b(j)*Ri3b-iLr(k)*RLT-VFSD-vLr{k);
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elseif (Time_now>T2)&(Time _now<=Ta)
iLr(k)=CSa+K5a*exp(-Aa*(Time_now-T2));
vLr(k)=Ké6a*exp(-Aa*(Time now-T2)},
iSMa(k)=13_find-iLr(k),
112_t(k)=1Lr(k)-13b(});
vida_t(k)=VFSMa-iSMa(k)*RSMa-i3a_find*Ri3a;
vi3b_t(k)=-i3b(j)*Ri3b-iLe(k)*RLT-VFSD-vLr(k);
elseif (Time now>Ta)&(Time now<=T3)
iLr(k)=C5b+K5b*exp(-Ab*(Time_now-Ta));
vLr(k)=K6b*exp(-Ab*(Time now-Ta));
iISMb(k)=13_find-iLr(k);
112_t(k)=iLr(k)-13b();
vida_t(k)=-VFSMb-iSMb(k)*RSMb-i3a_find*Ri3a;
vi3b_t(k)=-13b(j)*Ri3b-iLr(k)*RLT-VFSD-vLr(k);
elseif (Time_now>T3)&(Time now<=Ts)
1SMb(k)=13_find;
112_t(k)=-i3b(j);
vida_t(k)=-VFSMb-iSMb(k)*RSMb-i3a_find*Ri3a;
vi3b_t(k)=-i3b(j)*Ri3b-iSMb(k)*RSMb-VFSMb+v12(i,j)-i3b(j)*R 12;
end
end

mean_i12=mean(il2 _t);
mean_vida=mean(vi3a_t);
mean_vi3b=mean(vi3b_t);

error(1)=1*(mean_vi3a-vi3a(i));
error(2)=1*(mean_vi3b-vi3b_target);
error(3)=1*mean 112;

end

else :
Ywarning(‘alpha is not valid.");

error(l }=nan,

error(2)=nan;

error{3)=nan;

end
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