ABSTRACT

PARK, JINSEOK. Sample-Data Modeling for Double Edge Current Programmed Mode
Control in High Frequency and Wide Range DC-DC Converters. (Under the direction of
Dr. Alex Huang.)

This dissertation focuses on sample-data modeling for double edge current programmed
mode control (DECPM) and its application to high frequency and wide range DC-DC
converters. Steady state conditions and subharmonic oscillation issues for DECPM are
addressed. By combining the conventional peak and valley current programmed mode
control, a sample-data model for DECPM is proposed. A small signal model for DECPM
is developed by deriving the modulation gains (F,,) and the sampling gains (H,) for
DECPM from the proposed sample-data model. The sampling frequency dependence on
the duty ratio and a large current loop gain at high frequency for DECPM are empha-
sized. The analytical results are verified by the simulation. Finally, DECPM is proposed
as a method to control the high frequency and wide range DC-DC converters. A 10M H z
four switch buck boost converter is implemented with DECPM to verify the viability of

its application to high frequency and wide range converters.
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Chapter 1

Introduction

1.1 Background : Wide range and High Frequency
Applications for DC-DC converters

There is an ever-increasing demand for small power supplies capable of working with wide
voltage range which uses the battery as a source. These applications are automotive [1],
portable battery-powered electronic devices [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19|, and power factor correction (PFC) [20, 21].

Fig. 1.1 shows typical power supply rails used in the common portable battery-
powered electronic devices. As shown in this figure, the battery voltage change from
4.2V to 2.7V and each components in the system needs the fixed or variable voltage
irrespective of the battery voltage. In order for the system to have stable operation with
wide voltage variation, the wide range DC-DC converter is necessary.

Currently, most controller of the wide range converter is compensated by external
components which are out of the controller IC. TT’s TPS54362 and Maxim’s MAX8655

are the examples. When the operation range for these are determined, the compensation
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Figure 1.1: Supply voltages to the components in the portable battery-powered electronic
devices



network is designed by the end users according to the worst case condition. This conven-
tional design may lose the performance at other operating conditions and need the end
users to discover the suitable compensation network to make the converter work stable.
However, if the controller can make the power plant transfer functions as constant as
possible for all operating points, the aforementioned issues are solved. That is that a
fixed compensator can make the converter operate stable with higher performance and
that the fixed compensator can be integrated into the controller for the end users not to
think of designing a proper compensator.

It is well known that the line regulation of the current programmed mode control is
superior to that of voltage mode control. It also has been reported that the conventional
current programmed mode control shows the smooth transition between CCM (Contin-
uous Conduction Mode) and DCM (Discontinuous Conduction Mode) [22]. It is shown
in [22] that when using current-mode control, there is little change in either the stability
margin or the closed-loop performance when crossing the boundary between continuous
and discontinuous mode of operation. These characteristics shows that the conventional
current programmed mode control is suitable to the wide voltage range converter.

Power density and response speed are important performance metrics in DC-DC
power converters for mobile applications [23]. Both of these metrics can be improved
by increasing the switching frequency of the converters. The higher switching frequen-
cies are allowed to use the small valued passive components which make the physical size
of the converters. These smaller passive components provide faster response to change
in operating conditions with the help of a shorter switching period. This faster response
is very crucial on some applications such as envelope modulator for polar modulation
applications. Therefore, there has been strong motivation to move to increased switching

frequencies if losses, switch driving, control, and other design challenges can be addressed.



This dissertation proposes a new double edge current mode control (DECPM) for
wide range and high frequency application. Detail analysis on the proposed DECPM will
be addressed and the physical implementation of the DECPM into the high frequency
10MHz 4 switch buck boost converter will be shown. Therefore, DECPM will be verified
to overcome the aforementioned issues such as stable operation with wide voltage range

and high frequency operation.

1.2 Dissertation Outline

In chapter 2, the conventional current programmed mode control (CPM) is reviewed.
The steady state condition and the subharmonic issues are derived again. The sample-
data model of the peak CPM is revisited and its small signal model is shown by deriving
the modulation gain (F},) and sampling gain (H.). The Ridley’s method is used for this
modeling.

Chapter 3 introduces the double edge current program mode control (DECPM) and
its modeling. This chapter starts from the derivation the steady state conditions and
the subharmonic oscillation issues. A sample-data model for DECPM is proposed by
mathematically combining the conventional peak CPM and valley CPM models. The de-
pendence of the sampling frequency on the duty ratio is analyzed through this modeling.
A small signal model for DECPM is developed by deriving the modulation gains (F},) and
sampling gains (H,). The proposed DECPM model is compared with the conventional
single CPM by SIMPLIS simulations. The larger current loop gain at high frequency
for DECPM than single CPM will be verified. This large current loop gain introduces
DECPM to the high frequency and wide range DC-DC converter applications, and this is

demonstrated by the measurement results of the implemented 10M Hz CMOS 4 switch



buck boost converter (4SBBC) in chapter 4.

Chapter 4 shows the architecture of the 4SBBC which is made of JAZZ 0.5um. This
chapter also show the detail design of the key blocks for the 4SBBCS such as current
sensor and ramp signal generator. The measurement results show that the implemented
4SBBC with DECPM works well with a switching frequency of 10M H z and with with
wide range input and output voltage.

Chapter 5 show the power stage optimization of the 4SBBC for polar modulation
application. Differ from the conventional DC-DC applications, the output voltage of the
4SBBC changes dynamically for the polar modulation. This chapter briefly introduces
the polar modulation application for the DC-DC converter and the characteristics of the
EDGE signal which is used as a reference signal to the 4SBBC. This chapter shows the
detail power loss break-downs of the 4SBBC and its power stage optimization based on
average energy efficiency for the EGDE signal.

Chapter 6 is the conclusion of the whole dissertation and the list of future works.



Chapter 2

Review of the conventional Current

Programmed Mode Control (CPM)

2.1 Introduction : Current Programmed Mode Con-

trol

Current Programmed Mode control (CPM) is widely accepted and used in industry due
to its inherent over-current protection, superior dynamic response, and ease of implemen-
tation of current sharing [22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. Current Programmed
Mode control (CPM) is also called as current mode control. CPM can be divided into
peak CPM and valley CPM depending on the modulation scheme. As expected from the
naming, the peak CPM modulates the PWM signal by limiting the peak value of the
sensed inductor current signal and the valley CPM does it by limiting the valley value of
the sensed inductor current signal.

Fig.2.1 shows a block diagram of the conventional CPM which is specifically a peak
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Figure 2.1: Peak Current Programmed Mode control(CPM) (without ramp) block dia-
gram



CPM. Different from voltage mode control, CPM does not have saw tooth signal to
modulate the PWM duty signal. Instead of the saw tooth signal, CPM uses the inductor
current signal to modulate the PWM duty signal. In the Peak CPM, the power switch
is turned off when the sensed inductor current is larger than control signal (v.) which is
the output of compensator in Fig. 2.1 [34][24]. As a result, the peak point of the sensed
inductor current is controlled and this modulates the PWM duty signal.

Because of the well known subharmonic oscillation problem when duty cycle is larger
than 0.5 in peak CPM [34], the conventional CPM needs a ramp signal added in the
control loop. Fig.2.2 is a modified peak CPM block diagram with an additional ramp
generator. In the steady state, the peak point of the sensed inductor current is limited
by the control signal (v.) and the ramp signal which is shown in Fig.2.3.

This chapter will revisit the conventional peak CPM. The steady state conditions
are shown, and the subharmonic oscillation issue and its solution will be revised first.
The sample-data modeling of the peak CPM will be shown here again. The step-by-step
derivations of the sample-data modeling of the peak CPM is revisited and the bandwidth

limitation due to the sample-hold effect at the switching frequency is shown.

2.2 Steady State condition and Subharmonic Oscil-
lation

In this section, the steady state condition and subharmonic oscillation problem of the
peak CPM are revisited.

Fig.2.3 shows the steady state waveforms of the sensed inductor current (R; - ir),
control signal (v.) and ramp signal. Here, R; is the gain of the current sensor, and the

ramp signal with the slopes of M, are added to the control signal (v.) to control the peak
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Figure 2.2: Peak Current Programmed Mode control(CPM) (with ramp) block diagram
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Figure 2.3: Steady state waveform of the sensed inductor current in Peak CPM with
ramp signal

value of the sensed inductor current. From the Fig.2.3, the peak (R; - i,) of the sensed
inductor current are derived in terms of the control signal (v.), the rising slope of the

sensed inductor current (M;) and duty (D).

Ri . 'ép = RZ . ZL(DTS) = Ve — maDTs = Rz . ZL(O) + mlDTs (21)

To see the steady state condition of the sensed inductor current (R;-iz), the relation-
ship of the sensed inductor currents between the adjacent switching periods are derived

as shown below.

RZ’ . ’LL(TS) = Rz . ’ip — ng/Ts

= RZ . ’LL(O) + mlDTs - m2D/Ts (22)

In steady state, the condition of R; -i(7Ts) = R; -i1(0) should be satisfied. Thus, the

10
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Figure 2.4: Steady-state and perturbed sensed inductor current waveforms in peak CPM

steady state condition of peak CPM is derived from (2.2), and is

me _ D (2.3)
my D’

For analyzing the subharmonic oscillation issues [34] in peak CPM, the sensed in-
ductor current is perturbed as shown in Fig. 2.4. Then, the subharmonic oscillation
conditions can be derived from the natural response of the sensed inductor current per-
turbation (R; - iz).

From the simple trigonometric analysis of Fig. 2.4, the following equations are derived.

~

R; i (0) = madTy + mydT, = (my + mg)dT, (2.4)

~

R; - ir(T,) = madTy — mydTy = —(my — my)dT, (2.5)

From the above two equations, the following is derived directly.

i mo — Mg ~
ir(T,) = _m?ﬁ“m) (2.6)

11



By generalizing (2.6) with arbitrary timing, and it is

~ Mo — Mg -~
ZL(TLTS) = —m 'ZL((’)’L— ]_)TS)
ip(nTy) = o i ((n—1)T) (2.7)
ap _ _m2 — ma’ 1— Q{p _ mq + mo (28)
mi + mg my1 + my

(2.7) is a inductor current perturbation relationship between the adjacent switching
periods in peak CPM. Here, o, is the inductor current attenuation factor for the peak
CPM. By using the steady state condition of peak CPM in (2.3), o, in (2.8) is rewritten
in terms of the duty ratio, the slope of ramp signal and the falling slope of the sensed
inductor current as shown below.

1] — Ma

ap = 5—=— (2.9)

D mg
D+m2

By doing similar derivation, the inductor current attenuation factor for the valley

CPM (ay) is derived like following.

4 = — A" M (2.10)
Mo + My
D' mg
D mo
= == 2.11
1 o (2.11)

It is well known that, without the ramp signals (M, = 0), o, for peak CPM and a,
for valley CPM become larger than 1 when D > 0.5 and D < 0.5 respectively, which
causes subharmonic oscillation. The inductor current attenuation factors of the peak and

valley CPM without the ramp signals (M, = 0) are derived below and showed in Fig.

12
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Figure 2.5: ¢, and «, at the function of duty cycle without artificial ramp

2.5.
D
Wm0 = (2.12)
D/
Wm0 = 5 (2.13)

To avoid subharmonic oscillations for the entire duty range, the inductor current
attenuation factors should be less than 1 for all operating conditions (i.e. for all duty
ratios). This is done by adding the ramp signal with an appropriate slope (m,). One
common choice of the m, in peak CPM not to have subharmonic oscillation for all duty

range is

N —

Me = = Mo (2.14)

13



With this choice of the m,, |a,| <1 for 0 < D <1 and o, = —1 at D = 1. This is the

minimum value of m, which make the system stable for all duty cycles. [34]

2.3 Sample-data modeling

There has been much research on control modelings for high frequency converters which
can predict up to half the switching frequency [35, 36, 37, 24, 32, 31, 25]. In order to model
the current programmed mode control accurately to high frequency including the sample
and hold effects, the sample-data model is popular and widely accepted [24, 32, 31].
During this section, the sample-data modeling technique of the Ridley’s method [24]
to derive the current feedback transfer function of the peak CPM is reviewed. After
this derivation, a popular small signal model of the peak CPM is used to derive the
modulation gain (F},,) and sampling gain (H,) by comparing with the derived the sample-
data current feedback transfer function, which can apply to design the compensator for

the outer voltage loop (71%).
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Figure 2.6: Peak CPM waveforms
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2.3.1 Sample-data current feedback transfer function

Fig. 2.6 shows the waveforms to derive the sample-data model for the peak CPM. This
figure shows the modulated duty signal (aAl) and the sensed inductor current perturbation
(R;-i1) as the results of the control signal perturbation (¢,). As shown in Fig. 2.6, it can
be observed that the sensed inductor current (R; -iy) is updated once in one switching
period (7). The inductor current perturbation happens only once in each switching
period and is held for one switching period [24]. This makes the sampling frequency
of the control the same as the switching frequency of the power stage. Therefore, the
conventional CPM (here, peak CPM) has a fixed switching frequency in the power stage
and a fixed sampling frequency for the control. For this reason, the switching frequency
and the sampling frequency of the conventional CPM is considered as a same.

For the following peak CPM modeling, the voltages applied across the inductor are

kept constant and the current feedback loop is closed [24]. By using simple trigonometric

analysis at the time of (n — D) T from Fig. 2.6, the following two equations are derived.

R;-ir[n] = Ri-igln—1]+ (my+mg)dn]T, (2.15)
Gn] = Ri-igln—1]+ (my +myg)d[n|T, (2.16)
By eliminating d[nT, and combining (2.15) and (2.16), the following equation is derived.

Ri-iyn)=-"2""ap {n—1+

——vi.[n] (2.17)
mi + mg mi + mg

With the definition of the inductor current attenuation factor of peak CPM (a,) in (2.9),
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(2.17) can be rewritten and it is

Ri-ign)=ap Ri-igln— 1]+ (1 — o) - 9[n] (2.18)

This (2.18) is the well known discrete time inductor current dynamics of the peak CPM
which shows the relation of the sensed inductor current perturbation (R; -iy) and the
control signal perturbation 7,) during one switching period of T; [32].

By applying the Z-transform equivalent to (2.18), the discrete time current feedback
transfer function of the peak CPM in Z-domain is derived and it is

R;-ig [n] 1—a,
1

(2.19)

Ue[n] T 1- Qapz

In order to change it from the discrete time transfer function to a continuous time transfer
function, z = e=*T* and zero order hold function(ZOH) which hold the sampled value for
T are applied to (2.19). Then, the sampled-Laplace domain current feedback transfer
function of the peak CPM with ZOH for one switching period of T [24, 32] is

Ri-ig(s)  l—a, 1—¢h
U.(s) 1 —auesTs sT

(2.20)

2.4 Small Signal Model for CPM

In order to design feedback circuit and apply it to DC-DC converter, it is necessary to
develop a small signal model of current programmed mode control scheme with average
power stage model. Fig.2.7 shows the well known current mode control small signal
model diagram with averaged power stage model [34].

Based on (2.20), a small signal model for the peak CPM is developed and shown in Fig.
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Figure 2.7: Small signal model for CPM

18



Control signal (V¢)

Sensed inductor current (R;- i)
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Duty Cycle (d)

Figure 2.8: Modulation in peak CPM

2.7 [34]. G,q is the duty to output voltage transfer function, G4 is the duty to inductor
current transfer function, GG, is the input voltage to output voltage transfer function and
G4 is the input voltage to inductor current transfer function. These transfer functions
are from the well known average power stage model [34]. Peak CPM related blocks are
F,, H., F,, and F, which are the modulation gain, the sampling gains, the feedforward
gain from output voltage and the feedforward gain from input voltage respectively. And
R; represents the inductor current sensing gain.

In this section, the CPM related control blocks (gains) are revisited and the associated
gains of peak CPM are derived. For valley CPM, readers can follow the method shown

here to derive the equations.

2.4.1 Modulation gain (F},) derivation

The F,, is known as a modulation gain. In peak CPM, the duty cycle is generated from
the comparator with the control signal, the sensed inductor current, and the ramp signal.

Fig.2.8 shows a diagram to explain the modulation gain [24]. From the Fig.2.8 and small
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signal approximation, F;, can be derived like below.

1
o S 2.21
(my + mg)Ts ( )

This F,, also can be derived from the the small signal model of [24]. From the small
signal model, the modulation gain (F,) can be defined as the ratio of the ‘current’ duty
perturbation (d[n]) to the difference of the ‘current’ control signal perturbation (¢,[n])
and the ‘previous’ sensed inductor current perturbation (R; - iz[n — 1]), and it is

d[n]

Ve[n] — Ry -ig[n — 1]

Fr,

(2.22)

By assuming F, = 0, F, =0, and H. = 1 in Fig.2.7, the F}, is derived from the (2.16)
like below ans shows same as (2.21).
d 1

F, = _ = 2.23
'lfc - RZ . 'iL (ml + ma)Ts ( )

2.4.2 Sampling gain (H,.) derivation

The H. is a sampling gain to model the sample-hold effect which is derived from the
sample-data modeling shown in previous chapter. This gain has been derived with dif-
ferent ways from different authors so far. In this paper, Dr. Ridley’s method is used to
derive the H, [24].

From the Fig.2.7, the response of iy to ¥, can be written like below.

ir(s) FrnGig
U.(s) 14 F,GiqR:H,

(2.24)
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And, by rewriting (2.20), the following equation is derived.

ir(s) 1 1-aq 1—e 5
U.(s)  Ril— ayesTs sT,

(2.25)

Because (2.24) and (2.25) are same, the H, can be derived by equating (2.24) and (2.25)

like below.

F.Gia 1 1-q, 1—eh
1+ F,GiuRiH, R;1—aye—T> T,

(2.26)

At first, G;4 which is independent to power stage topologies need to be derived. G4 is
the gain from duty perturbation (d) to inductor current perturbation (i7) as shown in
Eq.(2.27)

Gia = % (2.27)

Fig.2.9 is the small signal model of the power stage and CPM model with fixed voltages

[24][38]. From Fig.2.9, the G4 can be derived and expressed for all converters as follow.

Va
cu = Yo
V;p = V:zc—i_‘/cp
Rz Vac RZ‘/CP
mi= e my = =
1
Gials) = 5 (2.28)

With this (2.28), (2.23) can be rewritten like below.

11—«
Fm'GidZE&Tp

(2.29)
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Figure 2.9: PWM switch model and current loop with fixed voltages
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With (2.29) and (2.26), the following is derived,

esTs — oy
1+FmGldeHe:€STé7_1 (230)
From the above, the sampling gain (H.) is derived and it is
sT,
H =25 2.31
esTS _ 1 ( )
In [24], the (2.31) is approximated like below.
His) = 14— 4+% (2.32)
e(s) = — .
wa@:  wy
where,
—2
Qz =
s
and,
s
Wp = =
T

This (2.32) is the second order model of (2.31) and shows that the sampling gain (H.,)
has the complex double zeros at the half the switching frequency (fs = 1/7T5). From the
(2.24), it can be expected that the double zeros of the H, will bring the double poles of
the system. For this reason, it is well known that this double zeros of the H, at the half

the switching frequency limit the system performance which use the conventional CPM

24, 25, 32, 39, 31, 40].
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Chapter 3

Double Edge Current Programmed
Mode Control

3.1 Introduction: background and previous works
on double edge modulation

In the previous chapter 2, we revisited Current Programmed Mode control (CPM). From
the duty modulation point of view, the conventional CPM which is either the peak CPM
or valley CPM is a single edge modulation scheme. The peak CPM only can modulate
the trailing edge of the duty, and valley CPM only can modulate the leading edge of the
duty during one switching period.

Fig.3.1 and Fig.3.2 shows the conceptual duty modulation examples for the peak CPM
and valley CPM respectively. As shown Fig.3.1 and Fig.3.2, in conventional single edge
current programmed mode control (hereafter referred to as “single CPM”), only one edge

of the duty signal is modulated by the control scheme; the other edge of the duty signal
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Figure 3.4: Sampling scheme of the PWM comparator:(a) trailing-edge PWM, and (b)
double-edge PWM.

is unmodulated and determined by a fixed clock. In other words, the inductor current
information is updated only once during a single switching period (7). Therefore, the
bandwidth of a system utilizing single CPM is limited to half the switching frequency
due to the corresponding sample and hold effects [24, 25, 31, 32, 39, 40].

Other authors have investigated double edge modulation schemes for converter ap-
plications. [41] addresses double edge modulation for voltage mode control and shows
that the sampling frequency is doubled when the duty ratio is 0.5. Fig. 3.4 is the sam-
pling scheme difference between trailing-edge PWM and the double-edge PWM in voltage
mode control shown in [41]. In this reference, the author comments that “Intuitively, the
double-edge PWM has a sampling frequency twice that of the trailing-edge PWM.” and
shows that the dip on the transfer function of G, at two times of the switching frequency

with duty cycle of 0.5. This is shown in Fig. 27.

26



=1

Gain(dB)

T TTITI T T 1T T T 1T T 7T T TTTTm
10 100 1K 10K 100K
Hz

(@)

[
=]
o

Gain(dB)

|
E

Ty rrrrnny - T Trmmp T TIirmy T T I TTTHI]
10 100 1K 10K 100K
Hz

()

Figure 3.5: G,. with double edge-PWM in SIMPLIS simulation: (a) duty cycle is 50%,
and (b) duty cycle is 10%.
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Figure 3.6: The schematics of the pulse width modulators.

[42] and [43] investigated the potential of a double (dual) edge controller for VRM
applications to achieve the fast transient response. These papers emphasize the small
switching delay in the control loop due to the double edge modulation scheme. [42]
claims that dual edge controller reduces the switching action delay. Fig. 3.7 is the
conceptual waveforms of the switching delays with different types of the pulse width
modulators which is shown in Fig. 3.6 in [42]. The author explains that “The trailing
edge modulator has a delay (t4) when the load steps up and the leading edge modulation
has delay when the load releases. This switching action delay causes undesirable charging
or discharging of the output capacitors and results in the output voltage peaks or dips.
In order to eliminate this delay, the dual edge modulator without RS latch is used. The
dual edge controller should be well designed in IC level to be immune to the switching
noise.”

[44] comments that a double edge control scheme can improve the tracking accuracy
of the output voltage to the reference signal. Fig. 3.8 is the schematic which is proposed
in [44]. One comparison between the feedback signal (Sig) and a ramp is used to set the

switch while another comparison between the offset feedback signal and the ramp is used
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Figure 3.8: Two sided latched PWM shematics

to reset the switch. There is an extra comparator compared to a conventional PWM
controller.

However, the sampling frequency dependence on the duty ratio and other characteris-
tics of DECPM, such as the subharmonic oscillation issue and a larger current loop gain
than conventional CPM, have not been analytically investigated from above research.
This dissertation will address the detailed analysis of DECPM with a newly proposed
model.

In this chapter, sample-data modeling of the double edge current programmed mode
control (DECPM) is newly proposed and analyzed. The steady state conditions and
the subharmonic oscillation issue of DECPM are analyzed first. Sample-data modeling
for DECPM is proposed by mathematically combining the conventional peak CPM and
valley CPM models. The dependence of the sampling frequency on the duty ratio is

analyzed throughout this modeling. A small signal model for DECPM is developed by
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Figure 3.9: Steady state inductor current waveform in DECPM

deriving the modulation gains (F,,) and sampling gains (H.). The proposed DECPM
model is compared with the conventional single CPM by the SIMPLIS simulations. The
larger current loop gain at high frequency for DECPM than the single CPM will be

verified in this section.

3.2 Steady State condition and Subharmonic Oscil-
lation

In this section, the steady state and subharmonic oscillation conditions of DECPM are
discussed. Fig. 3.9 shows the steady state waveforms of the sensed inductor current
(R; - ir), control signal (v.) and ramp signals in DECPM. Here, R; is the gain of the
current sensor. In DECPM, two ramp signals with the slopes of M, and —M, are added
to the control signal (v.) to control the peak and valley value of the sensed inductor
current. As shown in Fig. 3.9, because both peak and valley values of the sensed
inductor current are controlled by DECPM, the resultant duty signals are modulated on

both edges.
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From Fig. 3.9, the peak (R; - i,) and valley value (R; - 4,) of the sensed inductor

current are derived in terms of the control signal (v.).

Ri-i, = Ri-iy(D\T})
= v.— M,D\T, = R; -i,(0) + My DT, (3.1)
R;-i, = Ri-ip((0.5+DyT,)
= R,-i (D\T,) — My - (D, + D)) - T, (3.2)

Here, D; and D, are the duty ratios in the peak and valley current control region respec-
tively. Therefore, D] = 0.5 — D; and D) = 0.5 — D5, and the whole duty ratio (D) is a
sum of these D; and Ds.

To see the steady state condition of the sensed inductor current (R;-ir), the relation-
ship of the sensed inductor currents between the adjacent switching periods are derived

as shown below.

R, -ip(Ty) = iy + My DTy

S

+ip(0) + MyD\T, — My - (D), + D}) - T, + M, D,T,

S

+i(0) + My - (Dy + Ds) - Ty = My - (D} + D) - T,

S

I I N X

S

-ir(0) + M, DT, — MyD'T, (3.3)

In steady state, the condition of R; -ir(Ts) = R; - ir(0) should be satisfied. Thus, the

steady state condition of DECPM is derived from (3.3), and is

M. D
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Figure 3.10: Steady-state and perturbed inductor current waveforms

This steady state condition of DECPM is same as that of the conventional single CPM.
For analyzing the subharmonic oscillation issues [34] in DECPM, the sensed inductor
current is perturbed as shown in Fig. 3.10. Then, the subharmonic oscillation conditions
can be derived from the natural response of the sensed inductor current perturbation

From simple trigonometric analysis of Fig. 3.10, the following equations are derived.

R;-ig(0) = —(My+ M,)d\T, (3.5)
Roin(y) = —(My— M)T, (3.6)
R,[L(%) — (M, + My)dT, (3.7)
Ri-ig(T)) = (M, — M)d,T, (3.8)
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Because (3.6) and (3.7) are equal,

o (M, — My)
S VAN YA dy (3.9)
By plugging (3.9) into (3.8) and generalizing it to arbitrary timing,
A M2 - Ma Ml - Ma A
() = — - ‘R T 1
ir(nTy) = oy - -ig ((n — 1)Ty) (3.11)
=a-i((n—1T,) (3.12)
where,
o=y, (3.13)
M2 — Ma Ml + M2
— _ l—q,=——""*° 14
“ M, + M,’ =M+ M, (3:14)
M1 — Ma Ml + M2
PR e T e B 1
T TN, + M, T AL+ M, (3.15)

(3.12) is a inductor current perturbation relationship between the adjacent switching
periods. Here, o, and «, are the inductor current attenuation factors for the peak CPM
and valley CPM respectively, and « is the inductor current attenuation factor for the
DECPM which is a product of o, and «, as shown in (3.13). By using the steady state
condition of DECPM in (3.4), « in (3.13) is rewritten in terms of the duty ratio, the

slope of ramp signal and the falling slope of the sensed inductor current as shown below.

1My D _ M,

Mo D Mo
O= 0y Oy = — . 3.16
T R o

It is well known that, without the ramp signals (M, = 0), «, for peak CPM and a,

for valley CPM become larger than 1 when D > 0.5 and D < 0.5 respectively, which
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Figure 3.11: «, o, and «, at the function of duty ratio without ramp signal (M, = 0)

causes subharmonic oscillation. The inductor current attenuation factors without the

ramp signals (M, = 0) are derived below and showed in Fig. 3.11.

D
aP|Ma:0 = ﬁ (317)
D/
lpg,—o = D (3.18)
aly o =1 (3.19)

Interestingly, the o in DECPM, which is a product of «, and «,, is always 1 for the
entire duty range without the ramp signals (M, = 0). This means once perturbation is
applied to inductor current, there is no amplification or attenuation of the disturbance
in DECPM.

To avoid subharmonic oscillations for the entire duty range, the inductor current
attenuation factors should be less than 1 for all operating conditions (i.e. for all duty

ratios). Fig. 3.12 shows a in DECPM with the different ramp signals (M, # 0) in
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terms of the duty ratios. Here, K is the ratio of the slopes of the ramp signal and the
falling slope of the sensed inductor current (K = M,/M,). Fig. 3.12 shows that o will
always be less than 1 for the whole duty range, regardless of the slope of the ramp signal
in DECPM. However, for conventional single CPM, the slope of the ramp signals (M,)

need to be chosen carefully to avoid subharmonic oscillation for all duty ranges [34].

3.3 Sample-data modeling

3.3.1 Sample-data current feedback transfer function

There has been much research on control modelings for high frequency converters which
can predict up to half the switching frequency[35, 36, 37, 24, 32, 31, 25|. In order to
model the current programmed mode control accurately to high frequency including the
sample and hold effects, the sample-data model is popular and widely accepted|24, 32, 31].
Among the sample-data modelings for converters, Ridley’s method[24, 25] is referred and
applied to model the DECPM in this dissertation.

Fig. 3.13 shows the waveforms to derive the sample-data model for DECPM. This
figure shows the modulated duty signal (CZ) and the sensed inductor current perturbation
(R;-i1,) as the results of the control signal perturbation (¢,). As shown in Fig. 3.13, it can
be observed that the sensed inductor current (R; - i7) is updated twice in one switching
period (7s). This is a major difference between DECPM and conventional single CPM.
In conventional single CPM, the inductor current perturbation happens only once in
each switching period and is held for one switching period [24]. This makes the sampling

frequency of the control the same as the switching frequency of the power stage. However,

in DECPM, the inductor current perturbations happen (are sampled) two times during
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one switching period, and each updated inductor current perturbation is kept (held) for
DT, and (1 — D)Ty respectively. Therefore, DECPM has a fixed switching frequency in
the power stage but variable sampling frequency for the control with different operating

points. More details are investigated through the following derivations.
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For the following DECPM modeling, the voltages applied across the inductor are kept
constant and the current feedback loop is closed as in conventional CPM modeling [24].
In addition, it is also assumed that the control signal perturbation (v,) does not change
during one switching cycle (7). This assumption implies that, for one switching period,
the first updated inductor current perturbation does not affect the control signal pertur-
bation (v,) which is also used for the second update of the inductor current perturbation.
Therefore, the first update and the second update of the inductor current perturbations
are independent from each other with respect to the control signal perturbation (4,).

By using simple trigonometric analysis at the time of (n — (1 — D)) Ty from Fig. 3.13,

the following two equations are derived.

R;-ig[n— (1= D)] = R;-ig[n— 1]+ (M + My)d[n — (1 — D)|T, (3.20)

Ueln — (1 = D)) = R; - ig[n — 1] + (My + M,)d[n — (1 — D)]T, (3.21)

These (3.20) and (3.21) show the relationship among the control signal perturbation
(4.), the peak point of the sensed inductor current perturbation (R; -4;) and the duty
perturbation (d). This relationship is called a ‘peak current control law’ in this disserta-
tion.

With a similar derivation at the time of nT, from Fig. 3.13, the other two equa-
tions are derived in (3.22) and (3.23). These two equations show the relationship be-
tween the control signal perturbation (v..), the valley point of the sensed inductor current

perturbation(R; - iz,) and the duty perturbation (d). This relationship is called a ‘valley

current control law’ in this dissertation.
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Ri-iyln] = R -ig[n — (1= D))+ (M + My)(—d[n))T, (3.22)

Ge[n] = Ri - ir[n — (1 = D)+ (My + M,)(—d[n))T. (3.23)

In conventional single CPM, either one set of (3.20),(3.21) or (3.22),(3.23) is used for
peak CPM and valley CPM respectively, but DECPM needs both of them.

With (3.20) and (3.21), a following equation is derived.

Ri-igln—(1—=D)]=a,-R;-ign—1]+ (1 —ap)-dfn— (1 —D)]  (3.24)

By applying a Laplace transform, it’s time shift property and hold function for (1— D)7}
to (3.24), the ‘peak current control law’ based current feedback transfer function of

DECPM is derived in (3.25), which looks similar to that of peak CPM.

Ri-ip(s)]  l—a, 1—e0-DT 55
Gls) | T T ape DT ST, :
pea

The difference between (3.25) and the conventional sampled data current feedback trans-
fer function of peak CPM][24] is the duty information in the model. The DT} in the first
term of the right hand side of (3.25) means the derived transfer function is the result
of the relationship between the control signal perturbation (¢..) and the sensed inductor
current perturbation (R; -4z) during DT, and the (1 — D)Ty in the second term implies

that the sampled (updated) information of the sensed inductor current perturbation is
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held for (1 — D)T;. Therefore, the duty information in the transfer function of DECPM
shows that the sampling frequency of the control (not the switching frequency of the
power stage) varies with the different operating points.

By doing a similar derivation with (3.22) and (3.23), the ‘valley current control law’

based current feedback transfer function of DECPM is derived in (3.26).

R; -ip(s) 1—ay, 1 — e sPTs

Ue(s) 1 — ape—s-D)Ts ST
valley

(3.26)

Similar to (3.25), the (1 — D)7 in the first term of the right hand side of (3.26)
indicates that the derived transfer function is the result of the relationship between the
control signal perturbation (¢,) and the sensed inductor current perturbation (R; - i)
during (1 — D)7y, and the DTy in the second term implies that the sampled (updated)
information of the sensed inductor current perturbation is held for DT.

The whole current feedback transfer function of DECPM during one switching period
is a linear sum of the (3.25) and (3.26) and is shown in (3.27). This is deduced from
the time domain waveform of R; - i.(t) (approx) shown at the last waveform in Fig.
3.13. The value of R; - iz[n] is a sum of the two updated values from DECPM and the
value of R; -iz[n — 1]. These two updated values in time domain correspond to (3.25)
and (3.26) in frequency domain. In other words, with the assumption of the constant
control signal perturbation (v,) during one switching period as mentioned earlier, the
two updates of the sensed inductor current perturbation in DECPM are independent

each other. Therefore, the corresponding transfer functions of (3.25) and (3.26) are also

independent of each other, and this lack of interdependence makes the whole current
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Figure 3.14: wv. to R; - iy, responses when V;, = 3.3V and V,,; = 0.1V

feedback transfer function of DECPM during one switching period the linear sum of the

(3.25) and (3.26).

~ ~

RZ’LL(S) o RZZL(S) RZ'iL(S)
UC(S) UC(S) peak UC(S) valley
o l-a, 1—e0DT 1—a - o
1 — a,esPTs ST + 1 — a,e—s(1=D)Ts sT (3.27)
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(Ri*iL)/'ve magnitude and phase responses
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(Ri*iL)/vc magnitude and phase responses
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(Ri*iL)/vc magnitude and phase responses
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Figure 3.19: wv. to R; - iy, responses when V;, = 3.3V and V,,; = 6.6V

3.3.2 Comparisons of current feedback transfer function

The waveforms from Fig. 3.14 to Fig. 3.19 show the comparisons of the current feedback
transfer functions with different duty ratios. Fig. 3.14 to Fig. 3.16 are the cases of the
buck converter when D =~ 0, D = 0.5 and D = 1, respectively. Fig. 3.17 to Fig. 3.19 are
the cases of the boost converter when D ~ 0, D = 0.34 and D = 0.5, respectively. For
these comparisons, the switching frequency is 10M H z, where T, is 100nsec and M, set
to 1.6 /T for all DECPM, peak CPM and valley CPM.

From Fig. 3.14 to Fig. 3.19, two features of DECPM can be observed. One is that
the sampling frequency of the control changes with the duty ratio. It is well known that
the double edge modulation scheme has two times faster sampling frequency than single

edge modulation scheme when the duty ratio is 0.5, but it has not been explicitly shown
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that the sampling frequency decreases with other duty ratios and reaches the same value
of switching frequency when the duty ratio is 0 or 1. From Fig. 3.14 to Fig. 3.16, peak
CPM and valley CPM have a fixed 10M H z sampling frequency of the control by showing
two complex poles at 10M H z, which is same as the switching frequency of the power
stage. However, DECPM has a variable sampling frequency which changes from 10M H z
when D ~ 0 and D ~ 1 to 20M Hz when D = 0.5.

The other feature of DECPM is a larger current loop gain than in single CPM. In a
simple model of CPM [34], it is generally assumed that the inductor works as a voltage
controlled current source, so the power stage with CPM is simplified into a first order
system. In other words, as long as the sensed inductor current (R; - iz) follows the
control signal (v.) well, the system is governed by current programmed mode control.
This phenomenon can be explained clearly with the figures from Fig.3.14 to Fig.3.19. In
Fig.3.14, which is when the duty ratio is close to 0, for example, the current feedback
transfer function of the DECPM and the valley CPM have wider 0dB range than that of
the peak CPM. Here, the wider 0dB range means that the sensed inductor current follows
well the control signal at higher frequency. In Fig.3.16, which is when the duty ratio is
close to 1, the current feedback transfer function of the DECPM and peak CPM have
wider 0dB range than that of valley CPM. Specifically, when the duty ratio is 0.5 which
is the case of Fig.3.15, the DECPM shows the widest 0d B range among all CPM with the
help of the doubled sampling frequency. These features of DECPM could be beneficial to
the wide range of converter applications which require stable operation for a wide duty
range with a fixed compensator. Because DECPM’s performance is always either as good
as or better than convention peak / valley CPM, relatively constant current loop gain
up to high frequency is achieved for all duty ratios. This relatively constant current loop

gain at high frequency is shown even in buck and boost mode transition. Comparing
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Figure 3.20: Small signal model for DECPM

Fig. 3.16 and Fig. 3.17, DECPM shows the smoother change of the current feedback
transfer function at the transition of buck mode at D ~ 1 and boost mode at D ~ 0
than the single CPM does. This benefit of the constant current loop in DECPM will be

reemphasized and verified in the simulation.

3.4 Small Signal Model for DECPM

In order to design feedback circuit and apply it to DC-DC converter, it is necessary to
develop a small signal model of current programed mode control scheme with average
power stage model. Fig. 2.7 in previous section shows the well known current mode
control small signal model diagram with averaged power stage model [34].

Based on (3.27), a small signal model for DECPM is developed and shown in Fig.
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3.20. G,q is the duty to output voltage transfer function, G;4 is the duty to inductor
current transfer function, G, is the input voltage to output voltage transfer function and
Gg is the input voltage to inductor current transfer function. These transfer functions
are from the well known average power stage model [34]. DECPM related blocks are

F,| F,| H.| H.| and R;. Fpl| . and Fp,| are the modulation

peak’ valley? peak’ valley? pea valley

gains for peak and valley control law respectively. H.| H,| are the sampling gains

peak’ valley

for ‘peak and valley control law’ respectively. And R; represents the inductor current

sensing gain. The dotted line of the H.| block and F,| in Fig. 3.20 represents

valley valley

that the peak and valley current control loop in DECPM are independent each other.
Therefore, the transfer function from the control signal (¢.) to the inductor current (iy,)

of DECPM shown in Fig. 3.20 is derived like (3.28).

iL(S) _ Fm|peak Gid Fm |valley Gid
UAC(S) 1 + Fm|peak GldRZ He| 1 + Fm‘valley GZdRZ H3|

(3.28)

peak valley

Through the following subsections, the F,,s and H.s will be derived.

3.4.1 Modulation gain (F},) derivation

According to the small signal model of [24], the modulation gain (F,) can be defined
as the ratio of the ‘current’ duty perturbation (d[n]) to the difference of the ‘current’
control signal perturbation (v.[n]) and the ‘previous’ sensed inductor current perturbation

(R; - ZAL[n —1]), and it is A
i dln] (3.29)

E, =
te[n] — R; -ig[n — 1]

By using this definition, the modulation gains (F},) of DECPM are derived directly

from (3.21) and (3.23) for ‘peak current control law’ and ‘valley current control law’,
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Table 3.1: F,,s in different current programmed control

1
Fy, VAN VY
ea (M; + M,)T,

1
F, D
‘Ualley (M2 + Ma)Ts

respectively. Therefore, the modulation gains for DECPM are

dln—1+ D] 1
F, = = 3.30
pea ie[n =14 D] — R; -ig[n — 1] ~ (M + M,)T, (330)
Byl —din] - ! (3.31)

valley — ch[n] — R, - ZAL[TL — 1+ D] - (M2 + Ma)Ts

The derived F},,| in (3.30) and (3.31) are same as the modulation gains

peak’ Fm |valley

of the conventional single CPMs. F,s in different current mode control are summarized

in Table 3.1.

3.4.2 Sampling gain (H,.) derivation

From Fig. 3.20, the response from v, to i1, can be written like following equation.

? F, F, i
ZAL(S) |peak + |valley id (332)
UC(S) 1+ F |peak ZdRZ He|peak 1+ F ‘valley ZdRi H3|valley
And, by rewriting (3.27),
i:L(s) 1 1-q 1 —es(-D) L 1—a, 1 —esPTs (3.33)
o(s)  Ri1l—apesPTs sT, Ri1— a,e—st-D) sT,
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By equating (3.32) and (3.33), following equations are derived.

F |peak . i 1 — ay 1— e—s(l—D)Ts (3 34)
1 _'_ F ‘peak ZdR H6|p6ak N R — ape—SDTS STS .
F vacte Z 1 1— 1 — ¢—sDTs
| lley id _ 1 a . e (335)
L+ Fo |valley GiaR; H€|valley R; 1 — «e —s(1-D)Ts ST,

By using (3.34) and (3.35), H.| and H.| can be derived respectively. The

peak valley

derivation of the H.| . is shown in the following.

At first, let’s derive ;3 which is independent power stage, which we done in CPM.
Glq is the gain from duty perturbation (d) to inductor current perturbation (iz) as shown
in Eq.(3.36).

i
Gig = = 3.36
7 (3.36)

From the Fig.2.9, the G;4 can be expressed for all converters as

v
Gi — i
als) s-L
‘/ap = ‘/ac + ‘/;p
Ri : Vac Rz : ‘/cp
my = I ; mgy I
1 my+m
Gi(s) = Eil - 2 (3.37)
With (3.30) and (3.37),
11—«
Flpeas - Gia = 77—~ (3.38)
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Table 3.2: H,s in different current programmed control

I sT
E|CPM 68TS _ 1
1—a es(l—2D)T5 STS
H6|peak 1— a, ) es(l—D)Ts —1
1 a es(—l+2D)Ts STS
H€|valley 1—a, " esDTs _

By plugging (3.38) into (3.34), the following equation can be derived,

—sDT.
1—ape s

1+ Fm|peak ' Gid ’ RZ ' H5|peak = 1— e—s(l—D)Ts

(3.39)

Therefore, the sampling gain for peak current control law ( Hel,,,,) can be derived like

1— apes(l—2D)Ts STS
peak 1— a, ) es(1=D)Ts _ 1

H| (3.40)

By doing a similar derivation, the sampling gain for valley current control law (He|valley)

18

1 — qes-12D)Ts sT,
valley 1 — Qv 65DTS -1

.| (3.41)

The sampling gains (H,) for CPM and DECPM are summarized in Table 3.2.
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3.4.3 Simulation results of DECPM and its comparison with

the conventional single CPM

The SIMPLIS simulation tool was used to verify the DECPM model. The SIMPLIS
simulation results have shown the accurate predictions of the converter transfer functions
in various literature [41, 45, 46]. Fig. 3.21 to Fig. 3.26 shows the comparisons of the G,
(control to output voltage transfer function) for the proposed DECPM model, the peak
CPM model and the SIMPLIS simulation result. The G,. of DECPM can be written

from the small signal model shown in Fig. 3.20, and it is

ﬁb(S) lanwpeak (;vd lanwvauey C;Ud

G’UC = — = _I_
lpECPM Uo(s) 14 Fulpeu Gialti Hel L+ Folyasiey Gialti He|

(3.42)

peak valley

The parameters of the converters for the comparisons are as follows; V;, = 3.3V,
L = 235nH, C = 280nF, and R, = 5¢2, and all control has 10MHz of the switching
frequency and M, set to 1.6/T,. Fig. 3.21 to Fig. 3.23 are buck mode, and Fig. 3.24
to Fig. 3.26 are boost mode. It is shown that the proposed DECPM model matches
well with the SIMPLIS simulation results. As consistent with the current loop gain
mentioned in the previous section, DECPM shows the larger gain than the peak CPM
at high frequency for all duty ratio.

The transfer function changes with the different duty ratios for the DECPM and the
peak CPM are compared from Fig. 3.27 to Fig. 3.30. The Fig. 3.27 and Fig. 3.28 are
the transfer functions of GG, in peak CPM and DECPM with different output voltages at
the input voltage of 3.3V. In the peak CPM, the magnitude variation is 2dB, the phase
variation is 44.12° at IM Hz . In the DECPM, the magnitude variation is 2.27d B, but the

phase variation is 29.13° at 1M Hz. The Fig. 3.29 and Fig. 3.30 are the transfer functions
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Gvc magnitude and phase responses
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Gvc magnitude and phase responses
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Figure 3.27: G,. in Peak CPM with different output voltage

of G,. in peak CPM and DECPM with different input voltages at the output voltage
of 3.3V. In the peak CPM, the magnitude variation is 1.9dB, the phase variation is 45°
at IMHz . In the DECPM, the magnitude variation is 1dB, but the phase variation is
24.4° at 1M H z. These comparisons tell that the DECPM shows less phase lag and more
constant dynamics than the peak CPM at high frequency. Therefore, more optimized
compensator can be designed to achieve a stable system by the DECPM than by the

peak CPM for the high bandwidth and wide voltage range applications.
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Chapter 4

Design of 10MHz CMOS 4 Switch
Buck Boost Converter (4SBBC)
with DECPM control

In this chapter, a 10M Hz CMOS 4 Switch Buck Boost coveter with DECPM control
is introduced. Due to its wide input and output voltage range capability, a four switch
buck boost converter (4SBBC) is getting more popular in the portable and vehicle ap-
plications which use a battery as an input source and require longer battery operation
time [2, 3, 4, 18]. However, a stable control of this converter for the wide input and
output voltage range applications is not easy to achieve because the transfer function of
the system changes with different operating points (duty cycles). Especially, the 4SBBC
mostly works in either buck or boost mode to save power consumption by operating only
two switches in a switching cycle. In this case, the transfer function change is even more
severe due to the different system dynamics from each buck and boost modes. Therefore,

a smooth mode change in the 4SBBC is an issue[4, 47, 48]. The conventional current
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programmed mode (CPM) control makes the converter dynamics less sensitive to the
changes of the input and output voltages than the voltage mode control at the relatively
low frequency range, but, in the high speed converter design, it is necessary to have
constant dynamics up to high frequencies.

Due to the fact that DECPM has a higher sampling frequency of the control than the
switching frequency of the power stage and has a larger current loop gain at high fre-
quency than conventional CPM, as mentioned in previous chapter, DECPM is a preferred
candidate to control high frequency and wide range DC-DC converters such as a 4BSSC.
A 10MHz 4SBBC is designed with double edge current programmed mode (DECPM)
control in a JAZZ 0.5um process. Fig. 4.1 shows a block diagram of the proposed
4SBBC with DECPM control. The DECPM eliminates a subharmonic oscillation which
is a well known problem in the conventional CPM, and it makes the 4SBBC have more
constant dynamics for wide input and output voltage range up to high frequency. There-
fore, a stable operation and a smooth mode change between the buck and boost mode

are achieved with a peak efficiency of 80% at the switching frequecy of 10MHz.

4.1 Architecture

Fig. 4.1 shows the block diagram of the implemented 4SBBC with DECPM. This diagram
shows two parts of the system which are the ‘power stage’ and the ‘controller’. The
power stage is composed of 4 power switches(A, B, C, D), output inductor (L) and output
capacitor (C,). The resistor (Ry) and capacitor (Cy) are for the current sensing network
and the resistor (R,) represents the load. The controller is the bottom block of the Fig.
4.1 and is composed of current sensor, ramp generator, analog adder, comparator, digital

logic, compensator, voltage/current references and gate drivers.
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The power switches are made of 2 PMOSes and 2 NMOSes. To reduce the dynamic
power loss of the converter, the converter was designed to operate in either buck or boost
mode. When input voltage (V;,) is higher than output voltage (V,,;), only the A and
B switches are operating and the switch C' keep on and the switch D keep off for all
switching period (7s) to work like a buck converter. When input voltage (V) is lower
than output voltage (V,,;), only the C' and D switches are operating and the switch A
keep on and the switch B keep off for all switching period (T5) to work like a boost
converter.

Fig. 4.1 shows the implementation of the aforementioned function into a DECPM scheme.
A ramp generator provides two ramp signals (V,gmp and —V,.4m,) which are 180° phase
shifted and have a frequency of half the switching frequency. Each ramp signal has
positive and negative slopes (M, and —M,). Both ramp signals are added to the sensed
inductor current signal (R;-I;) through an analog adder. These added signals are denoted
by V, and V;. These V, and V; are compared with the control voltage (V) which is the
output of compensator. The outputs of comparator (V,, and V,) are processed through
a digital logic block to generate the PWM signals for the buck and boost mode. The
PWM digital logic block is implemented based on (4.1). The V, and —V,. in (4.1) stand
for the portion of the positive slope (M,) and negative slope (—M,) of both ramp signals

(Viamp and —V,.qmp) respectively.
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Fig. 4.2 shows the key signal waveforms of the implemented DECPM control for the
4SBBC. Fig. 4.2 (a) is the case of the buck mode with a duty ratio of 0.7, and Fig. 4.2
(b) is the boost mode with a duty ratio of 0.3. It is explicitly shown here that PWM
ON is controlled by limiting the valley point of the inductor current, and PWM OFF
is controlled by limiting the peak point of the inductor current. Therefore, double edge

modulation of the PWM signals is achieved.

PWM ON =V, — (I, - V}) (4.1)

PWM OFF = (I, +V,) -V, (4.2)
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4.2 'Transistor level implementation

4.2.1 Current sensor

In order to sense the continuous current information, the ‘Filer-Sense the inductor’ tech-
nique [49] is used. This technique uses a RC network (Ry, Cy) to filter the voltage across
the inductor and sense the current through the equivalent series resistance (Ry) of the
inductor (L) as shown in Fig. 4.1. The design equation of the sensing network is shown

in (4.3).

VC’ = V:sense = IL : RL (43)

f

L
, where — = R;-Cy (4.4)
Rp

To sense the inductor current information by using above technique, there are two major
design issues. One is wide voltage swing at LXA and Vsense nodes in Buck mode.
During the buck mode operation, power switch A and B are operating in each cycle, so
the voltage at LXA and Vsense nodes change from Vin to ground and vice versa. Fig. 4.3
shows the waveforms of LXA and Vsense nodes for buck and boost modes. As expected,
the voltage swing is rail to rail during the buck mode operation. To sense the differential
voltage across the C'y with such a wide common mode voltage change, the input stage of
the current sensor should cover the rail to rail common mode range. Another design issue
is that wide bandwidth of the current sensor is required. The switching frequency used
here is 10MHz. To sense such a high frequency current information without distortion, a
high speed current sensor scheme is needed. Therefore, Differential Difference Amplifier
(DDA) architecture which is shown in Fig.4.4 is used for such a high speed current

sensor [50, 51]. The DDA provides a beneficial separation between the signal input and
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Figure 4.4: Current Sensor with the Differential Difference Amplifier
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the feedback network. The brief operation of DDA is like following. Because of the
infinite input impedance of output buffer in DDA, all the current generated by the G,,;
block which senses the V., flows into output node of another G,,» block. This makes
the input voltage of the bottom G, block copy the same voltage as Vi,se but with
different polarity if those G,,; and G,,2 blocks are identical. This copied voltage will be
applied across the Rg and amplified to V,,; which corresponds to (4.5). The CADENCE
simulation shows that the 3dB bandwidth of this DDA is more than 20MHz for rail-to-rail
input voltage range.
Rp

Vout = (1 + R—G> - Viense (4.5)

Fig.4.5 is the transistor level schematic of the implemented DDA for the current sensor.
In order for the DDA to operate with rail-to-rail input range during the buck mode
operation, both PMOS and NMOS input stages are used for both ¢,,; and ¢,,. And
class-AB output stage is designed for high output current capability and low power

consumption.
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Figure 4.6: Input and output voltage of the current sensor at Buck mode

Fig.4.6 and Fig.4.7 are the CADENCE simulation results of the current sensor for
buck and boost mode operation respectively. This simulation results show that the

implemented circuit senses the high frequency current information well.

4.2.2 Ramp Generator

To implement the double edge current programmed mode control explained in the pre-
vious section, Two double side ramp signals are needed which are 180° phase shifted
accurately each other and keep the maximum and minimum values of each signals same.
The Fig.4.8 shows the block diagram of the ramp generator performing the functions
mentioned just above. To generate the double side ramp signals, two current sources (I
and I) are used. These two current sources charge and discharge the capacitors. The

M, My, My and M, work as switches to change the current path from Vg, or -Vigmp.
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Figure 4.7: Input and output voltage of the current sensor at Boost mode

When the voltage at either Vg, or -Vigm, reaches maximum voltage (Vi), the compara-
tor generates signals to switch the current path to Vigmp or -Vigm, nodes. If the values
of the current sources are not matched, the peak to peak voltage of Vigmp and -Vigmp
keep increasing or decreasing as time goes by. To accurately control the both rising and
falling slopes of the ramp signal and the 180° phase shift of the two ramp signals, the
common mode feedback (CMFB) scheme was implemented to keep the average voltage
of Viamp and -Viamp to (Var) which is half the peak to peak ramp signal. The frequency of
these ramp signals is determined by the Equ.(4.6) and it is half the switching frequency
of the power stage. The FreqSA, FreqSB and FreqSC represent digital input pins used

for changing the current value to vary frequency.

f B 1
4O (Vg — Vi)

=05 f, (4.6)
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Table 4.1:  Design parameters for 4SBBC

Input nominal voltage Vi 3.3V
Output voltage range Vout 0.7V - 5V
Switching frequency fsw 10MH =
Output inductor L 235nH
Output capacitor C, 280nF
Load resistor R, 1092
Output filter resonant frequency 27r\}ﬁ 620kH z
Compensator F, 2.06 x 108 St;m)
Worst case cut off frequency fe 1.1IMHz

4.2.3 System summary

Table 4.1 shows the summary of design parameters of the implemented 4SBBC with an
appropriate compensator. A two-pole and single zero network was used for the compen-
sator to compensate the outer voltage loop.

Fig. 4.9 shows the SIMPLIS simulation results of the voltage regulation loop gains
(Ts| ppopar) With the current loop closed for the designed 4SBBC. According to the small
signal model from the previous section, the voltage regulation loop gain for DECPM
(Ts| ppopar) is derived below.

T . TU|peak
2|DECPM - 14+ T|

TU|valley
4.7
1+ T, (4.7)

peak valley

where,
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Figure 4.9: SIMPLIS results of the voltage regulation loop gains (73|, pzop,) With the
different output voltages when V;,, = 3.3V
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Tl = F Fulyo, Go (43
Tilpear = Fnlpear Gialti Hel peuy, (4.9)
Tolatiey = Fe Finl gty Gud (4.10)
Tilvattey = Fnlvatiey Gialti Hel, e, (4.11)

Here the F, represents the transfer function of the compensator. The results in Fig.
4.9 were obtained with a fixed input voltage of 3.3V and different output voltages. This
figure shows the worst case cutoff frequency of 1.1M H z and the worst case phase margin

of 30°. The magnitude and phase variation at 1.1M H z are 1.22dB and 25°, respectively.

4.3 Measurement

The proposed 4SBBC with DECPM was implemented in a JAZZ 0.5um 5V CMOS
technology. It measures 2 mm x 1.7 mm and uses the QFN32 package. Fig. 4.11 shows a
micro photograph of the chip. Fig. 4.11 is an evaluation board for the 4SBBC. Fig. 4.12
shows the measurement waveforms to verify the wide range operation of the implemented
converter. The LXA and LXB stand for the buck and boost switching nodes respectively
which are designated in Fig. 4.1. In all cases, a 10kHz saw tooth reference signal is
applied to generate the output voltage (V,;) from 1V to 5V, but different input voltages
are applied to each case which has a range from 2.8V to 4.7V. As shown in Fig. 4.12,
the implemented converter with DECPM has the stable operation with a wide input and
output voltage range. The waveforms of LXA and LXB nodes show clearly that the
implemented converter works in either only buck or boost mode for a wide voltage range.
Fig. 4.13 shows the smooth transition between buck and boost mode. In this figure, a

10kH =z saw tooth reference signal (V,.r) is applied to change the output voltage (Vo)
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Figure 4.11: Evaluation board for 4SBBC
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Figure 4.14: Measured waveforms of the V,.f, Vi, and switching nodes waveforms with
100k H = sinusoidal reference (V,.s) at Vi, = 3.3V

from 2V to 4V with a fixed input voltage (V;,,) of 3.3V. Fig. 4.13(a) is the case when
Vour changes from 2V to 4V and Fig. 4.13 (b) is when V,,; changes from 4V to 2V. It
is observed that the mode change between buck and boost mode happens smoothly and
there is no overlap between the LXA and LXB nodes during the mode change period.
Fig. 4.14 shows the 100kH = sinusoidal reference signal (Vief), Vour and the switching
nodes (LXA, LXB) at Vj;, = 3.3V. As shown in this figure, the output voltage follows
the fast 100k H z sinusoidal reference signal well. This figure shows that the converter

with DECPM responds well to the high frequency reference signal.
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Chapter 5

Power Stage Optimization of the
4SBBC for the Polar Modulation

Application

In this chapter, the loss mechanisms of the 4SBBC and its power stage optimization for
polar modulation will be discussed. During this chapter, it is assumed that the 4SBBC
converter is used as a dynamic power supply for the polar modulation application. In
this application, the load for the 4SBBC is a power amplifier which is generally modeled
as a constant resistor. Fig.5.1 is a diagram for the 4SBBC power stage. This chapter
starts with the power loss mechanisms of the 4SBBC. The 4SBBC is designed to operated
in either buck or boost mode which allows only 2 switches are working during a single
switching period. Therefore, the loss mechanisms for each mode are breakdowned and
analyzed in detail. After this, the polar modulation scheme and the EDGE signal which
is used as a reference signal for the 4SBBC in this application is briefly introduced.

In contrast to the conventional DC-DC converter application, in the polar modulation
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Figure 5.1: 4SBBC power stage diagram

application, the time-varying signal is used as a reference signal to change the output
voltage, and the average efficiency is introduced and used for power stage optimization.
Finally, the size of the 4 switches are determined and optimized based on the average

efficiency for the polar modulation application.

5.1 Loss Breakdown of the 4SBBC

The power losses of the 4SBBC to be considered in this sections are the conduction loss,
dynamic loss and controller loss. The conduction loss (power stage loss) includes Ryson,
loss, inductor ESR loss, capacitor ESR loss and these losses are all related to the resistive
power loss. Gate charge loss is the only Dy manic loss to considered here. Controller loss
is a power consumption of the controller and is a multiple of V;,, and quiescent current
(1) to the controller.

From the Fig.5.1, M4 and Mp are PMOS power switches and Mg and Ms are NMOS
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Figure 5.2: Curve fitting result for PMOS Ry,

power switches. L and C' are the power filter inductor and capacitor respectively. Rj,
and R¢ are the parasitic series resistances for L and C' respectively. R stands for the
equivalent output load resistance. Because the input voltage (V;,) and output voltage
(Vour) of the 4SBBC are not constant, the effective gate to source voltages (|Vys|) for M4
and Mp are also not constant. Therefore, the Rys,,s of M4 and Mp are function of input
and output voltage (V;, and V,,;), respectively and these relationship between voltage
and Ry, are carefully determined. In this dissertation, the curve fitting method is used
to extract the relationship from the CADENCE simulation.

Fig.5.2 is the curve fitting result of PMOS Ry, with respect to the effective gate to

source voltages (|Vs]). For this curve fitting, the level 2 model of the MOSFET is used.
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From the result of Fig.5.2, the resultant Ry, per 1mm width for PMOS is

1+ 0.4373(|Vas| — 0.6031)1-29%

Rson Ve =
asonp([Vas) 0.06379(|Vs| — 0.6031)1485

(€2 - mm)] (5.1)

Because PMOS is used for Mp switch, it is necessary to analyze buck mode with two
different cases. One is a ‘body-diode conduction mode’ of Mp switch and the other is a
‘synchronous mode’ of Mp switch. When V,,; is less than the threshold voltage (|Visy|) of
Mp, Mp cannot be turned on even with the gate voltage of zero. Therefore, the output
current can only flow through body diode of Mp switch. This is called a ‘body-diode
conduction mode’ of Mp switch in this dissertation. But, when V,,; is larger than the
threshold voltage of the Mp, the output current can flow through the Mp switch and
the voltage drop of the Mp switch is related to the (5.1). This is called a ‘synchronous
mode’ of Mp switch in this dissertation.

The body diode voltage drop is curve-fitted and its result is shown in (5.2).

1 Vout
iode\ Vo) = & ! 2
Viioae(Vo, W) = 3755 - In (Ro x (514.1 x 10=15 x W) i ) >

Fig. 5.3 is a simple schematic to show the voltage drop of the Mp switch in either
the ‘body-diode conduction mode’ or ‘synchronous mode’. By using (5.1) and (5.2), the
conduction mode of the Mp switch can be separated and shown in Fig. 5.4. Fig. 54
shows the body diode voltage drop (Vyieqe) and Rdson voltage drop(Vpg) across the Mp
with respect to the output voltage (V,,:). For the following analysis, the lower voltage
drops across Mp switch between the body diode voltage drop (Vyiee) and Rdson voltage
drop (Vpg) is chosen for the voltage drop of the Mp switch.

Based on the previous analysis, the duty cycle can be determined like a (5.3). The
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3 different modes described above are included in this (5.3). The first equation of the
(5.3) is the buck operation with the ‘body-diode conduction mode’ of Mp switch, and
the second is the buck operation with the ‘synchronous mode’ of Mp switch, and the last
equation is the boost operation mode . This (5.3) also include the voltage drop of the

switches and the series resistance of the inductor to estimate accurate duty information.

Vout R_B ﬁ Vout +Vdiode

— R_AM RB Vout
1=V + mv

if BUCK A (Vis@Mp > Viioge)

Vin

J— _ RA Vout @ Vout
D= 1 Ro Vin + Ro Vin

Vout (1 + RR_f + %) .
if BUCK A (Vis@Mp < Viioge)

Ro RO ‘/m
Rp  Re  Vou\’ Rp Rp+Ra Vou\ .
—/(2+= - == - —4(1 - f BOOST
| J(m fo_Vou)' (14 B B Ba_Vor) oo
(5.3)

Fig. 5.5 shows the difference of the (5.3) and the ideal duty which ignores the voltage
drop of the parasitic resistance and diode voltage drop of the Mp switch with respect
to the output voltage (V,,:). As the output voltage (V,,;) increases, the difference of the
duty of these two cases increases as well. Here, the R4, Rg, Rc and Rp are the Ryson
of the switch M4, Mg, M and Mp of the Fig. 5.1 respectively. And Ry, is the parasitic
series resistance of the inductor (L) and R, is the output load resistance of the Fig. 5.1.
For the Fig. 5.5, Vi, = 3.3V Wa = Wp = 69.12mm, Wp = We = sWa, R, = 59,
R; = 0.1Q are used.
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Figure 5.5: Duty ratio comparison between Eq.(5.3) and ideal case

I = ‘;%“t if BUCK
IL - Iout ° V;)ut f BOOST (54)
1-D) (1-D)-R, '

(5.4) is the equation to calculate the DC inductor current (1) from the load (output)

current ([,) which is the function of output voltage (V,) and load resistance (R,).

w if BUCK
Aip=3 plfe (5.5)
m .f B T
I I if BOOS

(5.5) is the equation to calculate the peak-to-peak inductor current ripple (Aip).
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RdsonP (‘/m) 2 AZL
HdsonP\Vin) ZL).p
Wa D)
RSOTL A2
ptdeonN (2 S (1= DY+ Iy Viieae (W, V)
Wa 12

if BUCK A (Vis@Mp > Viioge)

RdsonP(V ) 2 AZ%
- I —=1-D
Wi Lt
R son AQ R son V;) AQ
PlOSS |Rdson = + ;;/BN : (IL2 _'_ %) ' (1 - D) _'_ dTPD() : (IL2 _'_ %)
if BUCK A (Vis@Mp < Vaiode)
RdsonN AZL
N T -D
We ( T
RdsonP Vo) AZL RdSOHP(V; ) AZL
ZldsonP(Vo) T -(1—-D - 7 I
W, <L+12 ( )+ W4 T
if BOOST

(5.6)
(5.6) is the analytic equation to calculate the Rgs,, losses of the 4SBBC in each operation
modes. The Aiy, is a peak to peak inductor current ripple and (5.6) is derived from the
RMS loss which include the inductor current ripple loss [34]. Here, Rjsonp is the Ryson
of the PMOS and Rysonn is the Ry, of the NMOS. V040 is the voltage drop of the Mp
switch in the ‘body-diode conduction mode’. And Wy, Wy, W and Wp are the width

of the power transistors of M4, Mg, Mc and Mp, respectively.

A1
Poss |r, = Ry - (I + 12L) (5.7)

(5.7) is the equation to calculate the Ry, losses of the 4SBBC, which is the parasitic series
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resistance of the inductor (L).

-2
Re - % if BUCK
Ploss |Rc - ) 5 AZ% '
Re - Loui -D+Rc~{(IL—Im) +E}~(1—D) if BOOST

(5.8)
(5.8) is the equation to calculate the R¢ losses of the 4SBBC, which is the parasitic series

resistance of the capacitor (C') for both buck and boost mode operations.

.fsw . Cz'ss : (WA + WB) . ‘/zi lf BUCK
Ploss |gate = (59)
fow* Ciss - (We +Wp) - V22 if BOOST

(5.9) is the equation to calculate the gate charge loss which is consumed during the
turn-on and turn-off the power switches. This loss emulates the gate driver losses but only
contains the the last stage of the driver loss. For this equation, the Cj, is the equivalent
input capacitor of the power switches during turn-on and turn-off. This Cj, is the process
dependent parameter, and is extracted from the CADENCE simulation. Fig. 5.6 is the
simulation test bench to extract the Cj,,. Here, Iyq. is the current source to be applied
to gate node of the power switch and I;,,4 is emulating the inductor current. From this
test bench, the Cjss can be simulated and calculated with the equation of (5.10). Under
this, the Cjs for both PMOS and NMOS is 2.36pF/mm. .

Ig . Viriver
Ciss = AVG e 1
), 10

(5.11) shows the controller loss which is a multiple of the input voltage (V;,) and the

quiescent current (1) to the controller.

Poss ‘controller = Vin - Iq (511)
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Figure 5.7: Power loss breakdown @ V;,, = 3.3V

Fig. 5.7 shows the loss ratio breakdown of the 4SBBC with respect to the output
voltage (Vut), and it shows the comparison between the calculation and the simulation
results. The power stage loss is the sum of the Ry, loss ((5.6)), Ry loss ((5.7)), and R¢
loss ((5.8)). The driver loss stands for the gate charge loss which is shown in (5.9), and
the controller loss is from the (5.11). The loss ratio is the ratio of the each losses to the
total loss.

Fig. 5.8 shows the efficiency vs. output voltage (V,,;) with different sizes of transistors
M, and Mp in Fig. 5.1. For this figure, the sizes of the transistors Mg and M set to
be 23mm. It is easily expected that, bigger size of M4 makes more gate losses but less
Rdson loss during the buck operation, and bigger size of Mp makes more gate losses but
less Rdson loss at boost operation. Large size of the Mp helps to have high efficiency
at buck mode due to the small Rdson loss of Mp but degrades the efficiency at boost

mode due to the increased gate loss of Mp. In similar way, large size of the My, helps to
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Figure 5.8: Efficiency vs. V,ut with different W, and Wp when Wg = W = 23mm

have high efficiency at boost mode due to the small Rdson loss of M4 but degrades the
efficiency at buck mode due to the increased gate loss of M 4. This is shown clearly in
Fig. 5.8.

Fig. 5.9 shows the comparison of the efficiency between the CADENCE simulation
and the calculation based on above analysis. The input voltage (V;,,) is 3.3V and the
load resistor (R,) is 5€2. As shown in this figure, the loss analysis derived above was well
match with the simulation results.

Fig. 5.10 shows the comparison of the efficiency between the measurement data of
4SBBC and the calculation. The input voltage (V;,) is 3.3V and the load resistor (R,) is
10€2. This figure shows that the loss analysis match well with the measurement data at
buck mode but not at boost mode. It is because during the boost mode, the measured
Rgson value is higher than the desired value due to the weak driving voltages to the boost

switches (Mg, Mp).
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5.2 Polar modulation and EDGE standard

High efficiency RF power amplifiers (RF PAs) are critical in portable battery-operated
wireless communication system because they dominate the power consumption of the
system. Especially, EDGE system uses the envelope varying signal to increase its data
rate. This envelope variation requires the linear or linearized RF power amplifier. How-
ever, linear power amplifiers, such as class A, class B or class AB have a drawback of low
efficiency which degrades battery run time [5].

One popular architectural solution to transmit envelope varying signal with high efficiency
is the polar modulation which is shown in Fig. 5.11 [5, 7, 9, 10, 52]. Polar modulation
uses two signal paths; one is envelope path, A (%), and another is phase path, ¢(t). This
phase path contains no envelope variation, so high efficient nonlinear power amplifier
such as Class E can be used to transmit phase information. Then the envelope variation
is restored by modulating the supply voltage of power amplifier through the envelope
path.

The block diagram of typical polar modulation is shown in Fig. 5.11. In this figure,
the envelope modulator is implemented with 4SBBC. The essence of polar modulation
is separating the envelope signal, A(t) and phase signal, ¢(t) from transmitting infor-
mation. In polar modulation, the power amplifier is only processing phase modulated
signal which has a constant envelope. This means the power amplifier do not need linear
amplification. So a switched mode power amplifier such as class E can be used in this
system whose power consumption is theoretically zero[5, 53]. The time varying envelope
signal is recombined at power amplifier by modulating supply voltage through the en-
velope modulator. Now the linearity of the transmitter depends on the linearity of the

envelope modulator. Any conventional power supply like linear regulator or switched
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Figure 5.11: Block diagram of polar modulation with buck boost converter as a envelope
modulator

mode power supply can be used as a envelope modulator, even if the response of the
power supply from Vref to Vout has linear relationship, and the closed loop gain is wide
enough to envelope signal bandwidth. Even to the envelope modulator, switched mode
power supply has theoretically 100% power efficiency. So with polar modulation archi-
tecture, both high efficiency and high linearity can be achieved if we have a good enough
enveope modulator.

In order to design the envelope modulator properly in polar modulation architecture,
the understanding of the signal which will be used in this system is necessary. In this
chapter, EDGE standard is used as a transmitting signal.

A EDGE standard is the evolution of the current GSM standard to provide higher bit
rates of 812.5kbps by using 37/8 offset 8-PSK as opposed to GSM bit rates of 270.8kbps,
which use GMSK modulation. The symbol rates of EDGE is equal to the bit rate of GSM
because in EDGE mode, each symbol represents 3 bit [54, 9]. Fig. 5.12 shows the EDGE
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Figure 5.13: EDGE signal in frequency domain

signal in time domain. Fig. 5.12(a) is the envelope signal waveform A(t) and Fig. 5.12(b)
is the phase signal waveform ¢(¢) in time domain respectively. The envelope variation in
EDGE system is 17dB peak to minimum ratio, and this corresponds to voltage variation
of 0.706V to 5V. This means the proposed envelope modulator must have wide output
voltage range, regardless of input voltage variation.

Another feature of the EDGE signal can be revealed by its frequency domain infor-
mation. Fig. 5.13 shows the the envelope and phase components of EDGE signal with
composite complex EDGE signal and transmit mask together. As shown in Fig. 5.13,
the composite complex EDGE signal has most energy within 200KHz offset from center
frequency. However, envelope and phase signal has wider spectrum than composite com-
plex EDGE signal spectrum. Several papers discussed this issue and proposed different

bandwidths for envelope and phase path which are around 1-2 MHz. [9], [52].
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5.3 Average Efficiency and power stage optimization
of 4SBBC with EDGE envelope signal

Fig. 5.14 shows the efficiency of the 4SBBC and the histogram of the EDGE envelope
signal with respect to the output voltage. For the efficiency, the size of the power tran-
sistors are Wy = Weo = 69.12mm and Wy = Wp = 1/3W,4, and the switching frequency
is 10M H z and input voltage is 3.3V. As shown in Fig. 5.14, the output voltage range is
from OV to 5V. For the histogram, this is redrawn from the 1.5msec long EGDE envelope
signal. This histogram shows the relative voltage distribution of the EDGE envelope
signal which is normalized to maximum 5V. As shown in this figure, maximum efficiency
of the 4SBBC is obtained the transition point of the buck and boot mode which is around
3.3V.

Fig. 5.15 is the time domain waveforms of the EDGE envelope signal (V,.:(t)) and its

corresponding instantaneous efficiency (17(V,.(t))) which is calculated from the diagram
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Figure 5.15: output voltage and the corresponding instantaneous efficiency in time do-
main @Q V,,, = 3.3V

shown in Fig. 5.14. As consistent with the Fig. 5.14, the maximum efficiency is shown
when the V,,,(t) is around 3.3V.

By using the above two figures (Fig. 5.14 and Fig. 5.15), the following equation (5.12)
can be derived for average efficiency of the 4SBBC with a EDGE envelope signal as a
reference. The o is the time range of the reference signal which is the EDGE envelope
signal and is 1.5msec long for here. This equation is deduced from the similarity of
the efficiency measurement. At the measurement, the efficiency can be measured from
the ratio of the measured output power and the measured input power. As with the
measurement described above, the numerator in the integral of (5.12) stands for the
output power and the denominator in the integral is the input power of the system.
Therefore, the average efficiency of the system in (5.12) is the ratio of the integral of the
output power and input power for long enough period. Here, long enough period means

all possible output voltage values should be included during the period.
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As a comparison, with the sizes of the power transistors of W, = W = 69.12mm

and W = Wp = 1/3Wy4, and the switching frequency of 10M Hz and input voltage of
3.3V and load resistor of 5(2, the calculated average efficiency from (5.12) is 83.3% and
cadence simulation result shows 82%. This verify that the average efficiency calculation
proposed in (5.12) expects quite accurate number.

(5.12) can be used to determine the size of the power transistors of the 4SBCC for
high efficiency with EDGE signal. Fig. 5.16 is the average efficiency of the 4SBBC with

a EDGE envelope signal as a reference at the function of Wz and W which are the
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widths of the power transistor Mg and M¢ in Fig. 5.1 respectively. For this, W, and
Wp set to 69mm. Fig. 5.17 comes from Fig. 5.16. The average efficiency curve of Wp
is drawn at the condition of W¢e = 24mm, W, = Wp = 69mm, and that of W is drawn
at the condition of Wy = 24mm, W, = Wp = 69mm. From these Fig. 5.16 and Fig.
5.17, it is observed that there exist optimum values of each transistor width to achieve
the maximum efficiency. As shown in Fig. 5.16, when W, = Wp = 69mm, Wi ~ 10mm
and We =~ 7T0mm give the maximum average efficiency

Fig. 5.18 and Fig. 5.19 show the average efficiencies of the 4SBBC with a EDGE
envelope signal as a reference at the function of W4 and Wp which are the widths of
the power transistor M4 and Mp in Fig. 5.1. For this, Wz and We set to 23mm.
Especially, for the Fig. 5.19, the average efficiency curve of W, in is drawn at the

condition of Wp = 72mm, W = W = 69mm, and that of Wp is drawn at the condition
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of Wy = T2mm,Wp = We = 23mm. From these Fig. 5.18 and Fig. 5.19, it is
also observed that there exist optimum values of each transistor width to achieve the
maximum efficiency. As shown in Fig. 5.18, when Wi = We = 23mm, W4 ~ 170mm
and We ~ 150mm give the maximum average efficiency.

When the high efficiency is the only parameter, it is possible to choose any numbers
of the sizes to each power transistors, but there is one things to consider to decide the
transistor sizes for the 4SBBC. Let’s look at the Fig. 5.8 again. This figure shows that
the efficiency graph with different W, and Wp. As shown this figure, when Wy, and Wp
have different values, the efficiency graph shows the abrupt change at the transition point
between buck and boost modes. It is deduced that when W, and Wp has different value
and W and W are different, its resultant Rys.,s change. This results that the transfer
functions between these modes also abruptly change, and the smooth mode transition
fails. Therefore, the sizes of W, and Wp and that of W and W keep same respectively
to achieve the smooth mode transition for 4SBBC.

Following from Fig. 5.20 to Fig. 5.23 show the average efficiency graphs with the
condition of W4 = Wp and Wy = W as mentioned just above. Fig. 5.20 is at the
condition of and Wg(= W) = Wa(= Wp)/3, Fig. 5.21 is at the condition of Wg(=
We) = Wa(= Wp)/2, Fig. 5.22 is at the condition of and Wg(= We) = Wa(= Wp),
and Fig. 5.23 is at the condition of and Wg(= Wg) = Wa(= Wp) x 2.

For each diagram, there exists the optimum sizes of the transistors, but Fig. 5.20
shows the highest average efficiency at the optimum sizes of the transistors. And also Fig.
5.20 shows that the average efficiency is less sensitive to the sizes of the transistors. In real
chip implementation, the die size of the converter is another factor to consider. Therefore,
the optimum sizes of the transistor need to be determined both by the efficiency and size

of the total converter.
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Chapter 6

Conclusions

This dissertation proposed a new sample-data modeling of double edge current pro-
grammed mode control (DECPM). This DECPM controls the peak and valley value of
the sensed inductor current. By inserting double slopes of the ramp signal into the con-
trol signal, this DECPM has a fixed frequency which is two times of the frequency of the
ramp signal. The steady state condition is derived to be same as that of the conventional
current programmed mode control (CPM). The subharmonic oscillation is analyzed. The
inductor current attenuation factor (a) of the DECPM has always one irrespective of the
duty ratio when the ramp signal is not applied. Once ramp signal is applied, the inductor
current attenuation factor of the DECPM has always less that one, and no subharmonic
oscillation occurs for all duty range.

The sample-data model of DECPM is derived with a similar method done by Ridley.
In conventional single CPM, the inductor current perturbation happens only once in
each switching period and is held for one switching period. This makes the sampling
frequency of the control the same as the switching frequency of the power stage. However,

in DECPM, the inductor current perturbations happen (are sampled) two times during
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one switching period, and each updated inductor current perturbation is kept (held) for
DT, and (1 — D)Ty respectively. Therefore, DECPM has a fixed switching frequency in
the power stage but variable sampling frequency for the control with different operating
points. The sample-data model of the DECPM is derived by mathematically combining
the conventional peak and valley current programmed mode control model. With the
assumption that the control signal perturbation (v..) does not change during one switching
cycle (Ty), each modeling of peak and valley current mode control for DECPM derived
independently. From the results of the modeling, DECPM shows two major difference
from the conventional CPM. One is the sampling frequency dependence on the duty
ratio. The conventional CPM has a constant sampling frequency of the control which
is same frequency with the switching frequency of the power stage. For this reason, the
system is always limited by the switching frequency. However, the sampling frequency of
DECPM change from switching frequency of power stage (at D=0 or D=1) to two times
of the switching frequency (at D=0.5). Therefore, DECPM can have wider bandwidth
than CPM when duty ration is not zero or one. The other feature of DECPM is a larger
current loop gain than in single CPM. For example, the peak CPM has larger current
loop gain at high duty ratio and the valley CPM has larger one at low duty ratio. But
DECPM follows the larger current loop gains of either peak CPM or valley CPM at
both high and low duty ratio. These features make DECPM possible to have as constant
dynamics upto high frequency for all duty ratio and to be applicable to the wide range
DC-DC converter application.

A 10MHz CMOS 4 switch buck boost converter (4SBBC) is designed and implemented
with DECPM. A 0.5um CMOS JAZZ process is used and the power stage and all con-
troller including compensator are integrated into a single die. Experimental results show

that the 4SBBC generates the output voltage range of 0.7V to 5V with a nominal input
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voltage of 3.3V and exhibits a smooth mode change between buck and boost modes. The
maximum load current is 460mA, and the peak efficiency of 80% is measured at a 10MHz
switching frequency.

The power stage optimization of 4SBBC for polar modulation is showed. The detail
power breakdown is analyzed for each buck and boost mode condition. Due to the
fact that the high side switch is implemented with PMOS, the diode conduction model
is included at low output voltage. The analytical loss model of 4SBBC is verified by
CADENCE simulation and measurement results. With a EDGE envelope signal which is
used as a reference signal to 4SBBC for polar modulation, the average efficiency is used

for the optimization process.

6.1 Future works

As switching frequency is getting higher, the internal delay of the controller affect to
the stability of the system [42]. These internal delay comes from driver, current sensor,
voltage loop compensator, comparator, etc. In single CPM, one edge of duty cycle is
determined by control law which experience signal delay through the loop, but another
edge is set by clock which does not experience control delay. Therefore, in single CPM
case, signal delay may affect switching period/frequency and cause system to be unstable
even with small internal signal due to asymmetric signal delay on both edge of duty
information. However, in DECPM, both edge of the duty cycle is determined by the
control laws and experience same control delay on them. So, even if there exists signal
delays through the control path, this delay does not affect to switching period /frequency.
Therefore, it can be assumed that DECPM have an advantage of insensitiveness to the

internal delay.
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Figure 6.1: Simulink time domain test bench for CPM

Fig.6.1 and Fig.6.2 are the time domain test benches for CPM and DECPM respec-
tively designed in MATLAB Simulink. The 10MHz 4SBBC is used for the comparison.
In these simulations, the input voltage V, is 3V, and reference signal is applied to change
the output voltage from 0V to 5V.

Fig.6.3 to Fig.6.6 show the simulation results of CPM with 3nsec internal delay added.
Fig.6.3 shows the quasi DC simulation of the reference signal and the corresponding
output voltage. Fig.6.4 shows the control signals for CPM; control signal, ramp signal,
and inductor current waveforms. Here, peak CPM is used for buck mode and valley
CPM is used for boost mode. Fig.6.5 and Fig.6.6 are zoomed-in diagram of Fig.6.4 in
buck mode and boost mode respectively. As shown these diagrams, CPM runs stable

with 3nsec internal delay. From Fig.6.7 to Fig.6.10 are the simulation results of CPM
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Figure 6.2: Simulink time domain test bench for DECPM
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with 5nsec internal delay added. As shown these results, bnsec internal delay makes the
system with CPM unstable. This simulation shows that when CPM controller is designed
for the converter, the each components in the controller need to be designed to have less
than total Hnsec internal delay.

From Fig.6.11 to Fig.6.14 are the simulation results of DECPM with 20nsec internal
delay added. Interestingly, in DECPM, the system runs stable still with 20nsec delay
into control loop. From Fig.6.15 to Fig.6.18 are the simulation results of DECPM with
5hnsec internal delay added. By adding 55nsec internal delay into DECPM, the system
start to be unstable in both buck and boost mode.

According to the above simulation, DECPM can tolerate internal delay of almost half
of the switching period. This means when you design a high frequency converter, you
have much more freedom for delay issues in DECPM than in CPM. This would be design
benefit to high frequency converter control. More analytical and mathematical proofs

are needed on this delay insensitivity as a future work.
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