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ABSTRACT OF THE THESIS

A Resonant Two-Switch Boosting Switched-Capacitor Converter With Full-Range Voltage
Gain Regulation for MPPT Applications

By
Everett S. Johnson
Master of Science in Electrical Engineering and Computer Science
University of California, Irvine, 2024

Professor Keyue M. Smedley, Chair

This thesis applies a fixed ON-time switching technique to a resonant switched-capacitor
converter, called the 3X RTBSC-A converter, which is studied for maximum power point
tracking (MPPT) applications. The previous converter, the 3X RTBSC converter, was unable
to achieve full-range voltage gain regulation for relatively light loads. However, with a new
switching technique known as Switching Technique A, full-range voltage gain regulation for
all loads is completely possible. In addition, the converter achieves zero-voltage switching
(ZVS) to retain a high efficiency. A mathematical analysis of the ideal circuit was completed
to show the conducting states, voltage gain derivation, and component stresses. Under
this analysis, the prototype circuit was designed with a maximum power level of 162 W
and a resonant frequency of 100 kHz. Simulations in the LTspice software proved that the
circuit would not be able to achieve full-range voltage gain regulation with regular 50% duty
cycle switching. In addition, details are provided in the design of the prototype’s control
circuit and driver circuit used to create and execute Switching Technique A. An open loop
experiment demonstrates that the voltage gain of the prototype circuit closely resembles
the waveforms calculated from the ideal gain formula. Also, a relatively high efficiency is
recorded for each load tested with a maximum recorded efficiency of 0.9544. In addition,

examination of the steady state waveforms prove that the prototype circuit is executing ZVS.

viii



To prepare the prototype for the MPPT experiment, a sensing circuit is designed to feed
data to the microcontroller. A simple perturb and observe (P&O) algorithm is programmed
to find the maximum power point (MPP). The specifications of the solar panel are also
presented. The results of the MPPT experiment demonstrate that the MPP found by the
MPPT algorithm closely follows the actual MPP that was found manually. In addition, the
prototype achieved efficiencies between 0.87 and 0.92 during the MPPT experiment. The
3X RTBSC-A converter still has the potential to achieve higher efficiencies as indicated by

the report on the original circuit.
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Chapter 1

Introduction

A background on three topics is given. First, the topic of switched-capacitor converters
(SCCs) is reviewed. This review includes why we design SCCs, the disadvantages that must
be overcome, and the circuits that preceded the converter of focus. Second, a lecture on
maximum power point tracking (MPPT) is given. This lecture is necessary for insight into
the science of solar panels and why we need MPPT to use their power. Last, soft switching
in converters is discussed. Soft switching greatly improves the efficiency of power converters
and this section reviews a method of confirming the execution of soft switching in converters

that use a half-bridge topology.

1.1 Switched-Capacitor Converters

SCCs are switching converters composed primarily of capacitors and switches. Without
reliance on bulky inductors or transformers, SCCs potentially have lower electromagnetic
interference, lighter weight, lower cost, higher energy density, and the potential for full inte-

gration [5]. However, there are some intrinsic features related to SCCs as well as challenges



in developing SCCs that need to be recognized. First of all, SCCs produce high current
spikes during transitions between switching states; and they typically have fixed gain. The
efficiency of SCCs is closely related to voltage gain and circuit structure [6],[7]. Thus, when
a voltage gain requirement and load range are given, it is essential to pair it with a proper

topology and circuit parameters in order to achieve high efficiency.

A SCC with a symmetrical design, as shown in Fig. 1.1, is proposed in [1]. This converter,
called the “T'wo-Switch Boosting Switched-Capacitor (TBSC) Converter,” features a simple
design method of adding more diode-capacitor networks to increase the voltage gain. Due
to the symmetrical interleaved configuration of the circuit, ripple cancellation is achieved
and the output voltage ripple is reduced. Furthermore, the TBSC converter features a low

component count and high efficiency.

o
I
n

o
I
~

Figure 1.1: Topology of the triple-gain TBSC converter.

Like most SCCs, this converter is switched at a fixed duty cycle and fixed frequency. This is

because switching signal variations achieve very little gain regulation when either the duty



cycle or frequency is modulated as shown in Fig. 1.2.
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Figure 1.2: Voltage gain modulation results of the TBSC. Figure from [1].

Also, the input current of the TBSC converter experiences a spike every switching cycle that

must be calculated and monitored during design and operation respectively. An example of

this current spike is shown in Fig. 1.3.

- ———————— ——— ———— ———— eses—————
I “ P Wi, S A
Vgs:10V/div | !

i~ —— e e s S e e S
Vout : 50V/div

" i
o Vin:b0V/div. b
| i |
Tin:10A/div
ppte B Mo Mt Mncsti, i Sttt s ita,
3 10.0 ¥ b | 00U 2.50M5/% - 5 |
3 o0 v ‘ 1.0 A 1 | I 1ok pesinds S.ED Y |
| Value Mean Min Max At D Jd0sep 2004
18 Frequency 100 Tkity  1.017k 1.0 2k 1016k 551.1m \IT4TI06
l s Dty 4%.02% 4500 44,97 43,00 (PRI

Figure 1.3: Steady state waveforms of the TBSC converter. The input current is shown in

green. Figure from [1].

An improvement proposed in [2] features the addition of a resonant tank, as shown in Fig.
1.4, and simpler, frequency-modulated switching signals that achieve greater results, such as

zero-voltage switching (ZVS) turned-ON transistors, zero-current switching (ZCS) turned-



ON/OFF diodes, and wider voltage gain regulation. Futhermore, the addition of a resonant
tank eliminates the troublesome input current spike that the original TBSC converter expe-

rienced and also makes voltage gain regulation possible.
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Figure 1.4: Topology of the triple-gain RTBSC converter.

However, the “Resonant Two-Switch Boosting Switched-Capacitor (RTBSC) Converter” can
only achieve wide gain regulation when its quality factor (@) is relatively large. If @ is too
small, which means a very light load condition, the gain regulation range is limited, as shown

in Fig. 1.5.

A converter similar to the RTBSC converter, called the “Ladder Resonant Switched-Capacitor

Converter (Ladder RSCC),” was also studied as shown in Fig. 1.6.

Multiple switching techniques were proposed for achieving full-range voltage gain regulation
[3]. The most promising switching techniques were known as Switching Technique A and

B. These techniques use a fixed ON-time signal for one transistor while the ON-time of the
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Figure 1.5: Voltage gain modulation results of the triple-gain RTBSC converter for different
loads. Figure from [2].
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Figure 1.6: Topology of the Ladder RSCC.



other transistor was adjusted for gain regulation. Both Switching Technique A and B were
shown to provide full-range voltage gain regulation to the Ladder RSCC [3],[8]. Fig. 1.7
shows a comparison of the 50% duty cycle switching technique and Switching Technique B

on the Ladder RSCC voltage gain modulation. The voltage regulation techniques proposed

in [3] are general enough that they can be applied to known SCCs [9].

3 3 =
‘ b e~
2.6 RS AN
S g 2.6 .\\s \.\ \\\
a = \\ A
£22 P 0=0.0098 SO\
I on v\
(0] 15} 3 — \ N
2l $ 5l | 0=0.0049 | X
E | S | 0.0025 °
—=. )
1.4t Z 14l 0=0.0
1 1.2 14 16 1.8 2 1 12 14 16 18 2

Normalized switching frequency F Normalized switching frequency F'

(b) Ladder RSCC voltage gain regulation
with Switching Technique B.

(a) Ladder RSCC voltage gain regulation
with the 50% duty cycle switching technique.

Figure 1.7: Voltage gain modulation results of the Ladder RSCC. Figure from [3].

In the next chapter, full-range voltage gain regulation is applied to a 3X (triple gain) RTBSC
converter with ZVS operation. Compared to the RTBSC converters mentioned previously,
this new version will incorporate the Switching Technique A that was used to achieve full-
range voltage gain regulation for the Ladder RSCC. With this new switching technique,
the 3X RTBSC converter will be able to achieve full-range voltage gain with any ). To
differ from the original 3X RTBSC converter, this converter operating using Switching Tech-
nique A will be dubbed the “3X RTBSC-A” converter. Similar to the RTBSC converters,
the transistors are ZVS turned-ON and the diodes are ZCS turned-ON/OFF, reducing the
switching loss significantly. The main operation mode, voltage gain curves, soft-switching
regions, output characteristics, and current/voltage stresses of the resonant tank of the 3X
RTBSC-A converter are analyzed in detail. A 3X RTBSC-A converter prototype was built

to verify the analyses.



1.2 Solar Panels and Maximum Power Point Tracking

An example of the I-V relationship of a solar panel is shown in Fig. 1.8(a). Our first
observation is that the I-V relationship varies as a result of the irradiance level S and the
temperature T'. For each distinct case, a maximum voltage exists when the solar panel has
an open circuit load, V.. This is the point where I = 0. A maximum current also exists
when the solar panel has a short circuit load, I,.. This is the point where V' = 0. Between
these two points is a very unique location called the maximum power point (MPP), where
the solar panel produces maximum output power. The MPP is more evident when the P-V

relationship of a solar panel is calculated as shown in Fig. 1.8(b).
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(a) I-V relationship of an arbitrary solar panel.  (b) P-V relationship of an arbitrary solar panel.

Figure 1.8: An example of solar panel characteristics. Figure from [4].

In power electronics, the MPP is greatly sought after because it represents the highest
possible energy harvesting from a solar panel and achieves the greatest efficiency for any
converters working with it. Since the MPP varies depending on S and 7', it is necessary
to continuously track the MPP in order to maximize the power output from a photovoltaic
system for a given set of operating conditions [4]. This is called maximum power point

tracking (MPPT).

The most common method to track the MPP is with the perturb and observe (P&O) tech-



nique. It is based on the following criterion: if the operating voltage of the solar panel is
perturbed in a given direction and if the power drawn from the solar panel increases, this
means that the operating point has moved toward the MPP and, therefore, the operating
voltage must be further perturbed in the same direction. Otherwise, if the power drawn from
the solar panel decreases, the operating point has moved away from the MPP and, therefore,

the direction of the operating voltage perturbation must be reversed [4].

A visual example of the P&O technique can be observed in Fig. 1.9. During a change in
atmospheric conditions, the MPP of the solar panel becomes a greater value. As a result,
the P&O technique samples the power at regular intervals and modulates the solar panel

voltage until it finds the new MPP.

P&O and INC MPPT control
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Figure 1.9: Visual example of the P&O technique finding the MPP during atmospheric
changes. Figure from [4].



1.3 Soft Switching

Switching loss is one of the major sources of loss and inefficiencies in switching converters.

The so-caused average power loss generated could be severe.

To reduce switching loss, a mechanism known as “soft switching” can be implemented.
Soft switching occurs when a semiconductor device transitions between ON or OFF states
while both the voltage across and current through its switching channel are at zero. For
example, the drain-source voltage of a MOSFET goes to zero before the MOSFET turns
ON. Afterwards, the drain current rises without any overlap from the drain-source voltage.

This method of soft switching is known as zero-voltage switching (ZVS).

The main advantage of resonant converters over other converters is their natural ability to
achieve ZVS under certain criteria. This can be observed through analysis of the half-bridge

switching network seen in most resonant converters as shown in Fig. 1.10.

Vi
i .
Si JEJ ¥ + vy
— I
S S 1’
2 JH 'y \%
- T 2

Figure 1.10: The half-bridge switching network used for analysis of soft switching.



Since the time domain we are analyzing is so small, we can assume the current through the

inductor is DC.

Through analysis, we can find that during the “S; turn-ON/Sy turn-OFF” transition, S,
turns ON with ZVS and Sy turns OFF with very little voltage-current overlap if the inductor

current is negative. These waveforms are visualized in Fig. 3.5.

Likewise, the inductor current must be positive in order for Sy to turn ON with ZVS and S,

to turn OFF with little voltage-current overlap.

A
52 I< deaditime =I S] .
V()
i(t)
' o
Vvy(1)
(1)

AN little power loss

Figure 1.11: Waveforms of the half-bridge switching network indicate ZVS turn-ON of S,
and little voltage-current overlap of .S5.
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Chapter 2

Full-Range Regulation of 3X
RTBSC-A Converter

The converter itself is analyzed in great detail. First, the operation of the 3X RTBSC-A
converter is discussed thoroughly. This includes analysis of Switching Technique A, the
conducting states of the 3X RTBSC-A converter, and why 50% duty cycle switching doesn’t
work. Second, a method of deriving the voltage gain equation of the 3X RTBSC-A converter

is described. Last, the voltage and current stress of several components is also derived.

2.1 Operation

The topology of the 3X RTBSC-A converter is shown in Fig. 2.1. This topology features
a symmetrical structure. For convenience, the upper-half is dubbed the “A-side” and the
lower-half is dubbed the “B-side.” S4 p are MOSFETs with internal anti-parallel diodes.
Doa, Dya, Do, and D;p are power diodes. An inductor L, and two film capacitors Cya,p

constitute the resonant tank. The resonant capacitors have equal capacitance C,.. Capacitors

11



Cha,1p are charge banks with large capacitances. Capacitors C;, and C,,, filter out voltage

ripple across the input and output sides respectively. Inductor L;, flattens the input current

into a DC waveform which will be preferred for the MPPT experiments.

L ~~wre| G =

C, == V(4

A D,

_RL§

Figure 2.1: The proposed 3X RTBSC-A converter topology.

The resonant frequency, f,., of the resonant tank can be calculated with (2.1).

12
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1

S 2.1
f 2m/2C,. L, (2.1)
The normalized switching frequency, F', is defined as (2.2).

F=f/f, (2.2)

Accordingly, the maximum and minimum normalized switching frequencies are calculated as

(2.3) and (2.4) where fs max and fg min are the maximum and minimum switching frequencies

respectively.
Fmax - fs,max/fr (23)
Fmin - fs,min/f'r‘ (24)

The 3X RTBSC converter is normally operated over the frequency range 1 < F' < 2. For
Switching Technique A, the ON-time of S4 must remain constant. The ON-time (¢,,) can

be calculated with (2.5).

13



ton = 1/(2fr) (25)

The ON-time of Sp is varied by equivalent duty cycle d and normalized switching frequency

F'. The equivalent duty cycle d can be calculated with (2.6).

Fmax_F

d —
2<Fmax - Fmin)

(2.6)

For the 3X RTBSC-A converter, Fj.x = 2 and Fi,;, = 1. So d can be calculated as (2.7).

d=1-F/2 (2.7)

We can observe a visual representation of Switching Technique A in Fig. 2.2. The higher
transistor (S4) has a fixed ON-time while the lower transistor has a complementary and
adjustable ON-time that changes the frequency of both switching signals. The time frame
of each conducting state and an approximation of other important measurements are also
shown. We can observe that —iy,.(t) is expected to be negative when S, turns ON. This

indicates that the transistors are ZVS turned-ON.
The current paths of each conducting state are shown in Fig. 2.3.

In State 1, Sy is OFF while Sg is ON. Only diodes Dy4 and D;p are ON. V;,, charges C). 4

and L, while C, g transfers all of its charge into C'yg. C,p was charged from a previous state.

14
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Figure 2.2: Component waveforms under operation of switching technique A.

In State 2 (ignoring the dead-time), S is ON and Sp is OFF while the diodes keep the same
state. The charged L, continues to charge C,. 4 while C,g continues to charge C'iz. The next

state doesn’t begin until L, transfers all of its charge into C,.4 and iy, (t) reaches zero.

In State 3, the transistors keep the same state but diodes Dy 4 and Dyg are ON instead. C).»

begins transferring its charge into C 4 while V;,, charges C,.p and L,.

In State 4 (ignoring the dead-time), S4 is OFF, Sg is ON, and the diodes keep the same
state. L, continues to charge C,.g while C,. 4 continues to charge C 4. This state doesn’t end

until L, transfers all of its charge into C,.g and the whole cycle repeats from the start.

15
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Figure 2.3: Conducting states of the 3X RTBSC-A converter.
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As shown in Fig. 1.5, the 50% duty cycle switching cannot modulate the output voltage for
a 3X RTBSC converter with a low (). This is because, during the transient response, the
charge bank capacitors C74 and Cp are not able to sufficiently discharge enough through
the load resistance to sustain a lower voltage. As a result, the resonant capacitors continue
to charge the charge bank capacitors near V;,, every switching cycle and V,,,; barely changes

when the frequency is modulated.

Switching Technique A adjusts the output voltage by reducing the ON-time of Sg. When
the ON-time of Sp is reduced, capacitor C,.4 will receive less charge from V;,. So, Cy4 will
receive less charge from C,4 during States 3 and 4. Capacitor Cyp will also receive less
charge, even though capacitor C,p is charged to a much higher voltage than C 4. This is
because the time C,p discharges into C 5 (State 1 & 2) is relatively short. To put it simply,
C' 4 receives less charge because C). 4 charges it with a small voltage for a long time, and Cp

receives less charge because C,.p charges it with a large voltage for a short time.

The load will have a modulated output voltage due to the partially charged charge bank

capacitors C14 and Cp.

2.2 Gain Derivation

Before deriving the gain, several variables must be addressed. The quality factor, @, is

defined by (2.8).

1 [L,
Q= R_LV2CT (2.8)

A load-dependent variable, m, is defined as (2.9).
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m=—= (2.9)

A control variable, h, is defined as (2.10).

h = cos (27?%) = cos(2n f, 17) (2.10)

The voltage across both charge-bank capacitors are observed to be approximately DC and
equal to Vo as f, varies. The equivalent series resistance (ESR) of all capacitors, ON-
resistance of switches, and forward voltage of diodes are neglected. Dead-time between the

switching signals is also neglected.

First, in every operating state, the following equation is always held by performing KVL

around the outermost loop:

‘/out = 2VC’ + ‘/zn (211)

Second, we can observe that both C'4 and the load are charged by C)x during T3 and T}.
This means all of the charges delivered to the load will be first stored in C, 4 in each switching

cycle. According to the charge balance of C, 4:

CT(VC’TAmax - VCrAmin) == Ts_ (212)
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After some manipulation, (2.12) can be described as (2.13).

m

‘/out: 9

(VCrAmax - VCTAmin) (213)

Next, the functions of ver4(t) and ir,(t) must be found in nearly all of the switching states.

Two sets of boundary conditions are observed in the waveforms:

iLT(t3> = 07 /UCTA(tB) = VCT’AmaX (214)

iLr(tO/G) = 07 UCTA(tO/6) = VCrAmin (215)

KCL can be performed at the junction combining all of the resonant components. (2.16) is

derived, and will be used in the analysis of each switching state.

dvcra(t)

2C,
dt

—ip(t) (2.16)

State 1 [to-t;]: Differential equations (2.16) and (2.17) can be used to derive the solutions
(2.18) and (2.19).

19



dir,(t)

L di + UC’V‘A(t> = ‘/m (217)
inr(t) = —2C,w, (Veramin — Vin)sin(w, [t — to]) (2.18)
UCTA(t) - ‘/zn + (VCTAmin - ‘/in)cos(wr [t - tO]) (219)

State 2 [ti-t3]: Differential equations (2.16) and (2.20) can be used to derive the solutions

(2.21) and (2.22).

p i) ) =0 (2.20)
dt

iLr(t) = _QCrwerrAmaxSin(wr [t - t3]) (221)

UCTA(t) - VC’TAmaxCOS(wT [t - t3]) (222)
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State 3 [ts3-t4]: Differential equations (2.16) and (2.23) can be used to derive the solutions

(2.24) and (2.25).

L0 4ty = Ve (2.23)
inr(t) = —2C,w,(Voramax — Vo )sin(w, [t — t3]) (2.24)
UCrA(t) = VC + (VCrAmax - Vc)COS(wT [t — tg]) (225)

State 4 [t4-tg]: Since Ty is very small compared to Ty, we can make the following approxi-

mation about veya(t):

UCTA(t) ~ VCTAmin (226)

After analyzing each state, we can derive some important relationships.

Since T3/T, =~ 0.5, the following approximation can be made that:

cos(w,T3) = —1 (2.27)
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vera(t) must be continuous across t4. So (2.25) and (2.26) must be equal to each other at

t = t4. If we calculate this and include (2.27), we can derive (2.28).

QVC = VCrAmin + VCrAmax (228)

(2.19) and (2.22) must also be equal to each other at ¢ = ¢;. If we calculate this and include

(2.10), we can derive (2.29).

‘/in + (VCrAmin - ‘/; )h
VCTAmax

cos(w,Ty) = (2.29)

ir-(t) must also be continuous across t;. So (2.18) and (2.21) must be equal to each other

at t = t;. If we calculate this and include (2.10), we can derive (2.30).

(‘/in - VCTAmin) \% 11— h2

2.30
VC”/’AmaX ( )

sin(w,13) =

(2.11), (2.13), and (2.28) can be used to solve for Viopamax and Vopamin in terms of Vi,
Vo, and m. The resulting equations are (2.31) and (2.32), where Mcyamin = VorAmin/ Vin,
MCrAmaX - VCTAmax/V;na and M = ‘/out/‘/irr

1 1 1
MC’rAmin =M (_ - _> - 5 (231)

2 m
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1 1 1
M rAmax — M| - — ]~ 5 2.32
ot = (50 ) =3 (2.32)
Finally, (2.29) and (2.30) can be combined using Euler’s Identity, and (2.31) and (2.32)
can be substituted into the calculated equation. The gain equation is finally calculated as
(2.33). The waveforms calculated with (2.33) are shown in comparison with the open-loop

experimental results in Fig. 3.9(a) in Chapter 3.

M:ﬂm(—1+h)+2(2—h)] +\/1

6 [m(—l +h)+2(2—h) g gm(l —h) (2.33)

2.3 Component Stress

The current base parameter, I, is defined as follows:

Vi

[ ="
" VLG

(2.34)

To find the RMS current of the resonant inductor, we will have to use the inductor current
equation found in each state: (2.18), (2.21), and (2.24) (State 4 can be ignored since Ty is

very small compared to Tj).

The resonant inductor current can be treated like a piecewise function and the RMS cal-
culations can be executed. It’s important to note that during these calculations, 7, can be

approximated with (2.35) according to the Taylor series expansion of a sine function.
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1 1 ‘/m -V r Amin 1—h?
Ty ~ —sin(w,Ty) = 1 CrAmin) (2.35)
Wy Wy Ver Amax

The normalized RMS current of the inductor is obtained as (2.36).

1 1
JLrrms = 5 [(MCTAmin — 1)2 (2d — —Fhv1 — h?)
T
F
+ ;(1 B MCrAmin) |:(MCTAmax - 1) + h(l — ]\/[CTAmin)} V1 — h2

1/2
+ F(M¢yamax — MC)2] (2.36)

The voltage stress of resonant capacitor C,4 was calculated to be (2.32) during the gain
derivation. The voltage stress of resonant capacitor C,p can be derived by observing that

the KVL equation (2.37) is true in all states.

Vin + Vo = vera(t) + verp(t)

(2.37)
= VCrAmin + VC’erax
If we solve (2.11) for Vi and substitute it into (2.37), we get (2.38).
1
_(‘/out + ‘/zn) = VCrAmin + VCerax (238)

2
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Dividing (2.38) by V;,, will give us (2.39).

1
§(M + 1) = MCrAmin + MCerax (239)

Finally, we can substitute in (2.31) and solve for M¢, pmax to get the voltage stress of C,p,

(2.40).

1
Merpmax = —M +1 (2.40)

Examination of the conducting states reveals that the voltage stress of both MOSFETsS is
Vin. In addition, the voltage stress of all diodes is V. Vi can be described in a normalized

form as a function of M as shown in (2.41).

Mo = Vo /Vi,

= (M- 1)

(2.41)

To find the RMS current of MOSFET S4, we can describe the drain-to-source current 74

in terms of the resonant inductor current as (2.42).
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(

0 if ¢t € State 1

isa(t) = ¢ —ip,(t) if t € State 2 (2.42)

—ir(t) if t € State 3

\

After executing the RMS calculations, the normalized RMS current through S, can be
described as (2.43).

F(l [1 — MCrAmini| M[(MCTAmaX — 1)+ h(1 - MCrAmin)i|

N | —

JSArms -
T

T2
+ [MCrAmax - MC} )] (2.43)

The drain-to-source current of Sp, igp, can also be described in terms of the resonant

inductor current as (2.44).

;

ir(t) if t € State 1
isp(t) =10 if ¢ € State 2 (2.44)

0 if ¢t € State 3

\

The normalized RMS current through Sp is calculated as (2.45).
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1/2
JSBrms = 2_ﬁ(1 - MCTAmin) |:27Td — Fh \% 1-— h/2 (245)
™

The current through diode Dy4, tp14, can be described in terms of the current through C, 4,

icra, as shown in (2.46).

0 if t € State 1

ip1a(t) = <0 if t € State 2 (2.46)

_iCrA(t) if ¢t € State 3

\

The normalized RMS current through D; 4 is calculated as (2.47). Calculation of the RMS

current through Dyp yields the same equation.

1
JDlA/DOBrms = ZL(MCTAmaX - -2\40)\/F (247)

The current through diode Dg4, ippa, can also be described in terms of i¢¢,4 as shown in

(2.48).
iCrA(t) if t € State 1
ipoa(t) = Qic,a(t) if t € State 2 (2.48)
0 if t € State 3

\
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The normalized RMS current through Dy, is calculated as (2.49). Calculation of the RMS

current through D;p yields the same equation.

s
JDOA/DlBrms = % [(MCTAmin - 1)2 (27Td — Fhv1 — h2)

+ F[l — MCrAmin] M[(Mcmmax —1)+h(1l— MCTAmin)]] " (2.49)

Table 2.1 compiles the normalized voltage and current stresses of the most important com-
ponents. The actual voltage stresses can be found by multiplying the normalized value by
Vin. The actual current stresses can be found by multiplying the normalized value by I,

which was described as (2.34).

Table 2.1: Normalized Voltage and Current Stresses

Component | Voltage Stress | Current Stress
L. N/A (2.36)
Cra (2.32) N/A
Crp (2.40) N/A
Sa 1 (2.43)
Sp 1 (2.45)
Diajon (2.41) (2.47)
Do (2.41) (2.49)

The component stress waveforms are calculated and visualized according to the specifications

of the prototype in Fig. 3.2 in Chapter 3.
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Chapter 3

Open-Loop Design of Full-Range 3X
RTBSC-A Converter

This is an in-depth look into the design of the first prototype 3X RTBSC-A converter. First,
the design of the power converter itself and the chosen components are analyzed. Second,
an open-loop simulation in LTspice is executed and observed. This simulation will give
us further analysis into the difference between Switching Technique A and 50% duty cycle
switching. Third, design of the control circuit and the driver circuit is analyzed. This
includes tables of the components chosen for these circuits. Last, an open-loop experiment
is executed and the results are reviewed. This will include a comparison of the prototype’s
voltage gain with the ideal voltage gain from the formula, and a confirmation of ZVS in the

converter.
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3.1 Prototype Converter Design

A prototype 3X RTBSC-A converter was designed and fabricated (as shown in Fig. 3.1)

with the specifications shown in Table 3.1.

A relatively high resonant frequency of 100 kHz was chosen to keep the resonant tank com-
ponents small and minimize power losses. A small resonant inductance L, means less leakage

inductance, less winding resistance, and less winding capacitance.

The MOSFETs and diodes were carefully selected to handle the voltage and current stress
observed in the simulations, while also having low parasitic capacitances, low ON-resistances,

and low forward voltages to maintain a high efficiency.

Charge-bank capacitors C14/1p were selected to be larger than the resonant capacitors
Cra/rp- Input and output capacitors Cj, /o, Were selected to be much larger to filter out any

voltage ripple on the input and output sides.

Input inductance L;, was carefully selected from simulations to provide sufficient inductance
in keeping the input current as close to DC as possible while also having quick response to

changes in f;.

Table 3.1: Specifications of the prototype 3X RTBSC-A converter.

Vin 30V Ry 50 Q Cra/rp 2.2 uF (film capacitors)
L, 5 uH fr 100 kHz Power Level <162 W
Clinout | 100 pF Sup | TK30EOGN1 L 0.57 uH
Ciayip | 10 uF || Diajoajon/in 10TQ045 Vout <90V

To make sure the right components were selected, the voltage and current stresses were
calculated according to the specifications given in Table 3.1. These stresses were calculated

using the equations given in Chapter 2. Fig. 3.2 shows the stresses plotted against F'. With
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L1

Figure 3.1: Fabricated prototype 3X RTBSC-A converter.

these stresses, we can make sure our components were selected with a large enough working
voltage or current.
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Figure 3.2: Component stresses according to the specifications given in Table 3.1.
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3.2 Open-Loop Simulation Results

A frequency-sweep simulation was performed in LTspice of the 3X RTBSC-A converter as
shown in Fig. 3.3. The purpose of this simulation was to compare the voltage gain range of

Switching Technique A and 50% duty cycle switching.

The simulation was performed with most of the specifications shown in Table 3.1 with the

exception of the MOSFETSs and diodes. The simulation uses similar switches.

Figure 3.3: Topology of the LTspice simulation.

The simulation results are shown in Fig. 3.4. We can observe that a converter operating
with Switching Technique A is able to achieve a nearly full voltage gain range. A converter

operating with 50% duty cycle switching is barely able to deviate from triple voltage gain.

To give us some insight into why Switching Technique A gives us more voltage gain regulation,

we can take a look at the steady-state waveforms from the simulations in Fig. 3.5.

As mentioned previously, we can observe that the charge bank capacitors are able to achieve

a lower voltage with Switching Technique A because the resonant capacitors have different
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Figure 3.4: Voltage gain results of the LTspice simulation.

voltage levels and charge the charge bank capacitors at different rates. With 50% duty cycle
switching, the resonant capacitors and the charge bank capacitors remain stuck at a voltage

level near V;,.

3.3 Control Circuit Design

A control circuit to execute Switching Technique A was designed with the topology shown

in Fig. 3.6.

Two series-cascaded 555 timer circuits are the main focus of the control circuit. The proto-

type actually uses a TLC5H556 IC which is simply two TLC555 ICs in one package. The first
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Figure 3.5: Comparison of steady-state waveforms at F' = 1.7 with Ry, = 50 Q2.
555 timer is operated in astable mode and the second one is operated in monostable mode.

The astable 555 timer is used to set the frequency of the switching signals. Its frequency is
controlled by adjusting the voltage of the control pin (V). The frequency can be adjusted

using one of two methods (represented by the SPDT switch).

The first method is by manually adjusting a potentiometer (Rp.tor) in a voltage divider
network. The second method is by passing a PWM signal with a variable duty cycle through
a low-pass filter (LPF) consisting of Rpw s and Cpy . The PWM signal will be filtered
into a distinct analog DC voltage, and will be able to adjust the frequency of the astable
555 timer. For the MPPT experiment, this PWM signal will come from GPIO pin 00 of the
microcontroller. A visual respresentation of the relationship between V,,; and the switching

frequency is shown in Fig. 3.7. In addition, the OFF-time of the astable 555 timer output
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Figure 3.6: Topology of the control circuit.

is set to be very small compared to the ON-time. This is so the ON-time of the output of

the monostable 555 timer doesn’t extend any further passed its set value.

The output of the astable 555 timer is fed into the input of the monostable 555 timer. The
purpose of this timer is to set the fixed ON-time of Switching Technique A. In our case, the
resonant frequency is 100 kHz. So, the fixed ON-time of Switching Technique A must be 5
us according to (2.5). Another potentiometer (R,otmono) is added to fine-tune the ON-time

of the monostable 555 timer.

The output of the monostable 555 timer is a signal with a fixed ON-time of 5 us that can
be fine-tuned with Rpotmono, and a frequency between 100 kHz and 200 kHz that can be

adjusted with R, or, or with a PWM signal.
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Figure 3.7: Relationship between the control voltage and the switching frequency.

Finally, the output of the monostable 555 timer is fed into a logic inverter to produce the
complementary signal needed for both MOSFETSs. Signals V7; and Vj; are the input signals
of the driver circuit. The slight overlap caused by the propagation delay of the logic inverter

will be converted into dead-time by the driver IC.

The component values chosen for the prototype are shown in Table 3.2.

3.4 Driver Circuit Design

A driver circuit to quickly turn the MOSFETs ON and OFF was implemented in the pro-

totype. Since the converter relies on a half bridge switching network, a bootstrap driver IC
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Table 3.2: Component Values of the Control Circuit.

Ryast | 400 kQ || Chgs | 100 pF Timer 1C TLC5H56 Rior | 6.8 kQ2
Ry g5t 1 kQ) Rpono | 2.7 kQ || Logic Inverter | CD4049UB || Ryoton 1 k2
Rs o5t 1kQ || Cimono | 1.5 nF D1 ast/2,ast 1N4448 Ryor 950 Q2
Rpwn | 5.1 kQ || Cpwar | 100 nF || Co ast/2,mono 10 nF Rpotmono | 1 k2

was used to reliably turn the floating MOSFET ON and OFF. The topology of the driver

circuit is shown in Fig. 3.8.

+12V

Rboot D,

>
S
=

| Cawel, high

]
RH’ Roﬁfhigh Dgate,high
Vi O—AA/\'T 1 8 K
] —
Con M WAA" J:
Bootst
I , Bootstrap | o R high
L Driver
R, - UCC27710 |
Vii o—AAN
i} 3 6 Coceetiow S
(=
T lh

1,
‘ A 5 | ;
Rujflnw D gate,low
— AV ——f—]

Figure 3.8: Topology of the driver circuit.

The topology of the driver circuit was derived from the example circuit given in the datasheet

of the bootstrap driver, the UCC27710. The compiled components values selected are shown
in Table 3.3.
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Vi o1 are the signals leaving the control circuit and entering the driver circuit. Both signals

pass through a LP filter to filter out any noise before entering the input pins of the IC.

The resistor Rpiqs is recommended to make the Vpp (pin 1) ramp-up time very long to

minimize rising at the output pins (pins 5 and 7).

The capacitor Ch,, was chosen to have more than enough energy to drive the floating MOS-
FET. The Vpp capacitor Cypp was chosen to be at least 10 times larger than Cp.. so there

is minimal voltage drop on the Vpp capacitor when charging the boot capacitor.

Resistor Ry, is selected to limit the current in Dy,; and avoid the same phenomenon

mentioned when selecting Rp;qs.

The diode Dy, is necessary to prevent charge from being taken away from Choo. A diode

with fast recovery time, low forward voltage, and low junction capacitance was recommended.

The resistors Ron high/on,iow a0d Rof high/offiow are implemented for three main reasons: to
limit ringing caused by parasitic components and high voltage/current switching, to fine-tune

gate drive strength to optimize switching loss, and to reduce EMI.

In addition, capacitors Coccei,high/accel,iow Were added to further increase the switching speed
of the MOSFETs.

Table 3.3: Component Values of the Driver Circuit.

Ryr/rr 47 Q Riias 10 © Ron highon,low 13 Q

Crr/vr 47 pF Cyvpp | 10 uF Rt high/of 10w 6.2 Q
Choot 0.47 uF Ryoor 2 Q) D gate nigh/gatejow | UF4005
Bootstrap Driver | UCC27710 || Dyoor | UF4005 || Coccet high/accetiow | 0.75 uF
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3.5 Open-Loop Results

The performance of the open-loop 3X RTBSC-A converter was measured under three differ-
ent load conditions: Ry, = 51 Q, Ry, = 148.2 ), and Ry, = 301.9 ). The theoretical values
of ) are calculated to be 0.00706, 0.00243, and 0.00119 respectively.

A frequency sweep was performed with each load, and the voltage gain and efficiency were

calculated from the measurements. The results are visualized in Fig. 3.9.

The experimental results of the voltage gain are compared with the ideal results of (2.33).
We can observe that the experimental results follow the same shape as the ideal results, but
are shifted slightly downwards compared to the ideal results. This is due to the combined
power loss in all of our non-ideal components. We can also observe that our lightest load of

Ry = 301.9 Q has the least difference between the experimental results and the ideal results.

As expected in many step-up converters, the efficiency is the highest when the converter is at,
or close to, its largest voltage gain, and falls as the converter reaches unity voltage gain. We
can observe that the difference in efficiency between loads R, = 148.2 2 and R, = 301.9 Q is
very little, which indicates that this prototype converter has reached its peak efficiency when

Ry = 301.9 Q. The highest efficiency recorded for this load is at F' = 1.1 where n = 0.9544.

We can examine the steady-state response of the inductor current in Fig. 3.10. The ZVS
of the MOSFETsSs is very apparent when F' > 1. We know the ZVS exists because —ir,. is
negative when S, (the higher MOSFET) turns ON and —iy, is positive when Sp turns ON.
The ZVS isn’t apparent when ' = 1 because —iy, is near zero when either S or Sp turns

ON.
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(a) Experimental voltage gain results of the prototype 3X RTBSC-
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(b) Experimental efficiency results of the prototype 3X RTBSC-A
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Figure 3.9: 3X RTBSC-A converter experimental results.
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Figure 3.10: Steady-state waveform shots showing proof of ZVS.
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Chapter 4

Full-Range 3X RTBSC-A Converter
for MPPT Applications

The MPPT experiment is described here. First, the design of a sensing circuit to feed data
from the power converter to the microcontroller is described. Second, the operation of the
MPPT system is reviewed. This includes review of: the entire system in the form of a
block diagram, the MPPT algorithm, the microcontroller, and the solar panel used for the
experiment. Third, a simulation of the MPPT experiment was executed in Simulink. The
transient and steady-state results of the simulation are observed and analyzed. Last, the

MPPT experiment is executed, and the results are observed and analyzed.

4.1 Sensing Circuit Design
In order to execute the MPPT experiment, a sensing circuit was designed to feed the micro-
controller data about the voltage and current of the solar panel.

The topology of the sensing circuit is shown in Fig. 4.1. It is important to design the sensing
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circuit appropriately so that the data fed to the microcontroller is between 0 to 3 V. The
ADC pins on the microcontroller can only assign distinct digital values to analog voltages

within that range. Table 4.1 shows the chosen component values for the prototype circuit.

Table 4.1: Component Values of the Sensing Circuit.

R[-Sens 30 m? Rl—ampl 500 Q

Ry-senst | 200 K || Rpgmpz | 6.8 kQ

Ry _sens2 | 15 kQ) Ripp | 4.6 k2

Op-Amp | LM741 Crp | 100 nF

To read the voltage across the solar panel, a voltage divider circuit is implemented with
resistors Ry _genst and Ry _gens2. The node between these resistors is connected to ADC pin

A0 on the microcontroller.

To read the current through the solar panel, a small sensing resistor Ry s, is placed in series
with the solar panel. Next, the voltage across Ry_s.ns is amplified with an inverting op-amp
circuit. Furthermore, the output of the op-amp circuit is fed into a LPF made up of resistor
Ry pp and capacitor Cp_pp to filter out noise from the signal. Finally, the output of the LPF

is connected to ADC pin Al on the microcontroller.

4.2 MPPT Operation

A block diagram of the complete MPPT experiment is shown in Fig. 4.2. The voltage and
current of the solar panel, measured by the sensing circuit, is sent to the microcontroller. The
microcontroller outputs a PWM signal to control the switching frequency of the converter

through the control circuit. Finally, the switching signals are fed into a driver circuit to

switch the MOSFETSs of the 3X RTBSC-A converter.
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Figure 4.1: Topology of the sensing circuit.

The microcontroller used for the MPPT experiment is the Texas Instruments TMS320F28335
as shown in Fig. 4.3. This microcontroller outputs a 300 kHz PWM signal which is fed into
the LPF mentioned in the control circuit. The output of this LPF is fed into the control pin

(Vi) of the astable 555 timer to adjust the frequency of the switching signals.

To modulate the voltage gain, a simple P&O MPPT algorithm was programmed. The
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Figure 4.3: Photo of the microcontroller.

flowchart of this algorithm is shown in Fig. 4.4.

The algorithm samples the voltage and current of the solar panel using the sensing circuit
and calculates the power. Next, the algorithm calculates the difference in power and the

duty cycle of the PWM signal with the previous values from the last iteration. Depending
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on whether the power and duty cycle are increasing or decreasing, the algorithm moves the
duty cycle in the right direction to increase the power of the solar panel. The algorithm

repeats at a frequency of 50 Hz.

The solar panel used is the TDB125X125-72-P 180W shown in Fig. 4.5. Its specifications

are shown in Table 4.2. The load is a 50 € resistor. It was actually measured to be exactly

49.8 Q.

Figure 4.5: Photo of the solar panel used for the MPPT experiment.

Table 4.2: Specifications of the solar panel.

Parameter Variable | Value

Maximum Power Py, 180 W

Voltage at Max. Power Vinp 36.2 'V

Current at Max. Power Inp 4.98 A

Open Circuit Voltage Ve 446 V

Short Circuit Current L. 5.28 A
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4.3 Simulation Results

A simulation of the MPPT function was performed in Simulink as shown in Fig. 4.6. A
solar panel model with similar specifications to the one shown in Fig. 4.5 was used as the
input. The voltage and current of the solar panel model would be sampled by a triggered
subsystem at a rate of 100 Hz. The subsystem would then use a similar MPPT algorithm
(compared to the one shown in Fig. 4.4) to calculate the next switching frequency for the
simulation. Finally, a control system composed of Simulink blocks would execute Switching

Technique A with the new switching frequency and switch the MOSFETs.

One major factor in constructing the MPPT algorithm is choosing the value of Dgrgp.
A relatively large Dgrpp will react quickly to changes in the solar panel’s input (such as
irradiance or temperature) and will provide a fast response to the new power level. However,
this large Dgrgp will cause large power ripples when the system reaches steady state. A
relatively small Dgrgp will not react quickly to changes in the solar panel. However, it will

provide small power ripples when the system reaches steady state.

The difference between this MPPT algorithm and the one shown in Fig. 4.4 is the addi-
tional feature of two different Dgrgp values: a large value (Dsrrppic) and a small value
(DsrepsmarL). Dsteppic is used to quickly get to new power levels whenever there is a
change in the solar panel’s irradiance or temperature. Dsrgpsmarr is used to remain at
steady state when changes to the solar panel are not detected. When AP is calculated in
the algorithm, it is compared to a threshold value called Pes. If |AP| is larger than Pipyes,
then a large change in power is detected and the algorithm will use Dgrgppig. This signifies
that there was some change to the solar panel’s input and the system needs to move to a
different power level. If |AP| is smaller than P, then a small change in power is detected
and the algorithm will use Dgrgpsmars. This signifies that there is barely any change to the

solar panel’s input and the system shouldn’t move its current power level. With Dgreppic
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Figure 4.6: Simulation of the MPPT experiment in Simulink.

and DgsrepsmarL, we get the fast response from a relatively large Dgrgp and the small power

ripples from a relatively small Dgrgp.

To observe how the MPPT algorithm reacts to changes in the weather, the irradiance of the
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solar panel model was initially appointed to 1000 W/ m?, but was set to instantly change to

600 W/m” at 0.305 seconds.

The transient and steady state waveforms of F', P;,, P, Vin, and V,,; are shown in Fig.
4.7. As mentioned previously, two different values of Dgrpp are used. Dgsrgppic is used
during transient responses, such as at the beginning and when the irradiance of the solar
panel changes at 0.305 seconds. Dgrgpsmarr is used when the system approaches steady

state to keep any power ripples small.

Table 4.3: Ripple values from the MPPT simulation.

Parameter | 1000 W/m’ | 600 W/m”
Ripple of f; 1.096% 1.193%
Ripple of P, 0.536% 2.252%
Ripple of P, 0.895% 2.809%
Ripple of V;, 2.378% 5.634%
Ripple of V. 0.447% 1.403%

4.4 MPPT Results

The experiment took place on April 6, 2024 in Rancho Cucamonga, CA from 8:30 AM to 5:00
PM PST. Every 15 minutes, the input power of the solar panel and the output power of the
load, under control of the MPPT algorithm, was recorded. Afterwards, the manual control
of the converter (by adjusting Rt 0r) would be used to adjust the switching frequency and

find the approximate actual MPP. The results of the experiment are shown in Fig. 4.8.

We can observe that the input power of the solar panel closely follows the approximate actual
MPP recorded. This indicates that the sensing circuits and algorithm were working together

to find the MPP throughout the day.
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Figure 4.7: Transient and steady state waveforms from the MPPT simulation.
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Figure 4.8: MPPT experimental results.
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Chapter 5

Summary and Discussion

The 3X RTBSC-A was employed to achieve full-range voltage gain regulation after the
original 3X RTBSC proved unable to do so under relatively light loads. This achievement
made MPPT of solar power possible. The work reported here has demonstrated that a
SCC with the small addition of a resonant tank, operating under a fixed ON-time switching
technique, is capable of achieving MPPT and retaining soft switching in the meantime. Since
resonant SCCs use much smaller inductors compared to their PWM converter counterparts,
the work here reveals that resonant SCCs under a fixed ON-time (or OFF-time) switching

technique can replace PWM converters in this area of application.

After construction of the prototype 3X RTBSC-A, an open loop experiment was executed.
We found that the voltage gain of the prototype circuit closely followed the voltage gain
from the ideal formula as shown in Fig. 3.9 with a slight vertical difference due to power
loss. For the 50 € load, the efficiency sweep was between 0.85 and 0.92. For the lighter
loads, the efficiency remained above 0.9 during 1 < F' < 1.8 but quickly dropped under 0.9
when F' > 1.8. The highest efficiency recorded was 0.9544 with the 301.9 Q2 at F' = 1.1. The

higher efficiencies were achieved because of the converter’s soft switching ability as proven
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in Fig. 3.10.

There is still potential for higher efficiency. This is indicated in [2] in which the original 3X
RTBSC was able to achieve efficiencies between 0.96 and 0.98 for its entire frequency sweep
with a 322.8 € load. However, it’s important to note that this load couldn’t achieve full
range voltage gain. A different load of 163.9 2 was able to hold an efficiency above 0.92 at
the higher end of its frequency range. In addition, the prototype for the 3X RTBSC used
a smaller resonant frequency of 76 kHz. We can also find proof in [8] where a prototype
3X Ladder RSCC with f, = 100 kHz had efficiences above 0.9 for its frequency sweep of

1 < F < 1.8. This prototype converter achieved a peak efficiency of 0.9712.

One method to increase the efficiency would be to increase the converter’s resonant fre-
quency. This would make the converter’s operating frequency range also increase. As a
result, any conduction losses would be minimized and the efficiency would be greater than
the prototype presented in this thesis. Furthermore, a higher resonant frequency means the
resonant tank will use smaller components and the converter becomes smaller as well. On
the downside, components for a new control and driver circuit would have to be found that
can operate and handle such fast switching times. In addition, the past converters mentioned
previously ([2],[8]) achieved high efficiencies with resonant frequencies equal to or lower than

the prototype 3X RTBSC-A.

Another method to increase the efficiency would be to have designed and tested the converter
with a higher input voltage. The prototype 3X RTBSC-A was designed for an input voltage
of 30 V and a 50 €2 load for the MPPT experiments. The prototypes in [2] and [8] were
designed for a 50 V input voltage. A higher input voltage would diminish the effect that
the diodes’ forward voltage has on the efficiency. As a result, the efficiency would increase
with a higher input voltage. On the downside, the voltage and current stress of all of the
converter’s components would have to be examined to handle the higher power level created

by a higher input voltage. This would include the width of the trace used in the PCB and
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the thickness of the wire used to create the inductor.

Further optimization can be added to the MPPT algorithm. As shown in Fig. 3.7, the
relationship between the control voltage and the switching frequency can be approximated
with a 2nd-order polynomial. Because of this, a regular P&O algorithm would have slightly
larger frequency steps at higher frequencies than at lower frequencies. To solve this, a
function to “rectify” the “fs vs. V" relationship can be placed at the end of the MPPT
algorithm. With this proposal, uniform frequency steps will be achieved along the entire

frequency sweep for MPPT applications.
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