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Abstract. This paper presents a novel circuit design technique and a stability test for an inductor type
step-down buck converter. The model of this system is analyzed on both the time and frequency
domains. The transfer function and the self-loop function of the power stage are derived and analyzed
based on the widened superposition principle. The alternating current conservation technique is
proposed to measure the self-loop function. Moreover, the charge and discharge voltages of the
capacitor in the RLC of the power stage are analyzed by the energy propagation principle. Therefore,

the balanced charge-discharge time condition is written by 7’ = 27/ = 27+ LC = 47RC if the values
of R, L and C are chosen by the relation|ZL| = |ZC| =2R. In overdamped case|ZL| = |ZC| <2R, the

power stage is unstable. The overshoot and undershoot phenomena of this network are improved by a
parallel RLC circuit. Furthermore, the electro-magnetic interference noise of the switching control
source is flat spread on every operation duty cycle of the control source by a frequency modulation
technique. As a result, the step-down switching power network is designed so that the overshoot
phenomena is perfectly controlled, the ripple level is very small (lower than 0.05 mV peak to peak),
and the spectrum levels are kept below 10 uV, which is compared to the desired set voltage of 5 V.

1. Introduction

Nowadays, the demand for fully integrated components of a power supply system gives rise to great
attention to a single switching system with high efficiency of the energy propagation and low cost of
fabrication. The interest of the public is motivated by the great number of functions available on these
devices and also by their smaller and smaller sizes [1].Moreover, the requirements for the time
response, the overshoot phenomena and the output voltage ripple of these systems are extremely strict
in some applications [2]. Therefore, the design of low-voltage high-efficiency DC-DC buck converter
becomes challenging and important research. The applications of the buck converter are switching
driver, energy converter, and motor driver systems. In addition, feedback control theories are widely
applied in the processing of analogue signals [3].

In conventional analysis of a feedback system, the term of “Af(s)” is called loop gain when the
denominator of the transfer function is simplified as 1+AB(s), where A(s), B(s), are the open loop gain,
and feedback gain, respectively. The stability of a feedback network is determined by the magnitude
and phase plots of the loop gain. However, a passive filter is not a closed loop system. Furthermore,
the denominator of the transfer function of an analog filter, regardless of active or passive is also
simplified as 1+L(s), where L(s) is called “self-loop function”. Therefore, the term of “self-loop
function” is proposed to define L(s) for both cases with and without feedback filters. This paper
provides an introduction to the derivation of the transfer function, the measurement of self-loop
function and the stability test for the buck converter.
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The main contribution of this paper comes from the stability test for the buck converter based on
the widened superposition principle and the alternating current conservation measurement. The paper
contains a total of 7 sections and 6 appendices. Section 2 constitutes background knowledge, with an
explanation of the necessity of network analysis, an essence of the widened superposition principle, an
alternating current conversation measurement and a brief presentation of the complex function. Section
3 mathematically analyzes an illustrative second-order denominator complex function considered in
details. Section 4focuseson the time domain and the frequency domain analysis of the power stage of
the buck converter. SPICE simulation results for the proposed design of the buck converter are
described in Section 5. A brief discussion of the research results is given in Section6. The main points
of this work are summarized in Section 7. We have collected a few important notions and results from
analysis in Appendices for easy references.

2. Design considerations for buck converter

2.1. Widened superposition principle

In this section, we propose a new concept of the superposition principle which is useful when we
derive the transfer function of a network. The conventional superposition theorem is used to find the
solution to linear networks consisting of two or more sources (independent sources, linear dependent
sources) that are not in series or parallel. To consider the effects of each source independently requires
that sources be removed and replaced without affecting the final result. To remove a voltage source
when applying this theorem, the difference in potential between the terminals of the voltage source
must be set to zero (short circuit); removing a current source requires that its terminals be opened (open
circuit). This procedure is followed for each source in turn, and then the resultant responses are added
to determine the true operation of the circuit. There are some limitations of conventional superposition
theorem. Superposition cannot be applied to power effects because the power is related to the square
of the voltage across a resistor or the current through a resistor. Superposition theorem cannot be
applied for non-linear circuit (diodes or transistors). In order to calculate the load current or the load
voltage for the several choices of the load resistance of the resistive network, one needs to solve for
every source voltage and current, perhaps several times. With the simple circuit, this is fairly easy but
in a large circuit this method becomes a painful experience.

In this paper, the nodal analysis on circuits is used to obtain multiple Kirchhoff current law
equations. The term of "widened superposition" is proposed to define a general superposition principle
which is the standard nodal analysis equation, and simplified for the case when the impedance from
node A to ground is infinity and the current injection into node A is 0. In a circuit having more than
one independent source, we can consider the effects of all the sources at a time. The widened
superposition principle is used to derive the transfer function of a network [4,5,6]. Energy at one place
is proportional with their input sources and the resistance distances of transmission spaces. Let E4(?)
be energy at one place of multi-sources Ei(?) which are transmitted on the different resistance distances
di (R, Z1, and Zc in electronic circuits) of the transmission spaces as shown in Fig. 1. Widened
superposition principle is defined as

SRR VAL
E, (t); " Z} y (1)
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Fig. 1. Energy at one node based on widened superposition principle.

The import of these concepts into circuit theory is relatively new with much recent progress
regarding filter theory, analysis and implementation.

2.2. Complex function

In this section, we describe a transfer function as the form of a complex function where the variable
is an angular frequency. In frequency domain, the transfer function and the self-loop function of a filter
are complex functions. Complex functions are typically represented in two forms: polar or rectangular.
The polar form and the rectangular representation of a complex function H(jo) is

Im H(_ja))}

H(jo) = Re{ (o)} + Jim 1 (o)} = |(Re{ 1 (jo)}) + (1 {1 (o)) Sl @

where Re{H(jw)} is the real part of Hjw) and Im{H(jw)} is the imaginary part of H(jw), and j is the
imaginary operator j>= -1. The real quantity \/(Re{ H( ja,)})z +(Im{ H( ja,)})z is known as the amplitude

or magnitude, the real quantity e [%J is called the angle £H (Jw) which is the angle between
jo

the real axis and H ( ja)). The angle may be expressed in either radians or degrees and real quantity

Im{H(_jaJ)}

Re[H () is called the argument 4 {#(j0)] Which is the ratio between the real part and the imaginary

part of H(jw). The operations of addition, subtraction, multiplication, and division are applied to
complex functions in the same manner as that they are to complex numbers. Frequency response of a
complex function can be plotted in several ways; three of them are magnitude-angular plots (Bode
plots), polar charts (Nyquist charts), and magnitude-argument diagrams (Nichols diagrams). In this
paper, the stability test is performed on the magnitude-angular plots and polar chart.

2.3. Graph signal model for complex function

In this section, we describe the graph signal model of a typical complex function which is the same
as the graph signal model of a feedback system. A negative-feedback amplifier is an electronic
amplifier that subtracts a fraction of its output from its input, so that negative feedback opposes the
original signal. The applied negative feedback can improve its performance (gain stability, linearity,
frequency response, step response) and reduce sensitivity to parameter variations due to manufacturing
or environment. Thanks to these advantages, many amplifiers and control systems use negative
feedback. However, the denominator complex functions are also expressed in the graph signal model
which is the same as the negative feedback system. A general denominator complex function is
rewritten as
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H(S)_ I/out(s) _ A(S)

TV(5) 1+ L(s) ©)

This form is called the standard form of the denominator complex function. The output signal is
calculated as

)= A() Fu) = 5T @

Fig. 2 presents the graph signal model of a general denominator complex function. The feedback
system is unstable if the closed-loop “gain” goes to infinity, and the circuit can amplify its own
oscillation. The condition for oscillation is

Ls)=—-1=1e ™.k ez 5)

Through the self-loop function, a second-order denominator complex function can be found that is
stable or not. The concepts of phase margin and gain margin are used to asset the characteristics of the
loop function at unity gain. The conventional test of the loop gain, which is called “Barkhausen’s
criteria”, is unity gain and -180° of phase in magnitude-phase plots (Bode plots) [7].

2.4. Alternating current conservation measurement

In this section, we describe a mathematical way to measure the self-loop function based on the
alternating current conservation when we inject an alternating signal sources (alternating current or
voltage sources) and connect the input of the network into the alternating current ground (AC ground).
In general, the term of “alternating current conservation” is proposed to define this technique. The
main idea of this method is that the alternating current is conserved. In other words, at the output node
the incident alternating current is equal to the transmitted alternating current. If we inject an alternating
current source (or alternating voltage source) at the output node, the self-loop function can be derived
by ratio of the incident voltage (Vinc) and the transmitted voltage (Viran) as shown in Fig. 3. Compared
to measurement results of the alternating current conservation with the conventional ones (voltage
injection), they are the same.

In order to break the feedback loop without disturbing the signal termination conditions, and ensure
that the loop is opened for AC signals, a balun transformer inductor can be used to isolate the signal
source from the original network as in Fig. 3(e). In this case, the values of resistors and inductors are
very large. Compared to the proposed measurement with the conventional replica measurement, they
are the same measurement results [8]. Apply the widened superposition principle at Vine and Viran
nodes, the self-loop function is

Vi}’lC

_L(s) Ve
Ay As) = L(s) = 7 (6)
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Fig. 2. Signal model graph of general complex function.
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Fig. 3. Derivation of self-loop function based on alternating current conservation.

2.5. Switching regulator

In this section, a PWM waveform is presented as a superposition of many harmonic signals. A
switching regulator maintains an essentially constant output voltage with changing input voltage. In
5
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other words, the energy is converted from the input source into the average output energy in a unit of
time. An increase in the duty cycle increases the output voltage, whereas a decrease in the duty cycle
decreases the output voltage as shown in Fig. (4)(a). Based on the Fourier series expansion of the
square wave, the waveforms of the pulse wave are expressed in many functions of time with many
different frequencies as shown in Fig. (4)(b), and (4)(c). The waveforms of PWM are also expressed
in many functions of time with many different frequencies which are constituted by the times of a
fundamental frequency (or a unit cycle T= tont toff). The average voltage at the output of the power
conversion is defined as

— T
Vout = I/in - (7)
Ton + Toff

The main control element of this system is a switch which controls the output voltage by rapidly
switching the input voltage on and off with a duty cycle that depends on the load. The switching control
source is constantly driven back and forth between saturation and cutoff.

ton toff ton toff ton toff ton
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Fig. 4. Switching sources and output voltages.
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Some waveform functions of the control sources are expressed in Eq. (8), Eq. (9), and Eq. (10).

st%pWM(t)—iism(zﬁ 2k_1)(fl)t)_£ © Sil’l(2ﬂ(2k—1)(2fl)t) ®)
7 ket 2k ~1 T 2k -1
(2 (2k-1)(1)1)
SSO/PWM (t) - ;; 2k _1 (9)
4 &sin(27(2k=1)(f)1) 2 & sin(27(2k=1)(21,)1)
S75%PWM(t)_;; 1 +;k2=; = (10)

3. Analysis of second-order denominator complex function

3.1. Second-order denominator complex function

In this section, we shall analyze the frequency response of a typical second-order denominator
complex function. This complex function is defined as in Eq. (11). Assume that all of the constant
variables are not equal to zero. If the constant is smaller than zero, it is expressed as a complex number
(a<0=a=|a|j* =|ale*™). In this paper, the angular of the constant is not written in details.

1
H(s)=———— 11
() as* +bs +c (D

From Eq. (31) in Appendix A.1, the simplified complex function is written as in Eq. (12).

I ERIECI

In order to plot the magnitude-angular charts, the values of magnitude-angular of the complex
function, which are calculated in Appendix A.1, are summarized on Table 1. In overdamped case, the
magnitude of the complex function is so high from the first cut-off angular frequency

RG] [T

this gain will amplify the high order harmonics from @cut1 to ®cur2 of an input signal which includes
many harmonics.

® to the second cut-off angular frequency Therefore,

cutl cut2

3.2. Damped oscillation noise

In this section, we describe the response of a typical second-order denominator complex function
to a step input or a square wave. Based on the Fourier series expansion of the PWM wave, the
waveforms of the PWM wave are expressed in many functions of time with many different frequencies
as shown in Fig. 4(c).
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Table 1. Summary of magnitude-angular values of transfer function

Case Underdamped Critically damped Overdamped
c b\ 2 c b Y 5 c b\ 2
Delta(A) | =< on | =A=b*-dac>0 | —=| -] = A=b’-4ac=0 2>\ 5g] A= -4ac<0
a a a a
4a 4a 4a
Module 2 b? b
H @wz _§w2_%2g_£2 2 4j 2 _Zj 2\2 [Emz _[§mj2 (@23_32 2
ot | [e (GBI | (e | (e e
4a 4
4a a
Angular -— T -0
9 arctan 5 b 5 5 arctan b > arctan b
ZH(w) (2 ng Hbﬂ 1 (2, 1(£mj[&j g_(gjz
b b a \2a b b b a (23
b 14a 1 4a T 14a T
o= H(w)| T Ho)>-—= H(w)| = T3 ZH(o) = - H(w) > 5 ZHo)<—=

¢ In under-damped case, the high-order harmonics of the step signal are significantly reduced from
the first cut-off angular frequency. Therefore, the rising time and falling time are rather short. In
this case, the system is absolutely stable.

e In case of critically damped, the rising time and falling time are longer than the underdamped
case. Now, the system is marginally stable. The energy propagation is also maximal because this
condition is equal to the balanced charge-discharge time condition [9].

e In over-damped case of the complex function, the gain at the cut-off angular frequency will
amplify the high-order harmonics of the step signal that causes the peaking or ringing. Ringing
is an unwanted oscillation of a voltage or current. The term of “damped oscillation noise” is
proposed to define this unwanted oscillation which fades away with time, particularly in the step
response (the response to a sudden change in input). Damped oscillation noise is undesirable
because it causes extra current to flow, which leads to thereby wasting energy and causing extra
heating of the components. It can cause unwanted electromagnetic radiation to be emitted.
Therefore, the system is unstable.

3.3. Self-loop function of second-order denominator complex function

In this section, we investigate the characteristics of the self-loop function L(s) on the magnitude-
angular plots and the polar chart. The general transfer function and self-loop function are rewritten as
in Eq. (13). The magnitude-angular values and the real-imagine values of the self-loop function, which
are calculated in Appendix A.2, are summarized in Table 2. In this work, the self-loop function is
sketched on the magnitude-angular charts and polar plots.

TU@)f‘f@[?@f{?ﬂi@z} (13)

H(jo)=

(2 oo (2 5-(2)
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4. Analysis of power stage of step-down switching buck converter

4.1. Time domain analysis of power stage

In this section, the time domain refers to the analysis of the power stage of a buck converter with
respect to time. In the time domain, the behavior of a system can be described by a differential equation.
Therefore, the differential equation plays a prominent role in engineering.

Table2. Summary of magnitude-angular values and real-imagine values of self-loop function

Case Underdamped Critically damped Overdamped
Delta(A) A=b?-4ac>0 A=b?*-4ac=0 A=b®—-4ac <0
: sa ¥ ([2a¥[c (bY] (2a VY 4a ¥ (2a Y 4a Y 2aYlc (b Y Za22
o) J(b“’] *[m L*[;a] HT”] ] (?‘”j +(?°’) J[b“’j [(bj “za] Hb“’] }
4a 4a
ZL(jw) arctan b arctan| —— arctan
SIESIEE] SIS
b)la \2a b b o )la\2a) [\ b®
o=2 B2 | |Lo)>1 | /L(e)<-76.3° | |Loj=1 | A)--763 IL(w) <1 ZL(0)> -76.3°
o= 2% ()| > V5 | ZL(0)<-63.4° | |L@)|=v5 | A@)=--634 | [L(w)|<B ZL(0) > —63.4°
wzg L(o)>4v2 | L@)<—45° | Lo)=4v2 | Af)=—45 | |(o)<42 ZL(w) > -45°
. 2a ) |(2a[c (b Y 2a 2a ¥ [(2aY|c (b Y
Roltio) | -(30] +| 3] L\(zaj } = ORI
. 4a 4a 4a
Im{L -~ a2
m{L(jo)} b ® O 5 ®
w=2—ba V5-2 | Re<2-+5 | m=2J5-2 | Re=2-v5 | m=2yJ6-2 | Re>2-5 Im = 2++/5 -2
mzz—t; Re < -1 Im =2 Re = -1 Im =2 Re > -1 Im =2
‘”:g Re < -4 Im = 4 Re = -4 Im = 4 Re > -4 Im=4

A solution of a differential equation is a set of functions that satisfy the equation. Only the simplest
differential equation is solvable by explicit formulas; however, many properties of the solution of a
given differential equation may be determined without computing them exactly. Consider a parallel
RLC circuit with a DC voltage source, a switch, a diode, an inductor, a capacitor, and a resistor in Fig.
1 1

5. Here, the cut-off and the resonant angular frequency are defined asw,,. = ——; @, . = —.
g q Yy 2kC Ty pe Yre \/E
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Fig. 5. RLC network in power stage of switching power converter.

As switch is ON, from Appendix A.3, Eq. (69) the differential equation is

dt’ RC dt LC

2
d I/oul‘ (t) +L dl/out (t) 4 I/out (t) — O (14)

And, from Appendix A.3, Eq. (73) the output voltage is

V;harge(t) _ AChle(a’chJr (%R(:)Z,wfc)z N AChze[szC (a’ch)Z*wfcjt (15)

As switch is OFF, from Appendix A.3, Eq. (79) the differential equation is

2
dVy® 1 dVy @ Vi@ _ (16)
dr’ RC dt LC

And, from Appendix A.3, Eq. (83), the output voltage is

(a’zmr* (%R(7)27ML2(' Jf (17)

(“’zmi+ (@2re )Z ~0jc )l

Vd' harge(t) = Adisle

1sC

+ Adis2 e

From Eq. (7), Eq. (15) and Eq. (17), in one cycle of the switching time, the average voltage of the
capacitor is expressed as

T(}N[Adﬂe[‘ﬂ’zkc+ (%Rc)z‘ﬂ’zcjl +A6hze(‘“’zkc_ (%Rcf‘”’zc)let
1 0

e 2 2 (18)
(TON + TOFF) +T()I-I- {Adme(%lzﬁ (@2rc) —chJt N Adisze(a@,qc— (o2z¢) —mLC)t }dt

Tox

To generate a stable output voltage without overshoot, the balanced charge-discharge time condition
is defined by

Oype =W S O=—F=—= =" (19)
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4.2. Frequency domain analysis of power stage

In this section, we shall present the frequency response of a power stage of a buck converter. The
response of a system, as a function of frequency, is described by a complex function. One of the main
reasons for using a frequency domain representation of a problem is to simplify the mathematical
analysis. It is easier to solve a linear differential equation by converting the description of the system
from the time domain to a frequency domain. The qualitative behavior of the system can be easily
understood such as bandwidth, frequency response, gain, harmonics, spectrum... Moreover, any
sources can be expressed as a wave function in analog signal processing. Based on the switching
frequency of the control signal, the input supply source is transferred from a DC supply source into an
AC supply signal which contains a lot of harmonics. Models of circuit and measurement of self-loop
function for the power stage are shown in Fig. 6.

The transfer function and the self-loop function of this network, which are calculated in Appendix
A.4., are simplified as

H(s)= 1 ; L(s) = LCs® sk 20)
LCs* +s—+1 R
R
Then, the denominator is modified as
4R*C
_ L
H(s)= 2 T1 717 (21)
(2RCs +1) +(2RC) _(j
LC \2RC

To transfer the maximum power, the denominator of Eq. (21) has to be maximal. So, the constrained
condition is

1 1Y 1 1
—_—— — = 0 - — O —
LC (2RC] “ YT JIC 2RC (22)
The constraints for the stability are defined as
Lol 2 =|Z,|=|Z.|<2R -  Instability (23)
LC \2RC
= = L 2 = |Z L| = |Z | =2R — Marginal stability (24)
LC \2RC ‘
LY 2 =|Z,|=|z.|>2R —  Stability (25)
LC \2RC
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Fig. 6. Models of circuit and measurement of self-loop function for power stage.
4.3. Stability test for power stage of buck converter

This section will present a stability test for a power stage of a buck converter. Three models of the
power stage are used to do the damped oscillation noise test. The marginally stable model is designed
at cut-off frequency fo = 500 kHz taking L = 0.796 uH, C =31.8 nF, and R =2.5 Q based on a balanced
charge and discharge time condition as shown in Fig. 7(b). Figs. 7(a) and 7(c) are unconditionally
stable (R =1 Q), and unstable (R =5 Q), respectively. Figs. 7(d), 7(e) and 7(f) are the measurements
of the self-loop functions. Fig. 8(a) represents the SPICE simulation results of the magnitude and phase
of the power stage circuit on the frequency domain. In time domain, when the pulse signals go in to
these models, the transient responses are shown in Fig. 8(b). The damped oscillation noise (red) occurs
in case of the unstable network. The measurements of the self-loop functions of the proposed models
on the polar chart and the magnitude-angular plots are shown in Figs. 8(c),(d). In theoretical calculation
at the cut-off frequency 500 kHz is -76.3 degrees. Our simulation results of self-loop function show
that

e In stable case, phase is 95.7 degrees at 500 kHz, (phase margin = -84.3 degrees).

¢ In marginally stable case, phase is 104 degrees at 500 kHz, (phase margin = -76 degrees).
¢ In unstable case, phase margin is 116 degrees at 500 kHz, (phase margin = -64 degrees).

Vout1 Vinc1 Vtran1

= SR Q
V1 0.796 pH 7 o o 796 uH
c1 R1
D EmBnF 1Q D 318nF 19
(a) Unconditionally stable power stage (e) Measurement of self-loop function (unconditionally stable case)
ol Vout2 Vtran2
i i /’W\ 9
D1 0.796 uH c1 c1
R2 R2
D ;ELS nF 259 12 31‘8 nF 25Q
(b) Marginally stable power stage (d) Measurement of self-loop function (marginally stable case)
i Vout3 Vtran3
V1 0.796 uH
+ D1 c1
R3 R3
T4 u ;Emanl: 59 318nF 50
(c) Unstable power stage (f) Measurement of self-loop function (unstable case)

Fig. 7. Models of circuits and measurements of self-loop functions for power stage.
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(d) Polar chart of self-loop function

(c.3) Frequency response of self-loop function (unstable case)

Fig. 8. Frequency response of transfer function, transient response with pulse input, polar
chart and magnitude-phase plots of self-loop function for power stage.

On the polar plots of self-loop functions, the stability tests of these models are shown in Fig. 10(c).
The characteristics of a self-loop function are divided into three regions: (brown) unconditionally
stable, (blue) marginally stable, and (red) unstable. The simulation results and the values of theoretical
calculation are unique. The constraints for passive components (R, L, and C) are

gain.

4.4. Overshoot improvement with RLC network

Unconditionally stable (|ZL|=|Zc|>2R), phase margin is smaller than -76.3 degrees at unity

Marginally stable (|ZL|=|Zc|=2R), the phase margin is -76.3 degrees at unity gain.
Unstable (|ZL|=|Zc|<2R), the phase margin is greater than -76.3 degrees at unity gain.

This section presents an overshoot improvement technique using a parallel RLC network. In case
that the values of R, L, and C do not satisfy the balanced charge-discharge time condition

(|Z L| = |ZC| < 2R) , the overshoot voltages are improved by a parallel RLC circuit as shown in Fig. 9.
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(a) Circuit of power stage with parallel RLC network
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(b) Measurement of self-loop function

_I__

Fig. 9. Power stage of switching power conversion system with parallel RLC network.

The transfer function and the self-loop function of this network, which are calculated in Appendix
A.5., are simplified as

GL

H(jo)=
(/o) _LCo + ijsz (26)

L
! s L(s) = jo—+ - (LIC1

L C,L R
l+j(o]—c02(LlC]+ e J '
R, 1-L,C,0" + joC,R,

When the overshoot improvement is considered, the transfer function of the power stage of the buck
converter is a fourth-order denominator complex function. It is very difficult to investigate the stable
regions of this complex function. So, the measurement of the self-loop function is very important to
do the stability test for the buck converter.

4.5. SPICE simulation results of overshoot improvement

This section is focused on the overshoot improvement with a parallel RLC network. In case the
balanced charge - discharge time condition is not satisfied, the overshoot is a big problem. The parallel
RLC is designed at cut-off frequency fo = 500 kHz taking L2 =4.55 uH, C2 =11.4 nF, and R2 =20 Q.
The frequency responses and the measurement of self-loop function are shown in Fig. 10. On time
domain, when the parallel RLC network is added, the damped oscillation noise is reduced from 0.8 V
to 0.1 V as shown in Fig. 11. The phase margin is improved from -64 degrees to -62 degrees at the cut-
off frequency fo = 500 kHz. Our simulation results of self-loop function show that

¢ In marginally stable case, phase is 104 degrees at 500 kHz, (phase margin = -76 degrees).

¢ In unstable case, phase margin is 116 degrees at 500 kHz, (phase margin = -64 degrees).
e Overshoot improvement with parallel RLC, phase margin is 118 degrees at 500 kHz, (phase
margin = -62 degrees).
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Fig. 10. Overshoot improvement of switching buck converter with parallel RLC network.
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Fig. 11. Frequency response of transfer function, transient response with pulse input, and
magnitude-phase plots of self-loop function for power stage with parallel RLC network.

4.6. Adaptive feedback loop

This section analyzes the adaptive feedback loop of the buck converter. An adaptive feedback loop
is required for some switching power supplies because some parameters of the desired processing
operation are changing. The closed loop adaptive network uses feedback in the form of an error signal
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to refine its transfer function. Switching power supplies rely on negative feedback to maintain the
output voltages at their specified value. To accomplish this, a differential amplifier is used to sense the
difference between a reference voltage and the actual output voltage to establish a small error signal
(Veont). A feedback loop of the output voltage is used to keep stable average output as shown in Fig.
12. It follows from Eq. (28) that the control voltage is dependent on the loop filter of the local feedback
of the op-amp. From Appendix A.6, Eq. (89), the control voltage is expressed as

_y (1+ joRC,)(1+ joR,C,)

ref ijl C2 ( ref Vout ) (27)

cont

The magnitude of the control voltage is rewritten as

\/(aleclec2 1) + @ (RC, +R,C, )
o ®R,C,

(Vg =Vt (28)

- W >25j‘ L
vy cont

'7

* U1

Vref= 1.8V é

Fig. 12. Adaptive feedback loop.

of Ro Co
|
I

4.7 Ripple improvement with spread spectrum technique

This section describes a ripple improvement based on the spread spectrum of the PWM signal. A
PWM signal can be expressed by a function of time which includes many different frequencies. The
spectrum of PWM is constituted of the times of a fundamental frequency. The ripple noise is located
at these frequencies. Therefore, a fundamental harmonic notch filter [5] is proposed to reduce the noise
of the fundamental harmonic as shown in Fig. 13.The frequency modulation is taken place at the
variable controlled oscillator (VCO). The time duty on and off in one cycle (Ton, Torr) of the control
signals are divided into many shorter duties. Therefore, the energy of the input source is spread in the
frequency domain; or the ripple is kept smaller as shown in Fig. 13. Here, K: sensitivity of VCO

(a),,co =KV, ) ; Vb: bias voltage; Vm: modulation signal

(29)

(27Z'fmt)2 (Zﬂfml‘)4 (27rfmt)6
2! 4! 6! T

V.(t) =4, cosrf,t)=A4, [l - + -

Here, @, (t) =KA, cos2x f,1); Syco (t) =4, Cos[a),,cot +¢, (t)] , the function of the frequency

modulation signal is

2! 4! 6!

_rra) @ant)_(@ate) H (30)

Syeo (1) = Ayeo co{KVbt +KA, (1
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Fig.13. Ripple reduction based on spread spectrum of PWM signal.
5. Proposed design of step-down switching power converter

5.1. Design of step-down switching power converter

This section presents the proposed design of the buck converter. Fig. 14 shows a block diagram of
an inductor type buck converter. The operation parameters of this design are described in Table 3. A
supply voltage of 12V was applied to the converter and the output voltage was set to 5V. The system
consists of two loops: the main loop goes from the output of buck converter to the input of the controller,
and the secondary loop is the adaptive feedback.

Table 3: Operation parameters of step-down switching power conversion.

Input Voltage (Vin) 12V
Output Voltage (Vo) 50V
Output Current (lo) 05A
Clock Frequency (Fck) 2 MHz
Current Step (4lo) 1A
Output Ripple 0.05 mVpp
Over-shoot 0.1 mV
Under-shoot 0.1 mV
17
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The switching frequency was set at 2MHz. In this system, the cutoff frequency is designed at

1 1
= = =500kHz(R=5Q,L=0.796 uH, C =31.8 nF). The parallel RLC is designed
Jeu adIC  4RC ( H )- Thep g

at cut-off frequency fo = 500 kHz taking Lr = 4.55 uH, Cp = 11.4 nF, and Rp = 20 Q. This converter
consists of a monolithic controller and several external passive components. The large inductors and
capacitors are used as off-chip components. Apart from those passive components, other circuit blocks
can be implemented on-chip.
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Fig.14. Step-down switching power conversion with parallel RLC network.
5.2 SPICE simulation results of proposed design

This section describes the SPICE simulation results for the proposed design of the buck converter.
On this model as being described in Fig. 14, the spectrums of the control signals are spread. The ripples
of the output energy are reduced (smaller than 0.05 mV) by a modulated control signal as shown in
Fig. 15. The spectrums of the switching noise are kept less than 10 micro-volts compared to the set
voltage of 5 V. The transient time response of the set voltage is fast 0.2 ms. On time domain, when the
parallel RLC network is added, the damped oscillation noise is reduced from 0.8 V to 0.2 V.

6. Discussion

This research grew out of a set of conference papers. The paper attempts to provide an understanding
or the salient features of network analysis, beginning with the mathematics describing an actual circuit
model and continuing with the introduction of the complex function and the stability test of filters. The
mathematical description of various transfer function employs the angular frequency variable. Given
a transfer function, the self-loop function is established. Then, the frequency response of the self-loop
function is obtained, into which the stability test is subsequently introduced. The self-loop function of
a system is only important if it gives some useful information about relative stability or if it helps
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optimize the transfer function. The self-loop function can be directly calculated based on the widened
superposition principle.

Amplitude (V)
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Fig.15. Simulation results of output voltage and spectrum of ripple.

The alternating current conservation technique (voltage injection) can measure the self-loop
function of low-pass filters. Compared to the research results with mathematical analysis, the
properties of self-loop functions are the same. SPICE simulation results are included. Moreover,
Nyquist theorem shows that the polar plot of self-loop function L(s) must not encircle the point (-1,
0) clockwise as s traverses a contour around the critical region clockwise in polar chart [10,11].
However, Nyquist theorem is only used in theoretical analysis for feedback systems. Therefore, the
stable condition of a self-loop function is a more efficient way of analyzing the method than Nyquist
criterion, because it is fairly straightforward and also more powerful from an analyzing point of view.
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7. Conclusion

This paper describes the approach to do the stability test for a step-down buck converter. The
transfer function of the power stage of this converter is a second-order denominator complex function.
Moreover, the term of “self-loop function” is proposed to define L(s) in a general transfer function. In
order to show an example of how to define the operating region of a second-order passive filter, a
second-order denominator complex function is analyzed. In overdamped case, the filter will amplify
the high order harmonics from the first cut-off angular frequency mcut1 to the second cut-off angular
frequency ocut2 of a step input. This causes the unwanted noise which is called ringing or overshoot.

The term of “damped oscillation noise” is proposed to define the ringing. The values of the passive
components used in the filter circuit were chosen directly by the stable conditions. All of the transfer
functions were derived based on the widened superposition principle and self-loop functions were
measured according to the alternating current conservation technique.

A new architecture is proposed to overcome the limitation of the conventional architecture and to
improve the efficiency of the converter. The obtained results were acquired to simulations using SPICE
models of the devices. The overshoot is canceled based on a balanced charge-discharge time condition
T = 21+/LC =47RC when R, L and C components are chosen by a relation |Zr| = |Zc| = 2R. The EMI
noise is reduced by a fundamental notch harmonic filter. This research is designed in TSMC 0.18um
CMOS technology and simulation results are provided to validate the methodology. The characteristics
of the output voltage of this system are fast response, small stable ripple (smaller than 0.05 mV peak-
to-peak), and low EMI noises (below 10 micro-volts compared to the set voltage of 5 V). The parallel
RLC network reduced the damped oscillation noise from 0.8 V to 0.2 V. The phase margin is kept
smaller (from -64 degrees to -62 degrees at the cut-off frequency fo = 500 kHz). Therefore, this model
is suitable in many low energy propagation applications.

In this paper not only the results of the mathematical model but also the results of simulation of the
designed circuits are provided, including the stability test. The simulation results and the values of
theoretical calculation of the self-loop function are unique. Furthermore, managing power
consumption of circuits and systems is one of the most important challenges for the semiconductor
industry [12,13]. Therefore, the damped oscillation noise test can be used to evaluate the stability of a
buck converter. There are many limitations in this system when its input sources are ideal DC signal
and the PWM signals are not changed by a switch. In future work, the input signals and parasitic of
the RLC and other components in these systems will be analyzed and modeled.
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Appendix

A.1. Second-order denominator complex function

From Eq. (11), the transfer function is rewritten as

H(s=jo)= ! =

1
as’ thste +2(2baj”(zbajz {2_[2’;ﬂ _(1+j2baw]2 +(2;j2{2_[2[;j2} (31)

The magnitude-angular form of transfer function is

|H(jo)| = da =; Z/H(jw) = arctan b (32

el Gerele] o R

a 2a

In critically damped case ¢ _ ( b jz , the magnitude-angular form of transfer function is
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) \/ ] - = ; ZH(jo) = arctan 720 3 (33)
a 2a 1-| —o
(f00] 1-(2] &
b b

At the cut-off angular frequency o = LA ,

the magnitude-angular form of transfer function is

|H(j®)| = i—?; ZH (jo) = arctan (—0) = — T

; (34)

A.2. Self-loop function of second-order denominator complex function

From Eq. (13), the self-loop function is rewritten as

L(j@):j“b“m(jz;@j +(2b“j {Z-(faj } (35)

The magnitude-angular form of self-loop function is

LG = \/(“ba@jz+[[2;jz{:(;aﬂ(?“)ZJZ;AL(jmharctan [%a) {Zéh (%“mj (36)

The real-imagine form of self-loop function is

Re{L(jo)} = (Zb"] {Z - [;’CM— [2;@] Im{L(jo)} =0

2
In critically damped case < = (;j , the self-loop function is
a

(37)

a

L(jo) = j“;m(n jzmj _ J@am) (zbw] . {-MJ (38)
At the angular frequency o = b , the magnitude-angular form of self-loop function is
a
|L(j0))| = 4\/5; ZL(w) = arctan(—1) = —45° (39)
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The real-imagine form of self-loop function is
Re{L(jo)} =—4Im{L(jw)} =4 (40)

At the angular frequency o, = Zi , the magnitude-angular form of self-loop function is
a
|L(jo)| =~/5; ZL(jo) = arctan (-2) = -63.4° (41)
The real-imagine form of self-loop function is
Re{L(jo)} =-1; Im{L(jo)} =2 (42)

At unity gain of the self-loop function, we have

=1 (43)

Solving Eq. (43), the angular frequency @, at unity gain is
b
®, = 2—\/\/§ -2 (44)
a

The relationship between the angular frequency o, and the cut-off angular frequency o, = 23 is
a

[ ()
(’ou = O)cut \/g - 2 = (’Ocut = ﬁ (45)

At unity gain angular frequency ) = 23 5 -2, the magnitude-angular form of self-loop function is
a

|L(joo)| =1; ZL(jw) = arctan £_—2] =-76.35° (46)

VW5 -2

The real-imagine form of self-loop function is

Re{L(jo)} =2-/5; Im{L(jo)} =245 -2 (47)
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2
In underdamped case £ < (2&] , the self-loop function is
a a

o o (32 48
SO=I O b)la \2a (48)
The magnitude-angular form of self-loop function is
2 2 2 2 2 41
Luw-J(?“’) o e |G | o= ” 49)

CIRGIG

Re{L(jo)}=-

@I mumte o

< arctan(—1) = —45° (5 ])

At the angular frequency o

IL(jo)| = J4+ [

The real-imagine form of self-loop function is
Sl
b a \2a

At unity gain angular frequency ¢ = b 5 — 2, the magnitude-angular form of self-loop function is
‘' 2a

cut

= Zi , the magnitude-angular form of self-loop function is
a

2
1] > \/g; ZL(jo) = arctan

(2] ]e-(2)]

<arctan (-2) = —63.4° (52)

Re{L(jo)} = - -4 <-4 Im{L(jo)} =4 (53)
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2
+2\/§] >1; ZL(jw) = arctan

L(jw)—\/ (V5-2) [

(=) ]e-(2)]

< arctan[ -2 J =-76.35° (54)

The real-imagine form of self-loop function is
)
b a \2a

2
In overdamped case € (bj , the self-loop function is
a 2a

+2-+/5>2-+/5; Im{L(jo)} = 2JV/5 -2 (55)

Re{L(jw)}=—

. .4a 2a Y |(2aY]c (bY
1o = 20~ 20) o2 [ £-(L]] (56)
The magnitude-angular form of self-loop function is
2 2 2 2 2 4761
. 4 2 b 2 .
e R [ B e et W I
T
The real-imagine form of self-loop function is
. 2a Y| ¢ Y 2a Y ) . da
Re{L(jw)} = (bj Lz_(hzj :l —(bo)) ;Im{L(jo)} =0 (58)
At the angular frequency o = b , the magnitude-angular form of self-loop function is
a
IL(jo)|= \/(4)2 + [ (%)2 E —(%ﬂ —(4)2] < 42; ZL(jo) = arctan - 4 - > arctan(~1) = —45° (59)
24) [i_(ij } »
b a \2a
The real-imagine form of self-loop function is
Re{L(jo)} = [2“)2 < [bjz —4> -4 Im{L(jo)} =4 (60)
b a \2a ’
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At the angular frequency o, = Zi , the magnitude-angular form of self-loop function is
a

IL(jo)| = \/4+[

At unity gain angular frequency ) = 231/\/5 _ 2, the magnitude-angular form of self-loop function is
a

(zbaj L (zban 1

> arctan (-2) = —63.4° (6 1)

j®)| = =2+ 2a ’ c_(b i +2-— - <l1; j®) = arctan 2 \/372 > arctan 2 =— ‘
LG )\/2(‘/g 2) [(bj L LZaJ} 2 \E] L £L(je) ! (ﬁ)z{ﬁ,(i)z},(ﬁ,z) t [m} 7635 (62)
b a \2a
The real-imagine form of self-loop function is
Re{L(jo)} = (zijz 5—(ij2 —1>—1; Im{L(jw)} =2 63
/ b a 2a ’ / (63)
A.3. Classical analysis of power stage
i i out OFF i ! out
N oN » > -_— —_—
p— M N
Z Vg + P +
¥ 3 —1 R Vo 2 —
T OoFf . SVt =/ o e 2 Vout
charge _ discharge e
= ) =
(a) Switching ON (b) Switching OFF

Fig. 16. Circuits of Figure 5.

As the switch is turned ON (or capacitor charges) as in Fig. 16 (a), apply the Kirchhoff current law at
the output node

iL (t) out (t) + lC (t) (64)
Here, the currents of each branch are given by

qol ﬂm,

out (t) -

uut (t) -

el =C

um—%j =V (0)d (65)
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Then, Eq. (64) is rewritten as

Vo (f) Voult) _ 17
=— -V, @)
t L ‘(‘; in uut( ) (66)
Then, simplify the Eq. (66) as
(t Toy (1 KA (67)
L Ly oL Ly
0 0

Assume that the initial voltage of the capacitor is given by a constant value. Apply the differential
mathematics approach for Eq. (67)

1dV, 0 V@, 47,0

=0 68
R dt L dar’ (68)
Then, the simplified form of Eq. (68) is expressed as
2
L0 1,0 VO )

@ RC dt LC

Suppose that the wave function of the output voltage is V, ,(¢) = Ae” = Ae™ + 4,e™

out

d’ (Ae‘”) 1 d(Ae‘”) (Ae‘")

_— =0 70
i RC a | LC (70)
Let us rewrite Eq. (70) in a short form
I P (71)
RC LC
Solve Eq. (71), the values of s are defined by
(72)
1
Let us define w,,. =——;®,. = ——; the wave function of the output voltage is rewritten b
2kC = 5 porYic \/E p g y

(f) Ahle( Wy pet (a)ZRC)z_wLC] n Ahze( @Dype— (‘UzRC)2—wfcjz (73)

ch arge

27
J. Mech. Elect. Intel. Syst., Vol.3, No.2, 2020



Journal of Mechanical and Electrical Intelligent System (JMEIS)

The charge energy of the capacitor makes the current direction of energy at the output node change
when the switch is turned OFF (or capacitor discharge).Besides, this energy also turns ON the diode.
In this case, the current direction which goes pass the inductor is not changed. So, apply the Kirchhoff’s
node rule at the output node

out (t) (t) + lC (t) (74)

In the duty OFF of the switching control signal, this energy is distributed on the inductor, the diode,
and the resistor. The energy which is distributed on the resistor is always the same the voltage level of
the capacitor. Here, the currents of each branch are given by

dm( )

=204, =220 0= c Oy - L 3 v (75)
Then, Eq. (74) is rewritten as
Vie @) _ V() 17
R =C dt + Z _[ (Vdi.v (t) - Vdinde )dt (76)

T ON

Here, the simplified form of Eq. (76) is converted as

C du (t) dlé (t) OFF 1 TOFF

tydt = Vst
d[ R L ;. dm( ) L T£ diode (77)

In all the time of duty OFF, the energy passes over the diode is a constant energy. Apply the
differential mathematics approach for Eq. (77)

V) Vi@ 1F -
@) Sl [ V(i = (78)

Ton

Assume that the initial voltage of the capacitor is given by a constant value which is equal to the
value of the charge voltage; the simplified form of Eq. (78) is expressed as

2
d I/dz;~ (t) _ l dl/dzs (t) dz_s (t) O (79)
dt RC dt LC

Suppose that the discharge voltage isV,, (1) = 4, e" = A,e"" + A" ;

d* (4,e" ) 1 d(4,e )+(Adue )

=0 80
dt’ RC dt LC (80)

Let us rewrite Eq. (80) in a short form
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L1 !
e+ =0
S Tre T Le (81)

Solving Eq. (81), the values of s are defined by

1Y 1
JUESELEN, (U g RS N (N S 82
a1 =ore \\2rC) “zc Y Y Tare [2RCJ LC (82)

1 1
Let us define w,,. =——;w,. = ———; the wave function of the output voltage is rewritten b
2kC = 5 porYic \/ﬁ p g Yy
O pct (%R(?)Z*C"zc 4 O pct (%RC)Z*C"LZC 4
Vdischarge(t) = Adisle( ) ) + AdisZe( ) (83)

A 4. Frequency response of power stage of buck converter

&
. Vout
Vin &
<> DJT Zc L B %
—
Fig. 17. Circuit of Figure 6(a).

Apply the widened superposition at output node

V.

Vou LA . (84)
R Z. Z, Z,

Then, the transfer function is

o)/ (e
Hsy = Vo _ 1 ~ 1 ~ (LC 2RC

- = 2 (85)
Vi 1+ZL(11?+ZIJ LCs +S%+1 [(ZRC)ZSZ+2s(2RC)+1J+(2RC){1 ( ! ”

. Lc \2rC

A.S. Overshoot improvement of RLC network
By applying the superposition principle at the output node, the voltage relationships between input
sources and the output sources are expressed in Eq. (86).
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1 1 1 1 V.,
Vu| 5=t 5+ + = (86)
ZLl ZCl Rl R2 + ZLZ + ZCZ ZLI
L1 Vout
‘ Z,, =joL, R2
V.
Q) D1 1 c1 R § &2
Zc1 =
joC, ‘l’ L2
=

Fig. 18. Circuit of Figure 9(a).

The transfer function of this network is written as Eq. (87).

1

mn L C L
1+ja)—‘+(ja))2 LC, + -
R L,C, (jw) + joC,R, +1

] (87)

A.6. Adaptive feedback loop

Apply the superposition principle at the reference voltage node

11 1 V. 11
I/ref' +—+ = + I/out +— (88)
"\Z., R Z.,+R,) Z.,+R,

C1 C2

After simplifying Eq. (88), the control voltage is expressed as:

Z.,+R)WZ.,+R
I/com‘ = ref + ( = 1)( = - ) (I/ref - V;)ut) (89)
' ZoR '
Cq Ro Cs
| A ]
| ¥ 1
V R1 -
ouT b7 25V
AR > Veont
+
V=18V LY

Fig. 19. Circuit of Figure 12.
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